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Preface

Technology has influenced human history, probably more than any other field of exper‐
tise. Certain technologies have improved people’s lives in different ways and have opened
up new avenues and opportunities, but as usual, everything takes time, sometimes even
decades before the real advantages of technology become apparent.

Various examples of technological creativity can be seen all around us. Inventions such as
the phone, car, bicycle and any electrical appliance, did not occur accidentally, but were cre‐
ated as a result of someone's ideas. The final product has to pass through several stages -
from the development of the concept, design, technical documentation, through prototype
and its testing, shift gaps and correction of errors, choice of production technology and, ulti‐
mately, making products. Reducing the time required for the realization from the idea to the
final product, and therefore its cost, is one of the most important factors to respond to the
needs of the market and to achieve competitiveness. A major step in this direction was made
with the introduction of computer technology and Computer-Aided Design (CAD) tools in
engineering and their development. The next major step is the development of 3D printing.

It is generally considered that 3D printing has the potential to become one of the technolo‐
gies that will significantly affect the life of people in general. Many scientists claim that 3D
printing will completely replace the current traditional production and that its revolutionary
design will affect geopolitical, social, demographic, security and all other aspects of man’s
daily life.

Like any other technology, 3D printing has its advantages and disadvantages. The advan‐
tages of 3D printing include various options of production, rapid prototyping and their pro‐
duction, reduction of costs, reduction of need for storage and advanced healthcare. One of
the biggest advantages of 3D printing is the application of this technology in the medical
sector. By creating flexible human organs or body parts, this technology has enabled more
advanced healthcare than before. Thanks to the 3D printing of vital organs such as the liver,
heart or kidney, many lives can be saved in the future. There will be no rejection of the do‐
nated organs, because the organs will be created by means of DNA and the unique charac‐
teristics of each patient.

Disadvantages of 3D printing are limited use of materials, creation of dangerous objects,
limited size, reduction in production and the possibilities of plagiarism.

Recently, 3D printing has overcome industrial prototypes and manufacturing processes and,
as a technology, has become available for small businesses and individuals. 3D printers have
been in the domain of large multinational companies, and today smaller and weaker 3D
printers can be purchased at low prices. Due to this fact, previously mentioned technology is
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available to many more people, which contributes to an increase and improvement of serv‐
ices, systems, materials and methods of usage.

This book, ‘’3D Printing’’, is divided into two parts: the first part is devoted to the relation‐
ship between 3D printing and engineering, and the second part shows the impact of 3D
printing on the medical sector in general. There are five sections in the first part (sections are
dedicated to stereolithography, new techniques of high-resolution 3D printing, application
of 3D printers in architecture and civil engineering, the additive production with the metal
components and the management of production by using previously mentioned technology
in more complex ways).

There are four chapters in the second part dedicated to medicine with the following topics:
education of medical staff through surgical simulations, tissue engineering and potential ap‐
plications of 3D printing in ophthalmology and orthopedics.

I would like to express my sincere gratitude to all the authors and coauthors for their contri‐
butions. The successful completion of the book, “3D Printing”, has been the result of the
cooperation of many people. I would especially like to thank the Publishing Process Manag‐
er Ms. Danijela Sakić for her support during the publishing process.

Dragan Cvetković
Singidunum University

Faculty of Informatics and Computing
Belgrade, Republic of Serbia
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Abstract

The stereolithography (SLA) process and its methods are introduced in this chapter. After 
establishing SLA as pertaining to the high-resolution but also high-cost spectrum of the 
3D printing technologies, different classifications of SLA processes are presented. Laser-
based SLA and digital light processing (DLP), as well as their specialized techniques such 
as two-photon polymerization (TPP) or continuous liquid interface production (CLIP) 
are discussed and analyzed for their advantages and shortcomings. Prerequisites of SLA 
resins and the most common resin compositions are discussed. Furthermore, printable 
materials and their applications are briefly reviewed, and insight into commercially 
available SLA systems is given. Finally, an outlook highlighting challenges within the 
SLA process and propositions to resolve these are offered.

Keywords: stereolithography (SLA), digital light processing (DLP), additive 
manufacturing (AM), 3D printing, two-photon polymerization (TPP), continuous liquid 
interface production (CLIP)

1. Introduction

As the oldest additive manufacturing (AM) technology, stereolithography (SLA) was first
developed by Dr. Hideo Kodama in 1981. He saw it as a fast and low-cost method of recon-
structing models in 3D space as an alternative to holographic techniques [1]. The first com-
mercially available SLA printer was patented in 1986 by Charles W. Hull, who founded 3D
Systems Inc. Their aim was to facilitate rapid prototyping of plastic parts [2]. With the develop-
ment of a variety of processes, SLA has far surpassed its initial applications in modeling and
prototyping and can be utilized to manufacture highly complex and individually designed
geometries. The material is also no longer limited to conventional polymers, but the fabrication

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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of composites [3] and even metallic [4] or ceramic [5] specimens is possible. However, to date, 
SLA is only being utilized to structure one material at a time, and when comparing to other 
additive manufacturing (AM) technologies, typical SLA processes exhibit superior resolution 
and better surface qualities (see Table 1) but at slower printing times and higher cost.

While soft lithography is not an AM technology, it merits mentioning as a competing method 
due to its superior resolution to most SLA systems. It utilizes elastomeric stamps or molds 
to fabricate 3D structures and consequently does not have the characteristic advantages of 
3D printing such as the ability of direct and rapid fabrication from a computer-aided design 
(CAD) model [12]. Nevertheless, it is often employed as an alternative to SLA in for example 
microfluidic applications [6].

2. The stereolithography setup

SLA is a vat polymerization method [13], where layers of the liquid precursor in a vat are 
sequentially exposed to ultraviolet (UV) light and thereby selectively solidified. A photo-
initiator (PI) molecule in the resin responds to incoming light and upon irradiation, locally 
activates the chemical polymerization reaction, which leads to curing only in the exposed 
areas. After developing the first layer in that manner, a fresh resin film is applied, irradi-
ated, and cured. Thus, the part incrementally grows layer-after-layer [1]. This principle 
spans all SLA processes, which can be classified according to the direction of incident light 
or irradiation method, see Figure 1.

The required light for solidification of the resin can be applied in two distinct manners; either 
from above in the free surface approach, or from below through a transparent vat in the con-
strained surface approach. Irradiation can either be implemented by scanning of each point of 
the desired cross-section with a laser in laser-SLA or by projecting the entire pixelated image 
onto the layer in digital light processing (DLP) SLA. A more uncommon method is illumina-
tion through an liquid crystal display (LCD) photomask.

These systems and some of their adaptations will be explained in detail in the following 
sections.

Resolution (μm) Surface roughness (μm) Sources

SLA 10–150 0.38–0.61 [6–8]

Material jetting 25–100 0.47–8.44 [6, 9]

Material extrusion 100–400 3.24–42.97 [6, 9]

Powder bed fusion 50–100 17–105 [7, 10]

Soft lithography <0.01 <0.001 [9, 11]

Table 1. Comparison of average lateral resolution and surface roughness of AM technologies for polymers and of soft 
lithography.

3D Printing4

2.1. Free and constrained surface approach

In the free surface approach, the building platform on which the printed part grows is situ-
ated in a tank of resin and coated with a liquid resin film. Illumination of the desired cross-
section, which happens from above the resin bath, cures the first layer. After each layer, the 
platform with the growing part (i.e. the z-stage), is lowered further into the tank, and new 
resin is coated on top with a mechanical sweeper. This sets the stage for the subsequent 
layer [14].

The constrained surface approach or bottom-exposure approach has a building platform, which 
can be suspended above the resin bath. Illumination from below, through the transparent floor, 
cures a layer of resin between building platform and vat floor. This layer adheres to the plat-
form, as the z-stage is raised by a defined distance. As each layer is cured, the building platform 
with the adhered part is elevated, and the part grows suspended from the platform downward 
[6]. As with the free surface setup, support structures made from the same printing material are 
needed in case of overhangs and undercuts to ensure adequate adhesion to the platform.

Recently, there has been a trend toward the bottom-exposure approach, as it has certain advan-
tages [6, 15, 16]. The smooth surface, which is created with a narrowly defined layer height 
due to the precise movement of the z-stage at an accuracy of down to 0.1–1 μm [17, 18], is the 
main benefit in the constrained surface setup. Without the need for a mechanical sweeper, this 
layer can be created faster than in the free surface approach, reducing the printing time [15]. 
Another advantage, which decreases cost, is the lower amount of resin that is needed because 
the specimen does not have to be completely submerged in the vat [14].

A main disadvantage of the bottom-exposure setup, however, is that attractive forces between 
printed part and vat floor need to be overcome for each layer [19]. When pulling up the z-stage, 
the newly cured layer needs to adhere to the layers above, and may not stick to the vat surface. 
Attempts to reduce this unwanted interaction include the application of hydrophobic coat-
ings of the material tray [15, 18–20] and modification of the mechanical separation mechanism 
with tilting steps [21] or application of shear forces [20].

Figure 1. Classification of SLA according to irradiation method (left) and direction of incident light (right).
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2.2. Laser-stereolithography

In Laser-SLA, also known as vector-based SLA, or often simply referred to as SLA, each layer 
is cured by scanning of a UV laser onto the resin film. This x-y motion of the laser is imple-
mented by two galvanometers in combination with a dedicated optical system. An example 
of setup is given schematically in Figure 2. These conventional SLA devices, although more 
expensive than other AM technologies such as their extrusion-based counterparts, can reach 
resolutions of 5–10 μm [8].

In order to attain these resolutions, a number of parameters need to be considered. Besides 
accuracy of the z-stage and optimized resin composition (see Section 3.3), which are impor-
tant factors especially in z-resolution, the manner in which the UV laser is scanned across the 
desired layer is decisive. The geometry of the precisely defined laser lines, which illuminate 
the entire cross-section [24] and their accuracy, given by movement of the galvano-mirror, 
determine lateral resolution. Furthermore, the scanning speed and diameter of the laser spot 
need to be considered. They, respectively, influence the cure depth and width of the exposed 
laser lines and thereby affect vertical and lateral resolution [25]. Methods to further improve 
the resolution to sub-micron regions include two-photon polymerization (TPP) and pinpoint 
solidification.

2.2.1. Two-photon polymerization (TPP)

TPP was first proposed as an AM method by Strickler et al. [26]. As resolutions superior to 
100 nm with surface roughness below 10 nm are attainable [27], it has been extensively stud-
ied since then [28], and despite its high-cost, TPP was even commercialized by Nanoscribe 
GmbH in 2007 [29].

In TPP, excitation of the PI in the resin, and thereby activation of the curing reaction, does 
not occur in the entire illumination path of the laser, as in conventional SLA, but only in the 

Figure 2. Schematic setup of a laser-SLA printer (A), adapted, and modified from [22]. Scanning electron microscope 
(SEM) images of a bioreactor with capillaries fabricated with laser-SLA (B), reprinted from [23] by permission of springer 
nature.
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region of its focal point, called a volume pixel or voxel [30]. A high-intensity femtosecond 
pulsed laser can cause molecules to absorb two photons simultaneously. As the probability 
of this phenomenon is proportional to the squared intensity of the laser pulse, the process is 
limited to the focal point of the laser. Instead of UV light, a laser at twice the wavelength (i.e. 
half the energy) with near-infrared (NIR) light such as a Titanium-sapphire laser is employed 
in TPP. The energy necessary for excitation is nevertheless attained by the combination of the 
energies of both individual photons [31].

As portrayed in Figure 3, the spatially constrained 3D voxel in TPP allows for curing of 
shapes inside the resin bath and not just on its surface. This eliminates the need for layer-wise 
production and enables fabrication of extremely complex geometries including freely moving 
parts without superfluous support structures [28].

One of the challenges which remain in TPP is the restriction to extremely small geometries in 
the mm range [34] and low writing speed of the laser lines. At a maximum of a few mm/s, it 
cannot compare to hundreds of mm/s, which is attainable with conventional laser-SLA meth-
ods [8]. Developing a suitable PI could help speed up the process. Conventional UV initiators 
have the drawback of low-activity in TPP. In order to augment their response, the design of 
molecules with specific structures is necessary [35].

2.2.2. Pinpoint solidification

A method similar to TPP, pinpoint solidification, was proposed by Ikuta et al. in 1998 under the 
name of super integrated hardened polymer SLA (Super IH) process [36]. A tightly focused 
laser is used and as with TPP, due to the high intensity in the focal point of the laser, curing of 
the resin can only be achieved in this voxel. The mechanism, however, is that of conventional 
single photon polymerization. Thus, resolutions of below 0.4 μm have been reached without 

Figure 3. SEM images of microstructures fabricated with TPP (A), reprinted with permission from [32] (Ovsianikov A. 
et al. ultra-low shrinkage hybrid photosensitive material for two-photon polymerization microfabrication.), copyright 
(2008) American Chemical Society. Scheme of TPP vs. conventional laser-SLA (B) redrawn and adapted from [33].
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limited to the focal point of the laser. Instead of UV light, a laser at twice the wavelength (i.e. 
half the energy) with near-infrared (NIR) light such as a Titanium-sapphire laser is employed 
in TPP. The energy necessary for excitation is nevertheless attained by the combination of the 
energies of both individual photons [31].

As portrayed in Figure 3, the spatially constrained 3D voxel in TPP allows for curing of 
shapes inside the resin bath and not just on its surface. This eliminates the need for layer-wise 
production and enables fabrication of extremely complex geometries including freely moving 
parts without superfluous support structures [28].

One of the challenges which remain in TPP is the restriction to extremely small geometries in 
the mm range [34] and low writing speed of the laser lines. At a maximum of a few mm/s, it 
cannot compare to hundreds of mm/s, which is attainable with conventional laser-SLA meth-
ods [8]. Developing a suitable PI could help speed up the process. Conventional UV initiators 
have the drawback of low-activity in TPP. In order to augment their response, the design of 
molecules with specific structures is necessary [35].
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A method similar to TPP, pinpoint solidification, was proposed by Ikuta et al. in 1998 under the 
name of super integrated hardened polymer SLA (Super IH) process [36]. A tightly focused 
laser is used and as with TPP, due to the high intensity in the focal point of the laser, curing of 
the resin can only be achieved in this voxel. The mechanism, however, is that of conventional 
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the use of expensive fs pulsed lasers [37]. This process has as of yet not been commercialized, 
and very little research is invested in pinpoint solidification-SLA.

2.2.3. Bulk lithography

In bulk lithography, 3D textures can be created by variation of exposure energy. The cure 
depth, which is a direct function of laser power or scan velocity (i.e. of the applied energy), 
thereby defines the depth of the features [38]. One can thus see the entire part as only existing 
of one layer with varying thickness. This eliminates the sometimes abrupt steps in z-direction, 
which are generated with conventional SLA methods, and vastly speeds up printing. Although 
this process is not capable of printing structures with overhangs and is limited to geometries 
thinner than 0.25 mm, it could have potential future applications in high-throughput fabrica-
tion of microstructures [39].

2.3. Digital light processing stereolithography

DLP is a method, which can reach resolutions in the order of 25 μm [7]. Smallest feature sizes 
of 0.6 μm have also been reported [40], and resins filled with ceramic particles have been 
printed via DLP with layer heights of 15 μm and with lateral resolutions of 40 μm [18].

In contrast to laser-SLA, the entire cross-section of a layer is illuminated simultaneously by 
a DLP light engine, as shown in Figure 4. The digital micromirror device (DMD) is the key 
component and functions as a dynamic mask for the DLP process. It is constructed of an array 
of mirrors, each one representing a single pixel. Individual tilting of every mirror enables fast 
and reliable switching of pixels [42]. When linked with a computer for image processing, a 
light source (often LED), and optics, it can project desired cross-sections of light quickly and 
precisely [42]. The fast switching speed of the DMD is a prerequisite for realizing grayscale 
illumination, which can be beneficial for precise control over exposure time and by extent 
energy dosage [40].

Figure 4. Setup of a DLP-SLA printer (A) adapted and redrawn from [22]. Printed polymer structures (B) adapted and 
reprinted with permission from [41] (Macdonald NP. et al., 3D printed micrometer-scale polymer mounts for single 
crystal analysis). Copyright (2017) American Chemical Society.
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With its pixel-based exposure mechanism, DLP is excellent for illumination of sharp cor-
ners but can cause saw-tooth type surface roughness on otherwise curved surfaces [18]. 
Consequently, when aiming for higher resolution, the pixel size needs to be reduced with the 
help of designated optics. As the DMD has a fixed amount of mirrors, this leads to shrinkage 
of the image and reduces maximum geometry size. Large parts are thus often printed at lower 
resolutions than small ones. While not quite reaching the sub-micron resolutions of laser-
SLA, DLP retains the advantages of lower cost and higher printing speeds [40, 43].

2.3.1. Continuous liquid interface production (CLIP)

Continuous liquid interface production (CLIP) is a type of constrained surface DLP process, 
where a thin film between building platform and the material tray is not cured and remains 
liquid. The so-called dead zone at the interface can be generated by utilizing a vat with a 
floor that is permeable to oxygen. This inhibits curing, and the resin in contact with oxygen 
remains liquid. Recoating mechanisms are thereby superfluous and continuous elevation 
of the building platform can be achieved, which improves surface quality and drastically 
increases printing speed up to 500 mm/h [44]. Similarly, to attain a liquid interface film, a 
high-density inert and an immiscible liquid layer such as brine has been proposed [45]. CLIP 
has been commercialized by Carbon Inc., and is establishing itself in the AM market due to its 
reduced printing times [46].

2.4. Liquid crystal display stereolithography

Since its development in 1997 by Bertsch et al. [47], using an LCD device as a dynamic mask 
for SLA has been almost completely replaced by the DLP counterpart. The latter benefits are 
from superior switching speeds at higher accuracy [48]. Nevertheless, it merits mentioning as 
a low-cost alternative to DLP with commercially available LCD printers primarily catering to 
the laypersons demographic as opposed to the industry [49].

3. Resins in SLA

Photocurable resins for SLA all have the same essential components, as summarized in 
Figure 5. The liquid precursors, which form the network when polymerized, as well as PIs, 
which start the reaction, are indispensable. In addition, most resin formulations have inert 
dyes, which absorb incident light and enhance control over the polymerization. Especially 
when using filled resins, further additives such as diluents, surfactants, or other stabilizers 
can be present.

3.1. Precursors

The precursors in SLA are liquid molecules, which can be linked together (i.e. polymerized), 
after exposure to light to form a solid 3D network. Depending on the future application and 
desired attributes, a variety of monomers, oligomers, or prepolymers can be utilized.
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Acrylate-based resins are common in the SLA process, as they exhibit high reactivities, which 
is advantageous for fast building speeds [7]. Different types of acrylates are readily available 
to tune mechanical properties and thermal resistance for example by altering the number 
of reactive groups [8] or by employing different oligomers such as urethane acrylates [50]. 
One disadvantage of acrylate resins is their high-shrinkage during printing, causing poten-
tial distortion of the printed part. As a solution, the combination with methacrylates is often 
implemented [51]. The resin’s sensitivity to oxygen, which inhibits the polymerization reac-
tion, is another challenge.

Epoxy systems have a different curing mechanism than acrylates. They are based on cationic 
rather than radical photopolymerization and need longer reaction times, are inhibited by 
moisture, but have the advantage of stability against oxygen [52]. Additionally, epoxy resins 
exhibit significantly lower shrinkage than their acrylate counterparts [53]. In order to exploit 
the advantages of both alternatives, hybrid systems have been created. Combination of acry-
late and epoxy-based resins lead to fast curing, low-shrinkage materials and are nowadays 
the standard in most commercial systems [54, 55].

3.2. Photoinitiators (PIs)

The PI is the resin component, which reacts to light. Once irradiated at the correct wavelength, 
it is excited and can initiate the curing reaction. A suitable PI, depending on the nature of 
utilized precursor needs to be selected. Type and amount of PI can substantially influence 
reaction kinetics, necessary light dosage, conversion, cross-linking density, and by extent, 
mechanical properties of the printed parts [8, 56, 57].

3.3. Absorbers

Another component that is essential in most SLA processes is a light absorber, which reduces 
the penetration of light into the resin and limits the depth until, which the resin is cured. 

Figure 5. Resin components in SLA.
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Especially for complex geometries with undercuts, this cure depth needs to be precisely 
defined in order to prevent excessive curing in z-direction and loss in feature development 
[14, 17, 40]. The most commonly used UV absorbers are benzotriazole derivatives [58].

3.4. Filled resins

Fabrication of metal or ceramic materials via SLA has been implemented by filling resins with 
powder, printing the parts, and subsequently debinding and sintering the printed specimens 
[4, 5], as shown in Figure 6. During debinding, the organic resin components are removed 
by pyrolysis. This binder burnout is easier for thin structures with high filler content, as oth-
erwise, defects such as cracks can form [5]. In the subsequent sintering step, the metal or 
ceramic powder, which remains, is further thermally treated to achieve dense structures [21]. 
In order to attain geometrically accurate parts, the material specific shrinkage coefficients 
need to be taken into account, and high filler content is beneficial to reduce shrinkage [60]. 
Variations of the thermal treatment include implementing an additional drying step prior to 
debinding to remove solvents or combining debinding and sintering into one single but cor-
respondingly longer thermal process to eliminate potential defect sources during transporta-
tion of the fragile brown parts [59].

Particles smaller than the layer height need to be utilized, and as previously mentioned, 
maximum particle content is desirable. In highly filled resins with particles in size range of 
the wavelength of light, scattering is the main interaction mechanism with light and con-
sequently determines cure depth and affects resolution. Reducing the refractive index dif-
ference between filler and matrix is a common approach to minimizing scattering [61]. It 
is noteworthy that composite materials, where the organic component is not removed but 
retains its matrix function in the final part, have also been manufactured with SLA [3, 62]. 
By adding (nano)-particles to the SLA resin, mechanical, thermal, optical, or even electrical 
properties can be further amended [63–65].

Figure 6. Scheme of the formation of dense ceramic components from filled resins by SLA, redrawn and adapted from [59].
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3.5. Additives

A high-volume fraction of solid loading can cause certain disadvantages. Especially for smaller 
particles with the large surface area, the viscosity of the slurry rises with particle content [4]. 
This changes the flow behavior of the resin, interferes with coating mechanisms, and increases 
the mechanical force necessary for the elevation of the building platform in constrained sur-
face setups [19]. Approaches to reduce viscosity include the application of temperature [66], 
the use of diluents [67], or evoking shear thinning behavior [68].

Rheological additives and stabilizers can increase solid loading and are necessary for extended 
shelf-life of slurries as well as for stability during longer printing jobs [68]. Agglomeration and 
sedimentation of particles need to be avoided to ensure continuous, homogeneous ceramic or 
metal powder distribution. To that end, dispersants such as oligomeric surfactants [69], long 
chained acids like oleic acid [70], or phosphine oxides with aliphatic chains [71] have been used.

3.6. Post-processing

After removal of the built part from the platform, any support structures that had been neces-
sary for the printing process need to be cut from the green part. Cleaning in suitable solvents 
and drying of the structure is often followed by sanding of support residues. Post-curing in a 
UV chamber can be implemented to complete conversion of the polymerization reaction and 
thereby attain improved mechanical properties [72]. In the case of filled resins, debinding and 
sintering are the final post-processing steps.

4. Applications

SLA is a very versatile method with applications in a variety of industries. The aerospace 
and automotive industries can, for instance, benefit from rapid manufacturing of high-perfor-
mance materials. Microfluidics and medicine are furthermore, significant fields where SLA 
shows great potential and is already being applied successfully.

Fully polymeric materials structured by SLA can range in their properties from highly elastic 
silicones for applications in soft robotics [45] to high-strength thermally post-cured epoxy 
resins [73]. Their limited thermo-mechanical stability is, however, an issue for most polymeric 
materials. Using filled resins to create metal or ceramic structures, is a possibility in SLA, as 
previously mentioned in Section 3.4. Furthermore, polymer-derived ceramics can be manu-
factured by using monomers as precursors, which contain the essential components to form 
ceramics upon pyrolysis. These methods offer superior versatility in geometry than casting or 
machining processes and can yield components for high-temperature applications such as in 
propulsion systems or as thermal insulators [74].

Recently, SLA has been extensively investigated in the field of microfluidics, where small 
fluid volumes need to be precisely manipulated through micro-sized channels for applica-
tions such as inkjet print heads or lab-on-a-chip technologies [6]. When compared to mate-
rial extrusion and jetting, DLP-SLA shows superior resolution, smaller possible feature sizes, 
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reduced surface roughness, and faster production times in this application [75]. Channels 
with dimensions below 100 μm and valves, pumps, as well as multiplexers for mixing [76], 
can be fabricated rapidly and easily.

Applications in medicine, where patient-specific designs are often necessary to accommodate 
for individual anatomies, can greatly benefit from AM as well. Some examples are depicted 
in Figure 7. CT or MRI scans can be employed to determine the geometrical specifications, 
from which devices are then manufactured. Craniofacial implants out of porously structured 
hydroxyapatite have for example been implanted in patients with large bone defects [80].

In dentistry, CAD modeling has been applied since the 70s in the creation of crowns, which are 
used to cover a damaged tooth, and dentures, which are removable or fixed devices to replace 
lost teeth [81]. Now, many AM technologies including SLA can be employed to speed up the 
process between the acquisition of the geometrical data and implantation of the device into 
the patient [82]. A second application in healthcare, where AM has become the norm is the 
manufacturing of hearing aids. SLA can reduce the manufacturing time of these custom-made 
devices from more than a week to less than a day while also improving wear comfort [83, 84].

Medical applications of SLA are not limited to the fabrication of implants, prostheses, or other 
medical devices, but drug delivery systems such as micro-needles, capable of administering 
drugs by painlessly penetrating the skin [78], or 3D printed tablets for individual dosage 

Figure 7. Top row: CAD model of skull defect (A), SLA fabricated cranial implant (C), and an implant placed into 
skull model (D), reprinted and modified from [77]. Middle row: SEM images of SLA printed microneedle structures for 
transdermal drug delivery, modified and reprinted from [78]. Bottom row: SEM images of tissue engineering scaffolds 
for bone regeneration by SLA, modified and reprinted from [79] by permission of Springer Nature.

Stereolithography
http://dx.doi.org/10.5772/intechopen.78147

13



3.5. Additives

A high-volume fraction of solid loading can cause certain disadvantages. Especially for smaller 
particles with the large surface area, the viscosity of the slurry rises with particle content [4]. 
This changes the flow behavior of the resin, interferes with coating mechanisms, and increases 
the mechanical force necessary for the elevation of the building platform in constrained sur-
face setups [19]. Approaches to reduce viscosity include the application of temperature [66], 
the use of diluents [67], or evoking shear thinning behavior [68].

Rheological additives and stabilizers can increase solid loading and are necessary for extended 
shelf-life of slurries as well as for stability during longer printing jobs [68]. Agglomeration and 
sedimentation of particles need to be avoided to ensure continuous, homogeneous ceramic or 
metal powder distribution. To that end, dispersants such as oligomeric surfactants [69], long 
chained acids like oleic acid [70], or phosphine oxides with aliphatic chains [71] have been used.

3.6. Post-processing

After removal of the built part from the platform, any support structures that had been neces-
sary for the printing process need to be cut from the green part. Cleaning in suitable solvents 
and drying of the structure is often followed by sanding of support residues. Post-curing in a 
UV chamber can be implemented to complete conversion of the polymerization reaction and 
thereby attain improved mechanical properties [72]. In the case of filled resins, debinding and 
sintering are the final post-processing steps.

4. Applications

SLA is a very versatile method with applications in a variety of industries. The aerospace 
and automotive industries can, for instance, benefit from rapid manufacturing of high-perfor-
mance materials. Microfluidics and medicine are furthermore, significant fields where SLA 
shows great potential and is already being applied successfully.

Fully polymeric materials structured by SLA can range in their properties from highly elastic 
silicones for applications in soft robotics [45] to high-strength thermally post-cured epoxy 
resins [73]. Their limited thermo-mechanical stability is, however, an issue for most polymeric 
materials. Using filled resins to create metal or ceramic structures, is a possibility in SLA, as 
previously mentioned in Section 3.4. Furthermore, polymer-derived ceramics can be manu-
factured by using monomers as precursors, which contain the essential components to form 
ceramics upon pyrolysis. These methods offer superior versatility in geometry than casting or 
machining processes and can yield components for high-temperature applications such as in 
propulsion systems or as thermal insulators [74].

Recently, SLA has been extensively investigated in the field of microfluidics, where small 
fluid volumes need to be precisely manipulated through micro-sized channels for applica-
tions such as inkjet print heads or lab-on-a-chip technologies [6]. When compared to mate-
rial extrusion and jetting, DLP-SLA shows superior resolution, smaller possible feature sizes, 
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reduced surface roughness, and faster production times in this application [75]. Channels 
with dimensions below 100 μm and valves, pumps, as well as multiplexers for mixing [76], 
can be fabricated rapidly and easily.

Applications in medicine, where patient-specific designs are often necessary to accommodate 
for individual anatomies, can greatly benefit from AM as well. Some examples are depicted 
in Figure 7. CT or MRI scans can be employed to determine the geometrical specifications, 
from which devices are then manufactured. Craniofacial implants out of porously structured 
hydroxyapatite have for example been implanted in patients with large bone defects [80].

In dentistry, CAD modeling has been applied since the 70s in the creation of crowns, which are 
used to cover a damaged tooth, and dentures, which are removable or fixed devices to replace 
lost teeth [81]. Now, many AM technologies including SLA can be employed to speed up the 
process between the acquisition of the geometrical data and implantation of the device into 
the patient [82]. A second application in healthcare, where AM has become the norm is the 
manufacturing of hearing aids. SLA can reduce the manufacturing time of these custom-made 
devices from more than a week to less than a day while also improving wear comfort [83, 84].

Medical applications of SLA are not limited to the fabrication of implants, prostheses, or other 
medical devices, but drug delivery systems such as micro-needles, capable of administering 
drugs by painlessly penetrating the skin [78], or 3D printed tablets for individual dosage 

Figure 7. Top row: CAD model of skull defect (A), SLA fabricated cranial implant (C), and an implant placed into 
skull model (D), reprinted and modified from [77]. Middle row: SEM images of SLA printed microneedle structures for 
transdermal drug delivery, modified and reprinted from [78]. Bottom row: SEM images of tissue engineering scaffolds 
for bone regeneration by SLA, modified and reprinted from [79] by permission of Springer Nature.
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regulation [85] have also been established. SLA can furthermore be used in medical imaging 
to create 3D models [86] for preoperative planning [87] or educational purposes [88]. 3D cell 
culture for more accurate in vitro models to study diseased, as well as healthy tissues, can 
likewise be created [89]. Tissue engineering constructs in regenerative medicine have also 
been fabricated with SLA methods [90] and even bioprinting, where live cells are incorpo-
rated into the printed scaffold is currently being investigated [91].

5. Commercially available SLA systems

A plethora of SLA printers are currently on the market, ranging in price and quality from 
amateur desktop applications to professional high-precision machines. A brief overview of 
their specifications is given in Table 2.

LCD-SLA is only available as a low-budget 3D printer for hobbyists. The more common 
methods such as conventional laser-SLA and DLP-SLA, however, have their low-cost and 
low-resolution desktop editions for consumers but can also offer high-end methods for pro-
fessionals and industrial applications. While CLIP and TPP are both in higher price ranges, 
the former is designed for the extremely fast production of larger parts, while the latter is used 
for very slow fabrication of small parts with sub-micron resolution.

6. Outlook

As the front-runner for high-resolution 3D printing, SLA retains substantial limitations due 
to the often high costs of this AM method, which are augmented further by slow printing 
velocities. Additionally, the fact that printing is only possible with one resin at a time severely 
restricts potential applications.

Trends toward faster manufacturing have already been set by the CLIP technology [44]. 
Other continuous DLP methods, where building platforms are raised at a constant rate 

SLA-
type

Lateral 
resolution (μm)

Printing speed 
(mm/h)

Maximum print 
size (mm)

Commercial vendors Sources

Laser 6–140 14 27–750 3DSystems, Formlabs, 
XYZPrinting,

[92–95]

TPP 0.400 — 100 × 100 × 3 Nanoscribe [34]

DLP 33–120 25–150 45–230 EnvisionTEC, Kudo3D [96–98]

CLIP 50–100 500 80–320 Carbon [44]

LCD 50–100 20–60 55–160 SparkMaker, Photocentric [49, 99]

Table 2. Comparison of commercially available SLA systems.
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during the printing process, have also been established [76]. For laser-SLA processes, illu-
mination itself is a limiting factor in reducing printing times and different approaches 
to increase throughput are necessary. Using a broader scanning pattern for bulk features 
and applying more precise, narrow lines only in areas where the maximum resolution is 
required, such as for fine structures and at surfaces, is one method, which is already being 
implemented [93]. The development of hybrid systems of DLP and laser techniques is 
currently being investigated as well. Similarly, the inner area should be illuminated via 
pixel-based DLP, and only round surfaces drawn with the vector-based system of laser-
SLA. This could further reduce printing times to rates comparable to DLP while maintain-
ing high-accuracy of laser illumination [22].

Another method, which combines laser and DLP-SLA, addresses the compromise between 
build size and resolution in DLP. A proposition to retain small pixels and thereby high-
resolution even when printing large parts is to laterally stitch the projected images. If a layer 
has a cross-section exceeding the attainable size by the DMD, it can be divided into smaller 
areas, which are then illuminated one after the other [100]. This combination of scanning and 
projection-based illumination, also called large area projection micro SLA (LAPμLA) [101], 
can lead to the low-cost fabrication of cm-sized objects with a μm-range resolution [102].

Modification of available SLA systems to manufacture parts from multiple materials has been 
attempted. This usually includes a time consuming cleaning step between material changes. 
Thus, minimum feature sizes and resolution are no more comparable to conventional SLA than 
required printing time [103–105]. Nevertheless, after thorough investigation and development, 
these methods could help to further extend the application spectrum of SLA in the future.
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Abstract

Multi-scale and multi-material 3D printing technique has been regarded as a revolution-
ary technology and a next-generation manufacturing tool, which can really fulfill the 
“creating material” and “creating life,” especially subvert the traditional product design 
and the manufacturing method. However, very few of the established additive manu-
facturing processes possess the capability to fully implement the fabrication of multi-
scale and multi-material. A novel high-resolution 3D printing, named as high-resolution 
electric-field-driven jet 3D printing, which is based on the induced electric field and EHD 
cone-jetting behavior, has been developed by our research team. It provides a feasible 
approach to implement the additive manufacturing of multi-scale and multi-material 
with high efficiency and low cost. This chapter will introduce this new high resolution 3D 
printing technique. In particular, many typical applications including transparent con-
ducting electrodes, tissue engineering scaffold, 3D electronics, etc., are presented in detail.

Keywords: electric-field-driven (EFD) jet deposition, multi-scale 3D printing,  
micro-scale 3D printing, micro/nanoadditive manufacturing

1. Introduction

The manufacturing technology for multi-material and multi-scale structure has been regarded 
as one of the most urgent needs for the manufacturing science. The development of new func-
tional materials (functional gradient materials, biomimetic materials, and intelligent materi-
als), tissue engineering (tissue scaffold, and organ), and next generation electronic products 
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Abstract

Multi-scale and multi-material 3D printing technique has been regarded as a revolution-
ary technology and a next-generation manufacturing tool, which can really fulfill the 
“creating material” and “creating life,” especially subvert the traditional product design 
and the manufacturing method. However, very few of the established additive manu-
facturing processes possess the capability to fully implement the fabrication of multi-
scale and multi-material. A novel high-resolution 3D printing, named as high-resolution 
electric-field-driven jet 3D printing, which is based on the induced electric field and EHD 
cone-jetting behavior, has been developed by our research team. It provides a feasible 
approach to implement the additive manufacturing of multi-scale and multi-material 
with high efficiency and low cost. This chapter will introduce this new high resolution 3D 
printing technique. In particular, many typical applications including transparent con-
ducting electrodes, tissue engineering scaffold, 3D electronics, etc., are presented in detail.

Keywords: electric-field-driven (EFD) jet deposition, multi-scale 3D printing,  
micro-scale 3D printing, micro/nanoadditive manufacturing

1. Introduction

The manufacturing technology for multi-material and multi-scale structure has been regarded 
as one of the most urgent needs for the manufacturing science. The development of new func-
tional materials (functional gradient materials, biomimetic materials, and intelligent materi-
als), tissue engineering (tissue scaffold, and organ), and next generation electronic products 
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(embedded electronic products, flexible electronics, and wearable devices) has been propos-
ing wide scientific and practical engineering requirements for the multi-material and multi-
scale manufacturing technique. However, the existing manufacturing technologies are facing 
enormous challenges in the field of multi-material and multi-scale structure manufacturing 
[1–3].

3D printing has shown great potential and broad engineering application prospect in 
the field of multi-material and multi-scale 3D structure manufacturing due to its advan-
tages including (1) the shape complexity; (2) the material complexity; (3) the function 
complexity and so on. In recent years, in order to achieve the goal of functional driven 
integrated manufacturing of “material-structure-devices,” 3D printing technology has 
been developed from traditional controlling shape to controlling properties, from print-
ing single homogeneous material to printing multi-material or functional gradient mate-
rial, from macro-scale to micro-scale or multi-scale including macro/micro/nanoscale. The 
functional structure electronics, as one kind of typical multi-material and multi-scale 3D 
printing product, which is composed of structural materials (plastics, polymers, ceramics, 
metals, etc.), conductive materials (the conductive silver paste, the nanosilver conductive 
ink, etc.), dielectric materials (various insulating materials), and semiconductor materials. 
The feature size of printed structure includes multi-scale (macro/micro/nanoscale) [4–10]. 
However, most of the existing 3D printing technologies are limited to print single mate-
rial, and it is difficult to achieve the multi-scale (macro/micro/nanoscale) heterogeneous 
3D structure manufacturing.

Compared with other 3D printing processes, the 3D printing technologies (inkjet printing 
and electrohydrodynamic jet printing) based on materials’ jet deposition have shown out-
standing advantages for multi-material and multi-scale structure manufacturing. However, 
the inkjet printing is limited by the viscosity of printing material, which is usually less than 
30cp. And the resolution of the current printed patterns is generally not more than 20 μm of 
line width. The electrohydrodynamic (EHD) jet printing [11, 12], which has been proposed 
and developed by Park and Rogers, has much higher resolution because of the Taylor cone 
induced by electric field. However, there are still many shortcomings and limitations as fol-
lows: (1) The height limitation of the printed structure, it is also difficult to achieve macro/
micro scale integrated printing due to the limitation of 3 mm for the distance between nozzle 
and substrate; (2) The insulating substrate and its thickness limitation [13]. (3) The big chal-
lenging for the conformal printing on the surface of an existing object, especially on the 
inclined and curved surfaces [14].

In order to solve the problems of complex 3D structure manufacturing with multi-material 
and multi-scale, and to achieve the integrated manufacturing with heterogeneous multi-
material in macro/micro multi-scale. A novel high-resolution 3D printing, named as high-
resolution electric-field-driven jet 3D printing, which is based on the induced electric field 
and EHD cone-jetting behavior, has been developed to provide a feasible approach to imple-
ment additive manufacturing with multi-scale and multi-material at low cost. This chapter 
will introduce the principle, the simulation, the experiments, and the applications of EFD jet 
deposition 3D printing technology.

3D Printing24

2. The principle of EFD jet deposition 3D printing

2.1. The basic principle

The electric-field-driven (EFD) jet 3D printing system is mainly composed of a printhead, 
a three-axis translation stage, a high-voltage power supply, a signal generator, and a mate-
rial feeding unit. Figure 1 shows the setup schematic of the EFD jet deposition 3D printing 
system. The nozzle of the printhead is directly connected to the anode of the high-voltage 
pulse power supply for inducing an electric field. The three-axis translation stage can be pro-
grammed to provide the planar movement of the target substrate for printing patterns and 
up-and-down movement of the nozzle for changing the intensity of the induced electric filed. 
Liquid materials are delivered to the printhead by the material feeding unit, which consists of 
a pneumatic control system and a material reservoir. The pneumatic control system can adjust 
the flow rate to optimize the shape of the pendent meniscus at the nozzle by changing the 
gas pressure. A signal generator is used to produce the modulated voltage command signal 
with desired frequency and duration to trigger the output of high-voltage power supply. The 
printing process can be recorded by a CCD camera.

Differing from the traditional pressure-driven 3D printing and the existing EHD jet printing, 
the proposed technique is a liquid ejection and deposition printing based on the electrostatic 
induction and EHD cone-jetting. The fundamental principle of the EFD jet 3D printing is 
illustrated in Figure 2. The printing process can be described as follows:

1. With the movement of the nozzle with a high electric potential to the target substrate, the 
interaction between the nozzle and the substrate will be stronger and stronger by the effect 
of electrostatic induction. Then, an induced electric field will be generated between the 
nozzle and the substrate, as shown in Figure 2(a).

2. The pendent meniscus induced by the gas pressure at the nozzle will be affected by the 
electric field causing the accumulation of the positive charges on its surface. Under the 

Figure 1. Schematic of system setup for the EFD jet deposition 3D printing.
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coupling effect of the electric field force, surface tension, viscous force, and gas pressure, 
the meniscus will be elongated gradually to form a Taylor-cone.

3. When the tangential electric stress exceeds the surface tension during a single pulse, a 
droplet or fine jet from the apex of the cone will be produced. The droplet diameter and jet 
size are significantly smaller than nozzle size, indicating the EFD jet printing can overcome 
the resolution limitation from the nozzle size.

4. The simultaneous control of the ejection and movement of the printhead or substrate 
allows precise deposition of materials on the substrate, forming the first layer of printing 
object.

5. Regarding the first layer as the target substrate, then moving up the nozzle to keep the 
constant distance between the first layer and nozzle, a stable electric field will be reformed 
between the nozzle and the printed object, ensuring the stability and reliability of the pro-
cess mentioned above. The thickness of the printing layer must be appropriately controlled 
to maintain a constant distance between the nozzle and the printed object. This process 
will be repeated until forming a desired 3D object.

2.2. The two working modes

Unlike the traditional macro-scale 3D printing and micro-scale 3D printing, the macro/
micro-scale 3D printing should take into account both the printing accuracy and the printing 
efficiency in the printing process [15, 16]. To ensure the capability of integrated printing of 
multi-scale complex 3D structure, and to better meet the requirements of the practical engi-
neering of 3D printing. We proposed two kinds of working modes for this new technique, 
including the pulsed cone-jet mode and continuous cone-jet mode, to achieve both high preci-
sion and high efficiency during the printing process, as shown in Figure 3.

Figure 2. Schematic principle of the EFD jet deposition 3D printing: (a) the electrostatic induction between the nozzle 
and substrate; (b) stresses acting on the meniscus.
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1. In the pulsed cone-jet mode, the printing is a drop-on-demand process based on a pulsed 
voltage. When a pulsed voltage is applied, the meniscus will be deformed into Taylor-cone, 
and a micro-size jet is extracted to produce a micro-droplet. Then, the meniscus will be 
returned to the original position to produce a consistent and repeatable jet at the next pulse 
voltage. The printing material is deposited onto the substrate or the printed objects in the 
form of dots. The size of the printed dots is determined by process parameters involving 
the applied voltage, pulse duration time, and gas pressure, etc. The dots’ spacing is mainly 
determined by the pulse interval time and the moving speed of the X-Y stage.

2. In the continuous cone-jet mode, the DC-voltage is applied to drive and maintain the 
ejection behavior. The continuous liquid with a constant flow rate is rapidly pulled from 
the nozzle by the electric field force. Therefore, the printing material can be deposited on 
the substrate or the printed object in the form of lines (similar to FDM, but the dominant 
driving force is still the electric field force). Moreover, the line width is related to process 
parameters such as the voltage, the gas pressure, and the stage velocity, etc. The continuous 
cone-jet mode, based on continuous printing, possesses the ability of manufacturing large-
area patterns and macro/micro-scale structures compared to the pulsed cone-jet mode.

Therefore, the proposed EFD jet deposition 3D printing possesses the following advantages: 
(1) suitable for both conductive and non-conductive (or insulating) substrates; (2) breaking 
through the height limitation of printed structures of traditional EHD jet printing; (3) it can be 
widely used for various printing materials with large range of viscosity; and (4) it also can be 
used to print on the uneven surface and the conformal surface.

3. The numerical simulation and experiments verification

In order to further reveal the injection molding mechanism and influencing rules of the pro-
cessing parameters for EFD jet deposition 3D printing technology, this part will be focused 
on the investigation of printing performance under different conditions by means of numeri-
cal simulation and experimental verification. For the numerical simulation, the properties of 
substrate (or the printed layers), the printing height, and the variety of printing materials have 
been studied by the finite element simulation software (COMSOL MULTIPHYSICS), and the 
simulation results are verified by experiments. The results can be seen as follows.

Figure 3. Two working modes (a) pulsed cone-jet mode; (b) continuous cone-jet mode.
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3.1. The effects of different substrate materials

In order to display the electrostatic induction between the nozzle and the substrate, the 
intensity and the distribution of the electric field around nozzles under four different kinds 
conditions (no substrate, PET substrate, glass substrate, and copper substrate) were studied 
by finite element simulation. The relative permittivity of PET, glass, and copper substrate is 
4, 10, and 1, respectively.

The simulation results of distribution and intensity of electric field with different substrates 
were shown in Figure 4. The color represents the intensity of electric field, and the arrow 
indicates the direction of the electric field. As shown in Figure 4, under the condition of no 
substrate, the electric field emitted by the conductive nozzle diverges anywhere, and the 
intensity of the electric field at the tip of the nozzle is small. While under the conditions with 
substrates, it can be seen that the electric field from the conductive nozzle is terminated on 
the surface of the substrate, and the electric field strength between the conductive nozzle and 
the substrate is significantly enhanced, and the electric field intensity at the tip of the nozzle is 
more obvious. In these four conditions, the intensities of electric field at the tip of the nozzle 
are 618.1, 2794.8, 2794.9 and 3227.8 V/mm, respectively. The intensity of electric field on the 
copper substrate is significantly higher than that of the other three cases.

Figure 4. The simulation results of electric field under different substrate conditions: (a) no substrate, (b) PET, (c) glass, 
and (d) copper.
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The reason why the substrate can change the electric field distribution is that the charges 
inside the substrate will redistribute by the effect of the electric field. For conductive substrate, 
there are lots of free charges inside the conductor, which can move freely inside the conduc-
tor. While for the insulating substrate such as PET and glass, only small amount of movable 
free charges can be found inside the insulating substrate, and most of charges are bounded in 
micro-displacement. Therefore, the electrostatic induction of the dielectric substrate is weaker 
than that of conductive substrate. When the conductive substrate stays in the condition of 
electrostatic balance, a large amount of free charges are gathered on the surface of the conduc-
tive substrate, which makes the direction of the electric field from the nozzle change to the 
conductive substrate. Therefore, a stronger electric field can be obtained between the nozzle 
and conductive substrate to provide a greater driving force for droplet jetting.

Compared with the existing EHD jet printing, the EFD jet deposition 3D printing has bet-
ter applicability for different substrate materials. The EHD jet printing technology usually 
requires good conductivity of the target substrate, otherwise the insulating substrate with 
a thickness limitation must be placed on a grounding conductor. The EFD jet deposition 3D 
printing technology can be used in any material of substrates because the electrostatic induc-
tion can be generated in various materials, which is not limited by the conductivity or dielec-
tric properties of the substrate. Figure 5 shows that the Taylor cone and stable cone jet can 
be formed at the nozzle by using for different material substrates (conductive stainless steel, 
semiconductor silicon chip, and insulating glass). The distance between the tip of the nozzle 
and the substrate is set as 2 mm, and the printing material is low viscosity resin (100 mPa.s). 
The critical voltage of cone jet for conductive stainless steel, semiconductor silicon chip, and 
insulator glass are 2100, 2500, and 3000 V.

The experimental results show that the EFD jet deposition 3D printing is suitable for many 
types of substrates. And the critical voltage needed for the conductive substrate is smaller than 
that for the insulating substrates, which is consistent with the simulation results. Therefore, 
the conclusion can be proposed that the EFD jet deposition 3D printing can greatly expand the 
scope and the field of applications.

Figure 5. Different target substrates (a) copper plate; (b) silicon plate; and (c) glass plate.
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tion can be generated in various materials, which is not limited by the conductivity or dielec-
tric properties of the substrate. Figure 5 shows that the Taylor cone and stable cone jet can 
be formed at the nozzle by using for different material substrates (conductive stainless steel, 
semiconductor silicon chip, and insulating glass). The distance between the tip of the nozzle 
and the substrate is set as 2 mm, and the printing material is low viscosity resin (100 mPa.s). 
The critical voltage of cone jet for conductive stainless steel, semiconductor silicon chip, and 
insulator glass are 2100, 2500, and 3000 V.

The experimental results show that the EFD jet deposition 3D printing is suitable for many 
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Figure 5. Different target substrates (a) copper plate; (b) silicon plate; and (c) glass plate.
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3.2. The effect of different distance between nozzle and substrate

The distance between the nozzle and substrate is another key parameter for the EFD jet 
deposition 3D printing, which has an important impact on printing results. The effect of 
distance ranging from 0.4, 0.3, 0.2, and 0.1 mm on the electric field were simulated by 
COMSOL software, as shown in Figure 6. The intensity of electric field on the droplet 
surface is 3376.8, 3816.3, 4669.5 and 6910.5 V/mm, respectively. It can be seen that with 
the decrease of distance, the electric field formed between the conductive nozzle and the 
substrate is much enhanced, especially at the tip of the nozzle.

Due to the distance limitation between the conductive nozzle and the conductive substrate 
(or conductor under insulating substrate), the maximum distance of the EHD jet printing 
technology is usually not more than 3 mm, This caused great challenges in the macro/micro 
scale manufacturing for EHD jet printing. The EFD jet deposition 3D printing technology 
has broken through the distance limitation of the traditional EHD jet printing, and can truly 
realize the macro/micro-scale manufacturing. When the high voltage power is applied to the 
conductive nozzle, the required electric field can be formed between them under the action 
of electrostatic induction only if moving nozzle closed to the target substrate (or the printed 
layers). Therefore, this proposed technology can print on any structure surface.

The experiments have been done to investigate the stability of the Taylor cone shape and the 
cone jet in the printing process influenced by the substrate thickness, as shown in Figure 7. 

Figure 6. The simulation results of electric field at different nozzle heights: (a) 0.4 mm, (b) 0.3 mm, (c) 0.2 mm, and 
(d) 0.1 mm.
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During the experiments, the distance between the conductive nozzle and the glass substrate 
is set as 2 mm, and the printing material is low viscosity resin (viscosity 100 mPa.s), and the 
voltage is 3000 V. It can be observed that the thickness of glass substrate ranging from 1.2 
to 12 mm, the EFD jet deposition 3D printing can achieve stable and reliable printing. The 
experimental results show that the EFD jet deposition 3D printing can truly achieve the 3D 
printing by means of electrostatic induction between the nozzle and the target substrate (or 
the printed layers) (Figure 7).

3.3. The printing materials

The available materials for EFD jet deposition 3D printing are extensive and variable, such as 
organic polymer materials, bio-materials, nanoscale composites, metal, and non-conductive 
materials. Furthermore, the viscosity range of the printing materials is very broad because of 
the enough electric stress provided by the strong electric field to drive jetting. The line pat-
terns with high resolution and high quality (line-width roughness) have been well produced 

Figure 7. Reliably printing in variable heights and locations of printhead.

Figure 8. The features printed with various printing materials.
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using four different types of materials, including the photosensitive resin, nanosilver conduc-
tive paste, polycaprolactone (PCL), and conductive silver adhesive, as shown in Figure 8.

The materials in the experiment have different fluidic properties and the viscosity. The viscos-
ity of the photosensitive resin is 800 cP while the viscosity of nanosilver conductive paste is 
5000 cP. The heating system was used for molding of PCL because of its solid-state at RT. The 
nozzle with an inner diameter of 250 μm is adopted to print objects with a line width of 10 μm, 
where the reduction ratio in dimensions between the nozzle and the printed line reaches 25:1.

The viscosity of the conductive silver adhesives at ambient temperature is 8000 cP, the inner 
diameter of the nozzle is 250 μm, the line width of the object to be printed is 200 μm, and the 
print patterns must have good morphology. The results showed that the EFD jet 3D printing 
is suitable for almost any materials, compared to existing 3D printing technology. It is unex-
amined for its potential to provide high-resolution (that is, ~10um) patterning of materials 
with ultra-high viscosity.

4. The applications of EFD jet deposition 3D printing

In this part, four typical printed structures were used to present the applications of EFD jet 
deposition 3D printing in multi-scale and multi material 3D printing: (1) lines and dots (one-
dimensional structure); (2) high aspect ratio micro-scale “wall” structure (two-dimensional 
structure); (3) high resolution tissue engineering scaffold (3D structure); (4) 3D structure elec-
tronics (multi-scale and multi-material heterogeneous 3D structure).

4.1. Lines and dots (one-dimensional structure)

The droplet can be precisely deposited at the designated position by controlling the process 
of droplet jetting and the movement of stage. A dot array with the resolution of 50-60 μm and 
the different dot spacing has been printed to show the capability of drop-on-demand printing 
in the pulsed cone-jet mode, as shown in Figure 9(a). The dots’ spacing decreases correspond-
ingly with the decreasing of stage moving speed. Using the continuous cone-jet mode, a line 

Figure 9. Dot and line arrays.
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pattern has been successfully printed on a glass slide, as shown in Figure 9(b). The average 
line width in this pattern is about 40 μm, and the line pitch is about 150 μm. Due to the ability 
of depositing materials directly as desired patterns on the substrate with a simple fabrication 
process and high efficiency, the proposed printing method can be adapted for applications in 
thin-film transistors, optical elements, organic light-emitting diodes, photonics crystals, and 
DNA microarrays.

By using the conductive nanosilver paste, the proposed printing method can be applied for 
fabrication of metal-mesh patterns used in various electronics such as flexible displays, solar 
cells, touch panels, etc. Figure 10 shows the optical images of the printed metal-mesh patterns. 
The line width and spacing of the metal mesh in Figure 10(a) are 20 and 250 μm, respectively. 
And the line width and spacing in Figure 10(b) are 10 and 150 μm, respectively. The line reso-
lution of the printed metal-mesh patterns is less than 20 μm, which is almost invisible to the 
naked eye. It indicates that the proposed technology is promising to fabricate an invisible fine 
transparent electrode with good electricity and optical properties, which can be widely applied 
to electronic devices without any cosmetic issues due to the appearance of metal pattern.

4.2. The micro-scale “wall” structure (two-dimensional structure)

The EFD jet deposition 3D printing technology is mainly used for liquid printing materials, it also 
can be used for printing molten polymer materials by changing the nozzle structure. The mate-
rial feeding unit is integrated into the printhead to shorten the distance between material feeding 
unit and the nozzle, because solid state printing material is difficult to be delivered to the nozzle 
through pipeline. The double heating module is used to heat both nozzle and feeding unit. The 
purpose of heating feeding unit is to keep the printed material in the melting state with certain 
fluidity, and that of heating nozzle is to ensure the quality and precision of the printing process.

Instead of utilizing polymer solutions as the printing material, the molten EFD jet 3D printing 
employs molten polymers as the printing materials. Due to the printing material is PCL with a 
melting point of about 60°C. A heating module with a heating temperature of 80°C is utilized 
to melt the solid polymer into flowing melts. Moreover, the molten polymer solidifies very 
quickly that benefits for the layered manufacturing of high aspect ratio structures. Figure 11 

Figure 10. Metal-mesh patterns with (a) line width of 20 μm and spacing of 250 μm; (b) line width of 10 μm and spacing 
of 150 μm.
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pattern has been successfully printed on a glass slide, as shown in Figure 9(b). The average 
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of depositing materials directly as desired patterns on the substrate with a simple fabrication 
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transparent electrode with good electricity and optical properties, which can be widely applied 
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shows a micro-scale high aspect ratio wall structured cylinder with diameter of 20 mm, the 
wall thickness of 20 μm, and the height of 550 μm (continuous stacking of 20 layers). Compared 
to the traditional EHD printing, The experimental results show the molten EFD jet 3D printing 
offers a promising approach to produce the micro/nanostructures with ultra-high aspect ratio 
at low cost and high throughput.

4.3. Tissue engineering scaffold (3D structure)

A typical macro/micro-scale tissue engineering scaffold is a 3D porous structure for transport-
ing nourishment and excreting metabolites for cell growth. A desirable scaffold is character-
ized by controllable porosity, pore size, and pore distribution, which can provide cells with 
sufficient oxygen and nutrient supply. It is challenging for the current manufacturing technol-
ogies to the fully controlled orderly morphology and accuracy as requested. Polycaprolactone 
(PCL) with good bio-degradable performance serves as the printing material of the biological 
scaffold, a molten EFD jet 3D printing was employed to fabricate 3D scaffold, as shown in 
Figure 12. The printing process parameters are set as follows: voltage 2.8kV, pressure 20 kPa, 
moving speed 5 mm/s, and heating temperature of 80°C. The overall size of the scaffold is 
4 mm x 4 mm, the line width is 60 μm, the period is 300 m, and the height is 300 μm, shown in 
Figure 13. The experimental results confirm that the EFD jet deposition 3D printing possesses 
a very prominent ability for the macro/micro scale printing.

Figure 12. The macro view of a tissue engineering scaffold.

Figure 11. A cylinder structure with diameter of 20 mm, height of 550 μm, and wall thickness of 20 μm.
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4.4. 3D structural electronic (layered heterogeneous structure)

3D structure electronic is a typical multi-material structure product, which is widely used in 
many fields, such as aerospace, national defense, biological medicine and so on. However, 
how to realize the manufacturing of 3D structure electronic products with high efficiency and 
low cost is a very huge challenging problem. The EFD jet deposition 3D printing with multi-
nozzle can provide an effective method for the manufacturing 3D electronic. In this case, two 
kinds of printing materials, photosensitive resin (viscosity 800 mPa s) and conductive silver 
(viscosity 8000 mPa s), are used. The photosensitive resin is used to construct main body of 
the 3D structure electronics, while the conductive silver paste is used to print interconnecting 
wires. The processing parameters of photosensitive resin are printed with voltage 3.2 kV, 
gas pressure 50 kPa, and moving speed 30 mm/s, while the printing process parameters of 
conductive silver paste are voltage 2.0 kV, gas pressure 20 kPa, and moving speed 3 mm/s.

As shown in Figure 14, the printed structure made of photosensitive resin is a circular plat-
form with a diameter of 7.5 mm at the bottom surface, a diameter of 5.5 mm at the top surface, 
and a height of 4 mm. There is a printed conductive wire made of conductive silver paste on 
the top surface of the round platform. Conductive silver paste can be cured at room tempera-
ture without heating and other post-processing, which will never damage printed main body 
of 3D structure electronics.

Figure 13. A tissue engineering scaffold: (a) overall view; (b) top view; and (c) microview.

Figure 14. A 3D structure electronic device.
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Therefore, combining the capability of printing variable materials and the use of multi-nozzle 
technology, the EFD jet deposition 3D printing presents a very prominent advantage and 
great potential in the multi-scale and multi-material 3D printing. This technology provides a 
new solution for the integrated printing of heterogeneous multi-material, multi-scale (macro/
micro-scale) structure.

5. Conclusion

A novel high-resolution 3D printing, named as high-resolution Electric-field-driven Jet 3D 
Printing, which is based on the induced electric field and EHD cone-jetting behavior, has been 
developed to provide a feasible approach to implement additive manufacturing with multi-
scale and multi-material. In this chapter, we introduced the system setup and the principle of 
EFD jet deposition 3D printing. Then, the jetting molding mechanism and influencing rules of 
operating parameters were revealed by the numerical simulation and verified by the experi-
ments. Finally, four kinds of typical applications including transparent conducting electrodes, 
high aspect ratio “wall” structure, tissue engineering scaffold, 3D electronics, etc., are presented 
in detailed. As a result, this new technology offers a novel solution for fulfilling multi-scale and 
multi-material 3D printing at low cost and good universality as well as high resolution.
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1. Introduction

3D printing can be nowadays considered a consolidated technology, at least in its technical 
aspects. However, the adoption of such manufacturing technique to architecture engineer-
ing and construction (AEC) is not widespread yet, as the sector is not yet completely ready 
for the introduction of innovative production methods, in comparison to other more inno-
vative sectors. Some experimental case studies have been developed looking at possible 
applications of 3D printing in architecture and construction, but the gap to close is now 
related to a consolidated way of employing innovative manufacturing techniques.
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2. Production techniques in AEC

The historical evolution of architecture is closely linked to that of construction techniques. The 
combination of available techniques and workforce—in quantity and quality—has driven the 
sector since antiquity, and architects had to know and carefully consider them as a premise 
of their design. Moreover, while some techniques have emerged from within the field of 
architecture, in the effort of solving construction problems, very often it was the spillover of 
advancements in other fields of science and technology that determined the adoption of new 
production techniques in architecture.

While such combination of workforce skills and production techniques has been consistent 
throughout the centuries, there have been some radical paradigm changes in their combina-
tion. In particular, while a sort of batch production of some architectural elements was present 
since antiquity, as well as in gothic architecture—as for bricks, tiles, and column drums—start-
ing with the industrial revolution, such production in series acquired a more industrial char-
acter, and the relevance of skilled labor started to decline, while mechanized processes took 
off as the most decisive factor in production costs and quality. Modularity, which previously 
was rather an ideal set of geometrical relationships and proportions related to orders, started 
to become a necessary way of streamlining the production in series of identical base compo-
nents, the only way industrialization could lower production costs as well as assembly times 
and efforts. Architectural practices and theories had to reflect these needs, and especially with 
the Modern movement, the trend toward simplification and use of standardized elements 
became common practice. The case of ‘The Eames House, Case Study House 8’ by Charles 
and Ray is a paradigmatic example thereof: the building was even designed and assembled 
starting from ‘off-the-shelf’ standard pieces, while trying to create an individual architectural 
character. Production in this case was a given before the design, and not the result thereof. 
Fast forwarding in history, the use of building information modeling (BIM) software has con-
nected this trend to the realm of the design in the virtual (software) environment, especially 
as it allows and even encourages the use of available and industrially pre-fabricated architec-
tural elements, such as doors and windows, and also rebars, trusses, and the like.

On the other hand, starting from the 1960s, the degree of geometric freedom and control 
over the produced elements started to increase through the use of computer-aided design 
(CAD) and computer-aided manufacturing (CAM) software, even though the constraints of 
a required standardization of elements continued to be present for a cost-effective produc-
tion. Through Bézier curves and Non-Uniform Rational B-Spline (NURBS) modelers, it was 
now possible to create more organic and complex shapes. An early example thereof was the 
Renault ‘Unisurf’ software used to design and produce car parts. However, the process often 
required non–computer-controlled phases and the mass-production of standardized pieces.

It was in the last 10–20 years that a more streamlined and integrated use of computer numerical 
controlled (CNC) machines started to allow for a new change in paradigm within the architec-
tural field. While a few centuries ago, the spillover of industrialization techniques meant that 
standardization and simplification had to become the design approach to architectural projects 
because industrial production required identical elements to be mass-produced in order to 
lower the cost per unit, now it became possible to cost-effectively mass-produce elements that 
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are different from one another, i.e., customized elements. It is the ‘mass-customization’ para-
digm. The use of CAD/CAM software became the key tool in the hands of designers and archi-
tects to harvest this new production potential. In fact, the ‘virtual’ design within the software 
could be now transformed into something tangible driving the production machines directly 
from the computer and without the need for any ‘translator’ or skilled human intermediary. 
As in the First Industrial Revolution, workforce manual skills were not relevant anymore, but 
unlike under the previous paradigm, it was now not necessary or advantageous to reduce the 
complexity of the design elements and to embrace radical simplification. As we will see dealing 
with 3D printing techniques, it is worth noticing that this new approach started off as a conve-
nient tool for fast prototyping, but due to technical advancements, it is potentially becoming a 
method for the production of final parts or even entire architectures, as it has already become 
a production technique in some fields of advanced engineering, such as aeronautics.

3. 3D printing history related to construction methods

Additive manufacturing (AM) is possibly the most disruptive production paradigm stemming 
from the adoption of CNC machines. It promises to transform a(ny) virtual shape designed 
in a software environment to a real-world object, as much as 2D printing is transforming 
virtual pixels into ink dots on a sheet. It requires that the object to be printed be ‘rasterized’ 
into discrete elements, which usually is performed through the use of Mesh geometries in 
the CAD environment. More often than not, additive manufacturing techniques are actually 
working by layered ‘slices’ (sections) of the desired object, so that the final shape results from 
the combination of subsequent, 2D designed, layers of material with a standard thickness.

3.1. History and evolution

1980–1981: Hideo Kodama (Nagoya Municipal Industrial Research Institute) invented and 
described two first additive manufacturing techniques based on photo-hardening of plastic 
polymers. This seminal work can be considered the ancestor of both photopolymerization 
and stereolithography. An application for patent was filed, but the inventor did not follow up 
within the required one-year deadline after application [1, 2].

1984: Jean-Claude André (CNRS), Alain le Méhauté (CGE/Alcatel) and Olivier de Witte (Cilas) 
filed an application for patent of stereolithography, i.e., an additive manufacturing method 
whereby a laser beam selectively hardens a UV-sensitive liquid resin, following a sequence of 
cross-sections of the object to be printed. The patent filing was abandoned, and Chuck Hull filed 
a patent, granted in 1986. The system was based on ultraviolet laser light beams hardening cross-
section by cross-section a resin contained in a vat. The .stl file extension Hull adopted is still in 
use today for most AM. He also founded 3D Systems, a company manufacturing 3D printers.

1987: Carl R. Deckard invented at UT-Austin the selective laser sintering technique, based on 
high-power (usually pulsed) laser beam that selectively fuses powder particles along cross-
sections of the desired shape. The powder can consist in plastic, metal, ceramic or glass, and 
is usually pre-heated in the bed just below the fusion point. A patent for a similar technique 
was filed in 1979 by R. F. Housholder, but it was not commercialized.
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whereby a laser beam selectively hardens a UV-sensitive liquid resin, following a sequence of 
cross-sections of the object to be printed. The patent filing was abandoned, and Chuck Hull filed 
a patent, granted in 1986. The system was based on ultraviolet laser light beams hardening cross-
section by cross-section a resin contained in a vat. The .stl file extension Hull adopted is still in 
use today for most AM. He also founded 3D Systems, a company manufacturing 3D printers.

1987: Carl R. Deckard invented at UT-Austin the selective laser sintering technique, based on 
high-power (usually pulsed) laser beam that selectively fuses powder particles along cross-
sections of the desired shape. The powder can consist in plastic, metal, ceramic or glass, and 
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1989–1990: S. Scott Crump invented and patented the most popular 3D printing technique 
to date, especially for hobbyists and low-budget labs: fused deposition modeling (FDM). It 
consists in the deposition of fused material—most commonly plastic—layer by layer, accord-
ing to a .stl file. The first machines were commercialized by Scott Crump’s company Stratasys 
starting from 1992, and a patent was granted (expired in 2009).

1993: MIT developed what, strictly speaking, was considered 3D printing. The technique 
consisted in the binding—layer by layer—of a bed of powder using an inkjet printer, hence 
the name. In 1993, yet another technique was introduced by Sanders Prototype, Inc., now 
Solidscape: the ‘dot-on-dot’ technique. It was based on polymer jetting with soluble supports, 
yielding very high-precision results. The models were originally printed in wax.

1995: The Fraunhofer Institute ILT, Aachen, invented the selective laser melting process. The pro-
cess—which yields precise and mechanically strong outputs, given the use of metal alloys, and can 
handle nested and intricate geometries—consists in the melting, layer by layer, of metal powder by 
means of a laser beam. Selective laser sintering is a similar process, whereby metal powder is not 
completely fused, hence does not form as much of a coherent and homogeneous mass as an output.

1999: Bioprinting techniques were successfully experimented at Wake Forest Institute for 
Regenerative Medicine.

2004: Adrian Bowyer developed the RepRap open-source project, aimed at creating self-repli-
cable 3D printers, in an effort to diffuse and democratize AM technology.

2008: Shapeways was launched in the Netherlands. It consists in an on-line service, allowing 
users to send 3D files to have objects printed and sent to the required address. The service 
uses various techniques and materials, which today include several precious metals.

2009: Makerbot created a DIY kit for 3D printers which will highly contribute to the diffusion 
of the technique in many households.

2011: The opportunities offered by 3D printing techniques as production rather than pure pro-
totyping tools were made even clearer by the Southampton University Laser Sintered Aircraft 
(SULSA), an unmanned aircraft whose structure was printed, from the wings to the integral 
control surfaces by a laser sintering machine, with a resolution of 100 micrometers per layer. The 
unmanned aerial vehicle (UAV) could be assembled without tools, using ‘snap fit’ techniques.

2014: Airbus Operation GmbH filed a patent for 3D printing an entire airplane structure. 
The technique is interesting also due to the 4D-printing-like features: a study on materials 
deformation, especially with respect to each other, is used to further strengthen the structure, 
by exploiting the resulting forces.

Overall, while the seminal ideas of the main additive manufacturing techniques dates back 
to the 1980s, further development and combination among techniques have gradually 
implied a shift in the potential use. In fact, while AM started as a means to rapid prototyping 
objects, especially for engineering—where the limited availability of materials and the lack 
of mechanical strength was not an issue—it now starts being adopted as a whole new way 
of producing final elements, given the improved quality of the output and the materials that 
can be used. Such opportunities could potentially disrupt the entire industrial processes and 
supply chain, enabling diffused fabrication facilities to such an extent that a so-called ‘0 Km 
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factory’ paradigm could emerge. ‘Called microfactories, these diminutive factories drastically 
change how we produce large consumer goods for unique local needs’ [3].

Finally, it is worth noting that, having these techniques not reached the full maturity phase 
yet, it would be pointless to analyze all the alternative methods and machines which have been 
invented and adopted for the most diverse projects. It seems therefore more useful analyzing 
the main categories, trying to provide a taxonomy thereof, bearing in mind that research is 
currently blossoming in the field, often hybridizing techniques to reach specific goals.

3.2. Taxonomy (and best sorting criteria): a material-state-driven categorization

Devising the ‘most appropriate’ classification criteria for additive manufacturing is not an easy 
task. Different approaches have in fact been taken into account in literature for classifying addi-
tive manufacturing processes. ‘In particular Karunakaran exposes different possible options. A 
first option is to take as the driving aspect the type of material printed by the machines, which 
can turn out to be problematic because some machines can print more than one material typol-
ogy. A second option refers to the material matrix, thus the ability of printers to work with a 
monolithic, composite, or gradient matrix, in terms of materic composition and properties, but 
it may result too specific with respect to the scope of the research. Another possible classification 
is according the final application of printed objects, which ranges from the visualization model 
to the high-end engineering part; again here, some printers may be used for different purposes, 
and moreover this subdivision would not clarify the different classes of layer manufactur-
ing technologies and their behaviours. Always according to Karunakaran, more subdivision 
options can be referring to number of materials involved, on the energy source (laser, EB or 
arc) used, on the Boolean nature of the manufacture (laminated, powder-bed or deposition) or 
differencing methods of joining particles, but these approaches are too generic or too specific, 
not allowing a proper classification of the processes. The approach used by Gibson, is to manage 
the additive manufacturing techniques according to the starting condition of the material before 
it is worked by the machines. He defines liquid polymers, discrete particle, molten material 
and solid sheet systems. Often machines can print different classes of materials, and for differ-
ent final purposes, but each printer can handle just materials in specific initial states, therefore 
this criteria is defining a proper subdivision which highlights the characteristics of the material 
processing, defining advantages and disadvantages of every process category’ ([4], pp. 38–39).

We decided to adopt as sorting criteria two main aspects, which are de facto combined within 
the current digital fabrication techniques: ‘state’ of material, and additive process. In fact, 
groups of machines will tend to differ based on the state the materials come—here, we refer 
to grains, filaments, and liquid as ‘states’—much more than they differ based on the kind of 
material. Many machines will be able to use different kinds of plastics and even metals, but 
require them to be in one specific state. As to the process, it tends to correlate strictly with the 
material state: for instance, any sintering technique requires a bed of grainy material, as it 
acts through the bonding of some grains as a way to create the final shape. Grains are a geo-
metrical pre-requisite thereof. Similarly, stereolithography requires liquid resins to be shaped 
and hardened through light, which again requires a specific material state as a starting point.

Based on the chosen sorting criteria, the main available additive manufacturing techniques 
can be summarized as follows.
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invented and adopted for the most diverse projects. It seems therefore more useful analyzing 
the main categories, trying to provide a taxonomy thereof, bearing in mind that research is 
currently blossoming in the field, often hybridizing techniques to reach specific goals.

3.2. Taxonomy (and best sorting criteria): a material-state-driven categorization

Devising the ‘most appropriate’ classification criteria for additive manufacturing is not an easy 
task. Different approaches have in fact been taken into account in literature for classifying addi-
tive manufacturing processes. ‘In particular Karunakaran exposes different possible options. A 
first option is to take as the driving aspect the type of material printed by the machines, which 
can turn out to be problematic because some machines can print more than one material typol-
ogy. A second option refers to the material matrix, thus the ability of printers to work with a 
monolithic, composite, or gradient matrix, in terms of materic composition and properties, but 
it may result too specific with respect to the scope of the research. Another possible classification 
is according the final application of printed objects, which ranges from the visualization model 
to the high-end engineering part; again here, some printers may be used for different purposes, 
and moreover this subdivision would not clarify the different classes of layer manufactur-
ing technologies and their behaviours. Always according to Karunakaran, more subdivision 
options can be referring to number of materials involved, on the energy source (laser, EB or 
arc) used, on the Boolean nature of the manufacture (laminated, powder-bed or deposition) or 
differencing methods of joining particles, but these approaches are too generic or too specific, 
not allowing a proper classification of the processes. The approach used by Gibson, is to manage 
the additive manufacturing techniques according to the starting condition of the material before 
it is worked by the machines. He defines liquid polymers, discrete particle, molten material 
and solid sheet systems. Often machines can print different classes of materials, and for differ-
ent final purposes, but each printer can handle just materials in specific initial states, therefore 
this criteria is defining a proper subdivision which highlights the characteristics of the material 
processing, defining advantages and disadvantages of every process category’ ([4], pp. 38–39).

We decided to adopt as sorting criteria two main aspects, which are de facto combined within 
the current digital fabrication techniques: ‘state’ of material, and additive process. In fact, 
groups of machines will tend to differ based on the state the materials come—here, we refer 
to grains, filaments, and liquid as ‘states’—much more than they differ based on the kind of 
material. Many machines will be able to use different kinds of plastics and even metals, but 
require them to be in one specific state. As to the process, it tends to correlate strictly with the 
material state: for instance, any sintering technique requires a bed of grainy material, as it 
acts through the bonding of some grains as a way to create the final shape. Grains are a geo-
metrical pre-requisite thereof. Similarly, stereolithography requires liquid resins to be shaped 
and hardened through light, which again requires a specific material state as a starting point.

Based on the chosen sorting criteria, the main available additive manufacturing techniques 
can be summarized as follows.
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3.2.1. Extrusion of fused/liquid material

These techniques share the common feature of a ‘printing head’ consisting in a moving nozzle 
that deposits layer upon layer of material.

3.2.1.1. Semisolid material extrusion

There are two main machine types: Gantry (or Cartesian) and Delta (Figure 1). Gantry is 
based on an extruder moving along the Cartesian X- and Y axes, while the plate is mov-
ing along the Z axis layer by layer. Delta systems, on the contrary, are based on three arms 
connected to universal joints at the base, which move within parallelograms, maintaining a 
lightweight end-effector in the right orientation. It yields faster and more accurate output, 
also given the lightweight traveling parts. While plastics are the main material used with this 
technique—specifically thermoplastics, especially ABS and PLA, and also nylon, PET, HIPS 
and TPU—ceramics, clay and cement were recently experimented with.

As to the output, some aspects are noteworthy. First, the printed material tends to show 
anisotropic properties, and the strength in the z direction is usually much lower than in the 
x and y direction. Second, the printed objects show ‘stepping’, i.e., a nonsmooth, layered sur-
face based on the slicing layers adopted for printing. Third, not any kind of geometrical shape 
can be produced with this technique: in fact, a maximum 45° of overhang, slanted parts can 
be produced without the creation of extra supports, which need to be later removed. Lastly, 
speed is a serious limitation for this technique to be used outside the boundaries of mere 
prototypation: a cube of 20 × 20 20 cm may require more than 24 h to be printed.

Other two less common machine types are the polar and the robotic arms. Polar machines work 
based on an angle and a length, and need only two motors, while the Gantry needs three. The 
robotic arm is not just a printing machine per se, but a printing head can be attached to a robotic 
arm. Potentially, it delivers much greater flexibility and printing dimension, especially if the arm 
is not fixed on the ground. Both techniques are quite experimental and not very widespread.

Figure 1. Main systems of deposition techniques (https://tinyurl.com/yayr8ze5).
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3.2.1.2. Semiliquid material extrusion

While not a consolidated technique, it has been experimented with by artists and researchers. 
It consists in the extension of the previously analyzed technique to the use of clay and similarly 
‘wet’ materials. The main difference—though the process tends to vary for each experiment—is 
the absence of a heated print head, since the material does not have to be fused, while some kind 
of pressurized mechanism is usually present to force the muddy material through the nozzle.

The possibility of using typical construction materials in architecture—such as clay and con-
crete—makes this technique promising for architectural projects. However, for the time being 
the quality of the outcomes in terms of ‘resolution’, precision and printable geometries is not 
yet sufficient for real projects outside the field of research.

3.2.1.3. Contour crafting: extrusion + filling with semifluid materials

The experimental technique—developed in 1998 by Prof. Behrokh Khoshnevis at the University 
of Southern California in Los Angeles—combines the extrusion technique, applied to the object 
‘surfaces’, to a filler material injected between the extruded faces, thus creating a solid core. 
The technique is suitable for the architectural scale, as it is much faster than comparable purely 
extrusion-based techniques, while ‘a wide choice of semi-fluid materials could be used, such as 
polymers, ceramics, composite wood materials, mortar, cement, concrete and other materials, 
that once deposited by a nozzle are able to quickly solidify and resist pressure from the weight 
of the structure itself. […] Currently, the Contour Crafting technology can build a 185 m2 house 
with all utilities for electrical and plumbing systems in less than 24 h’ (Figure 2) ([4], p. 119) .

3.2.1.4. Concrete printing

Similar to contour crafting, developed at Loughborough University in the United Kingdom 
since 2004, it is similar to contour crafting, but allows to control the resolution of the nozzle 
for the deposition of both bulk materials and fine detail within the same process.

3.2.1.5. Metal extrusion (FDMm)

It encompasses a series of alternative experimental techniques that are either an adaptation of 
the semisolid material extrusion technique to low-melting-point metal, or the use of gas metal 
arc fusion welding robots.

Figure 2. Contour crafting (https://tinyurl.com/y7xsbq83).

The Evolution of 3D Printing in AEC: From Experimental to Consolidated Techniques
http://dx.doi.org/10.5772/intechopen.79668

45



3.2.1. Extrusion of fused/liquid material

These techniques share the common feature of a ‘printing head’ consisting in a moving nozzle 
that deposits layer upon layer of material.

3.2.1.1. Semisolid material extrusion

There are two main machine types: Gantry (or Cartesian) and Delta (Figure 1). Gantry is 
based on an extruder moving along the Cartesian X- and Y axes, while the plate is mov-
ing along the Z axis layer by layer. Delta systems, on the contrary, are based on three arms 
connected to universal joints at the base, which move within parallelograms, maintaining a 
lightweight end-effector in the right orientation. It yields faster and more accurate output, 
also given the lightweight traveling parts. While plastics are the main material used with this 
technique—specifically thermoplastics, especially ABS and PLA, and also nylon, PET, HIPS 
and TPU—ceramics, clay and cement were recently experimented with.

As to the output, some aspects are noteworthy. First, the printed material tends to show 
anisotropic properties, and the strength in the z direction is usually much lower than in the 
x and y direction. Second, the printed objects show ‘stepping’, i.e., a nonsmooth, layered sur-
face based on the slicing layers adopted for printing. Third, not any kind of geometrical shape 
can be produced with this technique: in fact, a maximum 45° of overhang, slanted parts can 
be produced without the creation of extra supports, which need to be later removed. Lastly, 
speed is a serious limitation for this technique to be used outside the boundaries of mere 
prototypation: a cube of 20 × 20 20 cm may require more than 24 h to be printed.

Other two less common machine types are the polar and the robotic arms. Polar machines work 
based on an angle and a length, and need only two motors, while the Gantry needs three. The 
robotic arm is not just a printing machine per se, but a printing head can be attached to a robotic 
arm. Potentially, it delivers much greater flexibility and printing dimension, especially if the arm 
is not fixed on the ground. Both techniques are quite experimental and not very widespread.

Figure 1. Main systems of deposition techniques (https://tinyurl.com/yayr8ze5).

3D Printing44

3.2.1.2. Semiliquid material extrusion

While not a consolidated technique, it has been experimented with by artists and researchers. 
It consists in the extension of the previously analyzed technique to the use of clay and similarly 
‘wet’ materials. The main difference—though the process tends to vary for each experiment—is 
the absence of a heated print head, since the material does not have to be fused, while some kind 
of pressurized mechanism is usually present to force the muddy material through the nozzle.

The possibility of using typical construction materials in architecture—such as clay and con-
crete—makes this technique promising for architectural projects. However, for the time being 
the quality of the outcomes in terms of ‘resolution’, precision and printable geometries is not 
yet sufficient for real projects outside the field of research.

3.2.1.3. Contour crafting: extrusion + filling with semifluid materials

The experimental technique—developed in 1998 by Prof. Behrokh Khoshnevis at the University 
of Southern California in Los Angeles—combines the extrusion technique, applied to the object 
‘surfaces’, to a filler material injected between the extruded faces, thus creating a solid core. 
The technique is suitable for the architectural scale, as it is much faster than comparable purely 
extrusion-based techniques, while ‘a wide choice of semi-fluid materials could be used, such as 
polymers, ceramics, composite wood materials, mortar, cement, concrete and other materials, 
that once deposited by a nozzle are able to quickly solidify and resist pressure from the weight 
of the structure itself. […] Currently, the Contour Crafting technology can build a 185 m2 house 
with all utilities for electrical and plumbing systems in less than 24 h’ (Figure 2) ([4], p. 119) .

3.2.1.4. Concrete printing

Similar to contour crafting, developed at Loughborough University in the United Kingdom 
since 2004, it is similar to contour crafting, but allows to control the resolution of the nozzle 
for the deposition of both bulk materials and fine detail within the same process.

3.2.1.5. Metal extrusion (FDMm)

It encompasses a series of alternative experimental techniques that are either an adaptation of 
the semisolid material extrusion technique to low-melting-point metal, or the use of gas metal 
arc fusion welding robots.

Figure 2. Contour crafting (https://tinyurl.com/y7xsbq83).

The Evolution of 3D Printing in AEC: From Experimental to Consolidated Techniques
http://dx.doi.org/10.5772/intechopen.79668

45



3.2.2. Bonding of granular materials

Unlike the previously analyzed techniques, this series of techniques is based on the selective 
‘bonding’ of grains of material previously disposed in an array. The advantage of this set of 
techniques lies in the almost infinite freedom of geometrical shapes it can produce, since no 
supports are needed and even nested shapes are printable in one step.

3.2.2.1. Binder jetting

The process consists in a multinozzle inkjet print head moving, layer by layer, on a ‘powder bed’, 
previously laid on the build platform. While a sweeper blade or roller evenly distributes the 
powder across the bed, the head selectively jets a binder solution, which solidifies the powder 
according to the section at stake. The bed is then lowered layer after layer. Different materials 
can be used as powder, including originally starch and gypsum plaster, while the binder—
mostly water—can also contain dyes and other substances impacting on the physical properties 
of the powder (such as viscosity and surface tension). ‘The resulting plaster parts typically lack 
“green strength” and require infiltration by melted wax, cyanoacrylate glue, epoxy, etc. before 
regular handling’ ([4], pp. 53–55). The results of such technique tend to lack accuracy.

3.2.2.2. Selective laser sintering (SLS)

The process is generically called ‘powder bed fusion’, and it uses high-power laser to bond 
together the particles of material. Similar to the binder jetting process, the process consists in 
the selective hardening/binding of a powder bed. However, in this technique, the hardening 
happens through a laser beam that follows the cross section of the relevant layer. The material 
is heated just below the boiling point (proper ‘sintering’) or above it (selective laser melting). 
The process is completed layer by layer.

The main disadvantage of the process is the relatively high cost of the powerful lasers needed 
to print in materials other than composites, plastics and waxes, and the relatively weak 
mechanical performance of composite powders suitable for engineering applications. The 
advantages are numerous, ranging to the already mentioned geometrical freedom, to the fact 
it does not need much additional tooling after the object is printed. Moreover, the results can 
be very precise with high resolution (Figure 3).

3.2.2.3. Selective inhibition sintering (SIS)

This technique, developed by Dr. Behrokh Khoshnevis and his team at the University of Southern 
California, tries to address the trade-offs between the cost of high-power lasers for sintering 
metal, and the weak mechanical performance of composite materials suitable for lower-power 
lasers. 'In fact the principal innovation behind the SIS technique is the prevention of selected 
regions of each powder layer from sintering, achieved by operating on the regions external to the 
part in each layer with a “sintering inhibitor”. A commercial piezoelectric print head is utilized 
to deposit a liquid chemical solution (inhibitor) at the periphery of the part for each layer. When 
all the layers have been treated, the entire part is removed from the machine and bulk sintered 
in a conventional sintering furnace. The inhibitor deposited at the part’s boundary decomposes 
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into hard particles that impede the sintering process. The particles in this region are prevented 
from fusing, allowing for removal of inhibited boundary sections and revealing of the completed 
part. It is easiest to think of the part as if it were encased in a sacrificial mold’ ([4], p. 59).

This technique is still experimental, but is promising due to the lower costs implied by the use 
of conventional print heads available on the market, while it manages to produce full-metal 
parts with strong mechanical performances.

3.2.3. Photopolymerization of liquid materials

3.2.3.1. Stereolithography (SLA)

As seen, stereolithography was invented in the 1980s and consists in a technique whereby 
a laser beam selectively hardens a UV-sensitive liquid resin in a vat, following a sequence 
of cross-sections of the object to be printed. The vat is lowered every layer, until the whole 
object is printed. The technique was originally intended as a faster and cheaper way to create 
prototypes for engineers. In fact, the main advantage of such a technique is the high resolu-
tion achievable, since it is based on a laser beam. However, because a specific photopolymer 
resin is needed, it is costly and does not offer a wide array of materials to print with; even 
tough new materials are constantly added, and may allow the use of such technique not only 
for prototyping/molding, but also for final objects. In the process, supports are needed and 
must be removed after the process has ended. Cleaning and other post-processing is needed, 
including curing in UV-ovens, vanishing or blasting with glass beads.

3.2.3.2. Digital light processing (DLP)

This technique is a low-cost version of stereolithography. It is based on the same principle of 
photopolymerization, but instead of a laser beam, it uses a video projector in order to harden 
the resin. A DLP projector is positioned above a resin vat and the resin is hardened layer by 
layer, as in the SLA. The results are similar to those of SLA, but here, a higher resolution can 
be achieved on a smaller projection surface, since the projected image has a fixed resolution 
(the projector’s). The process is cheaper and faster than SLA, since, respectively, it is based on 
common technology (the beamer) and it hardens each layer at once (Figure 4).

Figure 3. Example of SLS production (https://tinyurl.com/y7bybghk).
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into hard particles that impede the sintering process. The particles in this region are prevented 
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3.2.3.3. Multijet modeling (Polyjet)

This technique is a recent development of previous ones. Developed in 2000 by Objet 
Geometries (now merged with Stratasys), it combines a print-head spraying liquid photo-
polymers into very thin layers, and a UV lamp—positioned under the print-head nozzles— 
hardening each of said layers. Layers are created by lowering the work platform, while the 
head just moves along the Y axis, since it covers the X axis through a number of nozzles. 
Supports are needed, and printed with a gel-like material by a second row of nozzles. The 
process also allows the use of a combination between two materials with a varying gradient, 
thus allowing to locally customize the material properties (‘digital materials’). For instance, 
a mix of soft and hard parts could be printed together. The resolution of this process is also 
very high. The main drawback is the limitation to photopolymers as printing material, which 
is expensive and does not offer enough mechanical strength for some uses (Figures 5 and 6).

Figure 4. Example of SLA production (https://tinyurl.com/yal2wluv).

Figure 5. Carbon/Adidas 3D printed sole (https://tinyurl.com/y7ked3cu).
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3.2.3.4. Carbon ‘digital light synthesis™’

The technique—developed by the 2013-founded company Carbon—uses digital light projec-
tion, oxygen-permeable optics, and Carbon’s programmable liquid resins and allows printing 
‘up to 100 times faster than other additive manufacturing processes. […] Carbon’s technol-
ogy is inherently capable of printing high-resolution parts with an excellent surface finish and 
isotropic mechanical properties’. It allows ‘to print unique lattices that can replace materials 
such as foam in headsets, shoe midsoles, and seating applications. What is especially unique 
is Carbon’s ability to design and make tunable lattices depending on customer application 
needs. Engineers for the first time can 3D print multiple unique functional zones within the 
same monolithic part and tune the mechanical properties within each of these functional zones 
depending on the application requirements’ [5]. This technique is unique in the panorama of 
additive manufacturing, and it is being used by Adidas to print training shoes’ soles on an 
industrial scale with a variation in the material density throughout, so as to obtain the required 
local performances. It is then a good example of both the possibilities of 3D printing in the 
industrial production process of finished goods, as well as the revolutionary potential of obtain-
ing different physical performances by controlling the density and structure of the material.

3.2.3.5. Volumetric 3D printing

‘A team of scientists and engineers led by Lawrence Livermore National Laboratory (LLNL) 
has developed a process that uses hologram-like lasers to make complete objects in seconds 
inside a tank of liquid resin. Called volumetric 3D printing’ [6].

In fact, ‘two limitations of additive manufacturing methods that arise from layer-based fab-
rication are slow speed and geometric constraints (which include poor surface quality). Both 
limitations are overcome in the work […], introducing a new volumetric additive fabrication 
paradigm that produces photopolymer structures with complex nonperiodic three-dimen-
sional geometries on a time scale of seconds. We implement this approach using holographic 

Figure 6. Carbon 3D printed lattice structure (https://tinyurl.com/y8n472bs).
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patterning of light fields, demonstrate the fabrication of a variety of structures, and study the 
properties of the light patterns and photosensitive resins required for this fabrication approach. 
The results indicate that low-absorbing resins containing ~0.1% photoinitiator, illuminated at 
modest powers (~10–100 mW), may be successfully used to build full structures in ~1–10’ [7].

3.3. Use in the AEC fields

3D printing in AEC can be seen as an opportunity in many ways.

• Direct/indirect (molds).

As we have seen, additive manufacturing is not yet in the stage of fully mature technology, 
and several new breakthroughs are emerging year after year. This means that there is still a 
great growth potential, but it also implies that there are still many limitations to overcome, 
and each currently available technique does not seem to answer many of the needs of indus-
trial production. As to architecture, engineering and construction (AEC), such limitations 
seem even more problematic. The sheer scale of such endeavors is in fact limiting the kind 
of techniques that could be adopted to manufacture all or part of a building. Moreover, the 
requirements for specific physical and mechanical properties—often traditionally obtained 
through the use of multiple layers of different materials—and the sheer volume of material 
needed in order to achieve the required performances are other clear limiting factors.

Therefore, depending on the kind of elements to be produced—structural, finishes, etc.—dif-
ferent techniques can be most appropriate. For instance, extrusion of fuse material techniques 
does not seem appropriate to print huge structural elements, both due to the lack of physical 
properties and the (low) production throughput.

However, most techniques can be stretched beyond their intended range of production by 
adopting an indirect approach: for instance, even the said fuse material extrusion techniques 
can be used to create molds for reinforced concrete structural elements. While scale issues 
remain, speed and mechanical issues are overcome, since the real structure will consist of 
the concrete poured in the mold along with steel reinforcements. The main advantage is the 
opportunity to create, with relative ease, elements that follow complex geometries, which 
would otherwise be very difficult to achieve, and to do so with great accuracy. Example: ETH 
mesh-mold, 2014 (Figures 7 and 8) [8].

• Modules/components, joints and monoliths.

Scale limitations remain one of the main bottlenecks for the use of additive manufacturing 
techniques in the realm of AEC.

3.3.1. Monoliths

There are some experimental attempts to create and utilize printing machines that could 
directly deal with the architectural scale, and ‘print’ entire buildings as ‘monoliths’, i.e., as a 
unique piece printed at once, and therefore resulting in an almost seamless unique piece of 
material(s), possibly with isotropic properties.

An example thereof is ‘D-Shape’, a company and technique developed in 2004 by the Italian 
engineer Enrico Dini, where fabrication is possible on an area of 6 by 6 m and limitless height. 
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‘Enrico Dini’s printing technique has the great advantage of providing support for overhang-
ing geometries, as sand is selectively transformed to stone within a bed of untouched sand, 
allowing freeform 3D geometries to be produced. Limitations in this technology are today the 
strength of materials and printing resolution of approximately 5dpi (20 mm in the X and Y 
axis and 5 mm in the Z axis)’ (Figures 9 and 10) ([4], p. 116).

Figure 7. Robotic mesh-molding technique: printed output (https://tinyurl.com/ydddvp4g).

Figure 8. Robotic mesh-molding technique: while printing (https://tinyurl.com/ydddvp4g).

Figure 9. D-shape printed monolith (https://tinyurl.com/ybdf339t).
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the concrete poured in the mold along with steel reinforcements. The main advantage is the 
opportunity to create, with relative ease, elements that follow complex geometries, which 
would otherwise be very difficult to achieve, and to do so with great accuracy. Example: ETH 
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directly deal with the architectural scale, and ‘print’ entire buildings as ‘monoliths’, i.e., as a 
unique piece printed at once, and therefore resulting in an almost seamless unique piece of 
material(s), possibly with isotropic properties.

An example thereof is ‘D-Shape’, a company and technique developed in 2004 by the Italian 
engineer Enrico Dini, where fabrication is possible on an area of 6 by 6 m and limitless height. 
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‘Contour crafting’ and ‘concrete printing’ by Loughborough University, as we already saw, 
are yet other techniques suitable for monolithic production. However, most of the pieces 
printed so far tend to lack the complexity of freeform 3D geometries, showing a variation 
along just two of the three axes, thus missing out what is supposed to be one of the main 
advantages of additive manufacturing. Moreover, concrete printing has been tested with a 
build volume of just 2 m × 2.5 m × 5 m, which would not fit the required scale for any substan-
tial architectural endeavor.

Besides the specific limitation outlined for each ‘monolithic’ printing technique, a general 
criticality lies in the many different kinds of performances required in AEC: mechanical and 
structural, thermal, permeability to light and air, and the like. Such aspects are traditionally 
dealt with by a series of different ‘layers’ of elements made of different materials. Even a basic 
bearing brick wall does usually incorporate not only bricks, but also a binder, as well as pos-
sibly a damp-proof membrane, etc. Similarly, a reinforced concrete structure usually needs 
specific layers to deal with the propagation of sounds and vibrations, thermal bridges, and 
many other aspects. At the moment, it does not seem that additive manufacturing techniques 
can deal with such requirements effectively, or at least there are clear gaps that must be closed 
by the extensive use of other techniques. The trade-off between printing resolution and speed 
is another potential hindrance for this approach to become advantageous: in fact, usually in 
a building, there is a hierarchy among elements as to their functional relevance, and for some 
of them it is crucial to be produced with high accuracy and isotropy, while for others speed 
seems more relevant. Until techniques like concrete printing by Loughborough University—
which allows for a change in nozzle resolution while printing, thus controlling the trade-off 

Figure 10. D-shape printed monolith (https://tinyurl.com/y8c87o6z).
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speed-resolution—will not be industrially feasible and reliable, this approach seems reserved 
to research projects. However, as we will see, in a future stage of technical development, we 
can imagine that not only speed and accuracy will be dealt with appropriately for the archi-
tectural scale, but also that printing with several materials while gaining control over the fine 
regulation of the material properties—e.g., density, isotropy and material combination—will 
make the production of monolithic structure not only advantageous, but even necessary for 
some advanced new ways of building (Figure 11).

Example of ‘monoliths’. MX3D bridge, ongoing. For their nature, bridges and other urban 
infrastructure may have the right scale for monolithic production. Moreover, they may not 
require the same number of different performances—notably, the thermal performances 
required in buildings to guarantee the indoor comfort—and thus may well be constituted 
by even a sole material. MX3D has chosen a small urban bridge in Amsterdam as an 
opportunity to showcase and test its 3D printing technology, based on ‘multiaxis 3D print 
technology’, a combination of 6-axes robotic arms and metal depositor-welders tipping 
the robotic arms. ‘The robots, which are tipped with welders, will construct the bridge in 
front of them as they go, literally printing welded steel in midair’ [9]. ‘The robot arms are 
similar to those used in the car industry and they can print metals and plastics from single 
extruders, as well as combinations of the two materials together’ [10]. Even though the 
originally planned on-site printing was dismissed to avoid congestion in a crowded area 
of the city, the printing method is claimed to be able to create the monolithic structure on 
site and with no supports/scaffolding, which would open interesting perspectives for the 
whole AEC field (Figures 12 and 13).

3.3.2. Modules and joints

Another approach to make the best out of additive manufacturing techniques, especially con-
sidering their limitations as of today, is then to use them on a lesser scale, focusing on the 
specific comparative advantages in creating parts of an architecture.

A first obvious method that has been widely adopted in AEC since antiquity, but especially 
after the industrialization of the production process, is the decomposition of architectures 
into modules or components. Such an approach requires that the geometrical subdivision be 

Figure 11. Concrete printing (https://tinyurl.com/ydd8lmsa).
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printed so far tend to lack the complexity of freeform 3D geometries, showing a variation 
along just two of the three axes, thus missing out what is supposed to be one of the main 
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build volume of just 2 m × 2.5 m × 5 m, which would not fit the required scale for any substan-
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dealt with by a series of different ‘layers’ of elements made of different materials. Even a basic 
bearing brick wall does usually incorporate not only bricks, but also a binder, as well as pos-
sibly a damp-proof membrane, etc. Similarly, a reinforced concrete structure usually needs 
specific layers to deal with the propagation of sounds and vibrations, thermal bridges, and 
many other aspects. At the moment, it does not seem that additive manufacturing techniques 
can deal with such requirements effectively, or at least there are clear gaps that must be closed 
by the extensive use of other techniques. The trade-off between printing resolution and speed 
is another potential hindrance for this approach to become advantageous: in fact, usually in 
a building, there is a hierarchy among elements as to their functional relevance, and for some 
of them it is crucial to be produced with high accuracy and isotropy, while for others speed 
seems more relevant. Until techniques like concrete printing by Loughborough University—
which allows for a change in nozzle resolution while printing, thus controlling the trade-off 
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speed-resolution—will not be industrially feasible and reliable, this approach seems reserved 
to research projects. However, as we will see, in a future stage of technical development, we 
can imagine that not only speed and accuracy will be dealt with appropriately for the archi-
tectural scale, but also that printing with several materials while gaining control over the fine 
regulation of the material properties—e.g., density, isotropy and material combination—will 
make the production of monolithic structure not only advantageous, but even necessary for 
some advanced new ways of building (Figure 11).

Example of ‘monoliths’. MX3D bridge, ongoing. For their nature, bridges and other urban 
infrastructure may have the right scale for monolithic production. Moreover, they may not 
require the same number of different performances—notably, the thermal performances 
required in buildings to guarantee the indoor comfort—and thus may well be constituted 
by even a sole material. MX3D has chosen a small urban bridge in Amsterdam as an 
opportunity to showcase and test its 3D printing technology, based on ‘multiaxis 3D print 
technology’, a combination of 6-axes robotic arms and metal depositor-welders tipping 
the robotic arms. ‘The robots, which are tipped with welders, will construct the bridge in 
front of them as they go, literally printing welded steel in midair’ [9]. ‘The robot arms are 
similar to those used in the car industry and they can print metals and plastics from single 
extruders, as well as combinations of the two materials together’ [10]. Even though the 
originally planned on-site printing was dismissed to avoid congestion in a crowded area 
of the city, the printing method is claimed to be able to create the monolithic structure on 
site and with no supports/scaffolding, which would open interesting perspectives for the 
whole AEC field (Figures 12 and 13).

3.3.2. Modules and joints

Another approach to make the best out of additive manufacturing techniques, especially con-
sidering their limitations as of today, is then to use them on a lesser scale, focusing on the 
specific comparative advantages in creating parts of an architecture.

A first obvious method that has been widely adopted in AEC since antiquity, but especially 
after the industrialization of the production process, is the decomposition of architectures 
into modules or components. Such an approach requires that the geometrical subdivision be 

Figure 11. Concrete printing (https://tinyurl.com/ydd8lmsa).
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Figure 12. Robotically printed metal bridge (https://tinyurl.com/yalppx2w).

Figure 13. Robotically printed metal bridge (https://tinyurl.com/yanqvhv9).

carefully studied, as discontinuities can constitute weak spots. Moreover, modules need inter-
faces to be connected to one another, which may imply the need of taking care of multiple 
layers being connected, while keeping the junction water- and air-tight.

Example: Brian Peters, 2014, 3D printed clay bricks.

‘Building Bytes is a project that goes beyond using new tools to make old products. Instead, it fol-
lows the additive logic of the printing path—rather than the conventional moulding or extrusion 
process—to make bricks that are otherwise impractical or impossible to make’ (Figure 14) [11].

A second area where additive manufacturing seems most suitable is the production of joints. 
Joints are particularly relevant in many contemporary AEC projects since they allow the cre-
ation of freeform, irregular geometries by connecting standardized elements. In other words, 
joints can ‘absorb’ the geometrical variation of the overall shape by ‘internalizing’ it in their 
spatial configuration. The relevance of additive manufacturing techniques then becomes 
clear, if we consider that it allows producing a number of alike but different elements (mass 
customization) at the same cost and in the same time than a series of identical ones.

3D Printing54

There is more to it: joints typically perform key structural functions, and thus are subject to 
intense stresses. While this aspect seems to rule out many 3D printing techniques due to the 
weakness of available materials to print with, the customization of each joint’s geometry to 
meet its specific performance targets can be a crucial success factor of additive manufacturing 
techniques, allowing optimization techniques such as topology optimization. It is in fact only 
3D printing techniques that can give birth to topologically optimized objects with their highly 
organic and irregular shapes, including voids that would be often impossible to obtain with 
any other production technique.

Example: Arup, Optimized Structural Element (nodes), 2014–2015 (Figure 15).

The engineering company has successfully produced building structural elements through 
additive manufacturing, which are an optimization of a standard node for a tensegrity struc-
ture. A paper showing the results of the study explains that: ‘Based on these initial results the 
design process was fine-tuned focusing on product integration and improved control of the 
optimization process. A full set of material tests was executed which should lead to a certifica-
tion process required for specifying AM-produced products in the Building Industry’ [12].

The ability of printing parts that are nested within each other opens up further relevant 
opportunities for the creation of movable joints. While with traditional techniques, such 

Figure 14. Clay printed modular structure (https://tinyurl.com/yb62v3cz).

Figure 15. Topologically optimized 3D printed metal nodes (https://tinyurl.com/y9kx2o7l).
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Figure 12. Robotically printed metal bridge (https://tinyurl.com/yalppx2w).

Figure 13. Robotically printed metal bridge (https://tinyurl.com/yanqvhv9).

carefully studied, as discontinuities can constitute weak spots. Moreover, modules need inter-
faces to be connected to one another, which may imply the need of taking care of multiple 
layers being connected, while keeping the junction water- and air-tight.

Example: Brian Peters, 2014, 3D printed clay bricks.

‘Building Bytes is a project that goes beyond using new tools to make old products. Instead, it fol-
lows the additive logic of the printing path—rather than the conventional moulding or extrusion 
process—to make bricks that are otherwise impractical or impossible to make’ (Figure 14) [11].

A second area where additive manufacturing seems most suitable is the production of joints. 
Joints are particularly relevant in many contemporary AEC projects since they allow the cre-
ation of freeform, irregular geometries by connecting standardized elements. In other words, 
joints can ‘absorb’ the geometrical variation of the overall shape by ‘internalizing’ it in their 
spatial configuration. The relevance of additive manufacturing techniques then becomes 
clear, if we consider that it allows producing a number of alike but different elements (mass 
customization) at the same cost and in the same time than a series of identical ones.
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There is more to it: joints typically perform key structural functions, and thus are subject to 
intense stresses. While this aspect seems to rule out many 3D printing techniques due to the 
weakness of available materials to print with, the customization of each joint’s geometry to 
meet its specific performance targets can be a crucial success factor of additive manufacturing 
techniques, allowing optimization techniques such as topology optimization. It is in fact only 
3D printing techniques that can give birth to topologically optimized objects with their highly 
organic and irregular shapes, including voids that would be often impossible to obtain with 
any other production technique.

Example: Arup, Optimized Structural Element (nodes), 2014–2015 (Figure 15).

The engineering company has successfully produced building structural elements through 
additive manufacturing, which are an optimization of a standard node for a tensegrity struc-
ture. A paper showing the results of the study explains that: ‘Based on these initial results the 
design process was fine-tuned focusing on product integration and improved control of the 
optimization process. A full set of material tests was executed which should lead to a certifica-
tion process required for specifying AM-produced products in the Building Industry’ [12].

The ability of printing parts that are nested within each other opens up further relevant 
opportunities for the creation of movable joints. While with traditional techniques, such 

Figure 14. Clay printed modular structure (https://tinyurl.com/yb62v3cz).

Figure 15. Topologically optimized 3D printed metal nodes (https://tinyurl.com/y9kx2o7l).
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Figure 16. G. Rossi at ACTLab, 3D printed interlocking structure (credits Politecnico di Milano University).

joints could be created only by welding together parts of the joint—which increases the risk 
of potential discontinuities and weaknesses—the new approach can produce more uniform 
pieces of isotropic material (Figure 16).

Example: Master Thesis at ACTLab by G.Rossi, 3D printed interlocking structure.

• From fast prototyping to ‘the real thing’.

The great hype lately surrounding 3D printing and additive manufacturing in general is not 
only due to the opportunity offered to create complex shapes under the direct control of com-
puters—this has been the case for the last 50+ years in many industrial sectors, such as auto-
motive—but is rather rooted in the now possible production of final construction elements 
instead of mere rapid prototyping. This evolution has required, and will further require, 
advancement as to the type of materials that can be printed with, as well as in the tolerances 
that can be achieved with every new technique, along with the overall quality of the output, 
including isotropy and other physical/mechanical characteristics.

Working with a rapid prototyping paradigm usually implies that each prototype is tested 
and then mass-produced in a series of identical copies when the required performances 
are achieved. On the contrary, using additive manufacturing as a tool for production, it is 
now possible to create ‘final’ elements that are different from each other and are produced 
directly as they are simulated in the software. The tighter correspondence between the virtual 
modeling and the real output means that—while prototyping remains useful to have some 
hard data to back the simulations up—most simulations can be now close enough to the real 
behavior of the printed elements as well as of the overall performance of the structure with 
no need to prototype each and every element first. Moreover, while using additive manufac-
turing for prototyping and a different kind of production for the final elements can create 
a mismatch between the two, the direct use of 3D printing techniques for final production 
allows to directly harvest the benefits of the technique. The recalled example of Adidas 3D 
printing shoes’ soles is certainly an interesting reference as to the industrial potential of the 
technique, while the adoption of similar models in ABC at the moment is still mostly in the 
framework of research.
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Example: GE, 2015, fully 3D printed mini jet engine.

This project, which lies entirely within the field of engineering, shows how far additive manu-
facturing techniques have gone over the last few years. The engine, which could serve a radio-
controlled small plane, has been 3D printed using the direct metal laser melting (DMLM) 
technique. It was then assembled by hand, and is fully working (Figure 17).

3.4. Current impact on design/production paradigms and case studies

• Mass-customization and the ideal match with parametric generative design within the 
computational design tools.

Additive manufacturing, being a production method transforming the ‘virtual’ 3D model into 
a real thing with a comparable cost per volume printed, allows for a wholly new approach to 
design and fabrication. While the First and Second Industrial Revolutions, as seen, required 
as much standardization as possible, it is now possible and often preferable to design each 
element specifically optimized for the function and position it holds within a structure. For 
instance, façade-shading elements need not be all equal if their position between the sun path 
and the spaces to shade is different.

In order to exploit this potential fully, however, it would be impractical to design each element 
one by one: besides being time-consuming, it would possibly be also difficult to calculate and 
draw by hand what the right geometrical configuration of the said shading elements should 
be, since the sun path changes over time. Luckily, given the ‘direct’ creation of any shape from 
the 3D virtual model, it is enough to devise a system that allows the creation of a series of 
elements—e.g., our shading element, in the example—that are similar in design and function, 
but have the right measures for the specific place they are intended for. In other words, we 
need a tool that—given a set of geometrical and logical relationship between the required 
performance and the given constraints—could generate a series of optimized elements. Such 
a tool can be found in the computational design realm, specifically in generative algorithms, 
where the final shape is generated by the software based on the logical connection and opera-
tions between the provided inputs. ‘Form is differentiated from the fundamental principles 

Figure 17. GE fully 3D printed working engine prototype (https://tinyurl.com/y85355af).
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Figure 16. G. Rossi at ACTLab, 3D printed interlocking structure (credits Politecnico di Milano University).

joints could be created only by welding together parts of the joint—which increases the risk 
of potential discontinuities and weaknesses—the new approach can produce more uniform 
pieces of isotropic material (Figure 16).

Example: Master Thesis at ACTLab by G.Rossi, 3D printed interlocking structure.

• From fast prototyping to ‘the real thing’.
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only due to the opportunity offered to create complex shapes under the direct control of com-
puters—this has been the case for the last 50+ years in many industrial sectors, such as auto-
motive—but is rather rooted in the now possible production of final construction elements 
instead of mere rapid prototyping. This evolution has required, and will further require, 
advancement as to the type of materials that can be printed with, as well as in the tolerances 
that can be achieved with every new technique, along with the overall quality of the output, 
including isotropy and other physical/mechanical characteristics.

Working with a rapid prototyping paradigm usually implies that each prototype is tested 
and then mass-produced in a series of identical copies when the required performances 
are achieved. On the contrary, using additive manufacturing as a tool for production, it is 
now possible to create ‘final’ elements that are different from each other and are produced 
directly as they are simulated in the software. The tighter correspondence between the virtual 
modeling and the real output means that—while prototyping remains useful to have some 
hard data to back the simulations up—most simulations can be now close enough to the real 
behavior of the printed elements as well as of the overall performance of the structure with 
no need to prototype each and every element first. Moreover, while using additive manufac-
turing for prototyping and a different kind of production for the final elements can create 
a mismatch between the two, the direct use of 3D printing techniques for final production 
allows to directly harvest the benefits of the technique. The recalled example of Adidas 3D 
printing shoes’ soles is certainly an interesting reference as to the industrial potential of the 
technique, while the adoption of similar models in ABC at the moment is still mostly in the 
framework of research.
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Example: GE, 2015, fully 3D printed mini jet engine.

This project, which lies entirely within the field of engineering, shows how far additive manu-
facturing techniques have gone over the last few years. The engine, which could serve a radio-
controlled small plane, has been 3D printed using the direct metal laser melting (DMLM) 
technique. It was then assembled by hand, and is fully working (Figure 17).

3.4. Current impact on design/production paradigms and case studies

• Mass-customization and the ideal match with parametric generative design within the 
computational design tools.

Additive manufacturing, being a production method transforming the ‘virtual’ 3D model into 
a real thing with a comparable cost per volume printed, allows for a wholly new approach to 
design and fabrication. While the First and Second Industrial Revolutions, as seen, required 
as much standardization as possible, it is now possible and often preferable to design each 
element specifically optimized for the function and position it holds within a structure. For 
instance, façade-shading elements need not be all equal if their position between the sun path 
and the spaces to shade is different.

In order to exploit this potential fully, however, it would be impractical to design each element 
one by one: besides being time-consuming, it would possibly be also difficult to calculate and 
draw by hand what the right geometrical configuration of the said shading elements should 
be, since the sun path changes over time. Luckily, given the ‘direct’ creation of any shape from 
the 3D virtual model, it is enough to devise a system that allows the creation of a series of 
elements—e.g., our shading element, in the example—that are similar in design and function, 
but have the right measures for the specific place they are intended for. In other words, we 
need a tool that—given a set of geometrical and logical relationship between the required 
performance and the given constraints—could generate a series of optimized elements. Such 
a tool can be found in the computational design realm, specifically in generative algorithms, 
where the final shape is generated by the software based on the logical connection and opera-
tions between the provided inputs. ‘Form is differentiated from the fundamental principles 
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organizing the different elements within the manufactured component. None of the compo-
nents is considered as an ideal primary model; every element might differ in geometry and 
form as long as the intricate logical interrelations are accurate. The bigger the variation and the 
complexity, the higher is the value and the benefit of using an AM machine’ ([4], pp. 23-24).

The output of a mass-customization process is then the creation of a series (mass) of industri-
ally crafted objects, which are nonetheless tailored (customized) on the specific place and func-
tions they must perform. If duly performed, such a process can yield specific performances 
while possibly costing as much as standard elements and using only the material needed.

Example: Politecnico di Milano, Expo 2020 Desert tectonics hypothesis. 3D printed external 
shading structure in HTPLA + Sand (Figure 18).

• Nested and interlocked geometries otherwise impossible to be produced.

Besides movable joints, many other interlocking geometries can be now produced, which 
would have been at least very complex to craft without AM techniques. Chains, textile-like 
structures and the like are all examples of interlocking geometries that are usually obtained 
by knitting thread-like materials, or else require heavy hand crafting, as in the traditional 
chainmail.

Example: Gürcüm, 2017, textile-like structures.

This study synthetizes the possibilities offered by AM in this area, discussing ‘the important 
properties of traditional fabrics that are to be expected of 3D printed structures namely physi-
cal properties like flexibility, bending and and drapability’ (Figure 19) [13].

• Design from simple ‘shape-drawing’ to simulation based on material physics and static 
embedded fabrication constraints.

Traditionally, drawing techniques have been used by architects to communicate their project 
to a series of other professional figures, such as engineers and site managers, in order to have it 
checked and realized. The shape of buildings and elements thereof was usually devised by the 
architect in the early design phases based on a rough understanding of the underlying physical 
characteristics and required performances, and would be further adapted in case the design 
proved to be impractical to realize. Things have now changed, since it is now possible to include 
within the design phase a simulation of the physical behavior of the specific shapes based on the 
specific material characteristics. Therefore, computational design techniques do not just ‘rep-
resent’ a pre-conceived idea of shape, but can allow to reach a shape as the result of a process 
that incorporates many performance and material constraints, including fabrication constraints.

Example: L. De Sanctis, 3D printed clay brick. The underlying idea of this project was 'to 
develop a customized design of a very traditional building component: a clay brick. The con-
cept relies on the possibility to have a flexible system of tile modules, which could be site spe-
cific and ad hoc buildable with Additive Manufacturing (AM) in relation to the context. The 
design of the component is developed analytically with respect to a framework of require-
ments and performance typical of a clay component, with the addition of standard features 
of a wall system […] An algorithm developed with the use of Grasshopper and Python has 
been applied to determine the wall thicknesses and amount of material distributed, while 
optimizing structural performances of a design and considering production constraints. It has 
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thus been identified as an ideal format (similar to what exists in trade), and compatible with 
printing constraints, a dimension of 250 × 250 × 120/125 mm. This dimension could also fit 
within exiting insulating EPS panels (500 × 1000 × 50 mm), integrated with electrical pipes of 
8 mm or junction box of 120 × 100 × 70 mm. Another advantage of this system is the possibility 

Figure 18. Politecnico di Milano, expo 2020 desert tectonics hypothesis (credits Politecnico di Milano University).

Figure 19. Example of textile-like 3D printed interlocking structure (credits Politecnico di Milano University).
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Figure 20. L. De Sanctis, at ACTLab, 3D printed custom clay brick.

of integration within any kind of form or structure, in relation to its use. Due to the necessity 
to preserve structural equilibrium within a wall, design of cantilevered parts of the brick has 
been performed within the mass quantity not superior to 40%' (Figure 20) [14].

• Optimized and multiperformative shapes as the result of topological optimization and 
multifactorial design constraints and analysis. Performative biomimicry.

As seen, additive manufacturing allows the designers to potentially craft each and every 
element of an architecture all different from each other. Printing ‘topologically optimized’ 
elements seems one of the most valuable opportunities offered by AM. ‘Topological opti-
mization is a mathematical approach that aims at optimizing material layout within a given 
design space, for a given set of loads and boundary conditions such that the resulting layout 
meets a prescribed set of performance targets. Topology optimization software systematically 
analyzes the stresses on these shapes and then removes the most superfluous material from 
the design. This process is repeated over and over by the software until the target amount 
of material is reached, and by the end the computer design leaves only a skeletal structure. 
The advantage of parts made with topology optimization is therefore that the same strength 
characteristics can be created with less material, and this yields a greater strength to weight 
ratio, an important property across most industries, from automotive, to aerospace, but also 
architecture and building construction’ ([4], p. 157). ‘As a practical example, structural rib ele-
ments in an Airbus wing designed with topology optimization saved over 500kg in structural 
weight, which translates to significant cost savings’ [15].

Example: R. Naboni at ACTLab, cellular solid lattice structure in pla.

The project combines and applies the principle of topological optimization—deposing material 
only where it is needed for structural reasons—to a system of load-responsive interconnected 
struts made of polymeric material. The result is a custom lattice microstructure defined as 
functionally graded lattice structure, with spatially varying characteristics. ‘Algorithms for 
topology optimization of freeform shapes are employed to determine the material organization 
as well as a performative matrix […] The potential of this system relies on its implicit resistance 
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and reduced use of material, combined with the possibility to adapt to any architectural shape. 
They are composed by an interconnected network of struts, pin-jointed or rigidly bonded at 
their connections. At one level, they can be analyzed using classical methods of mechanics, a 
typical space frames, on the other side, within a certain scale range, lattice can be considered 
as a material, with its own set of effective properties, allowing direct comparison with homo-
geneous materials. Mechanical properties of lattice materials are governed, in part, by those of 
the material from which they are made, but most importantly by the topology and relative den-
sity of the cellular structure. This methodology requires the description of custom algorithms 
to generate lattice structures parametrized on the base of a continuous feedback loop from a 
Topology Optimization and manage the additive process of materialization’ (Figure 21) [14].

Example: Neri Oxman, 2014, Gemini Alpha Chaise Longue.

The inner skin is made of three different rubber-like plastics, printed by a Stratasys’ new 
Objet500 so as to obtain 44 different composites. Each of these composites has a different 
rigidity and color, and is arranged in a way to cushion the user. The choice of shapes is also 

Figure 21. R. Naboni at ACTLab, topologically optimized cellular lattice structure.

Figure 22. Neri Oxman, multiperformative 3D printed chaise-longue (https://tinyurl.com/y8f3d6t9).
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and reduced use of material, combined with the possibility to adapt to any architectural shape. 
They are composed by an interconnected network of struts, pin-jointed or rigidly bonded at 
their connections. At one level, they can be analyzed using classical methods of mechanics, a 
typical space frames, on the other side, within a certain scale range, lattice can be considered 
as a material, with its own set of effective properties, allowing direct comparison with homo-
geneous materials. Mechanical properties of lattice materials are governed, in part, by those of 
the material from which they are made, but most importantly by the topology and relative den-
sity of the cellular structure. This methodology requires the description of custom algorithms 
to generate lattice structures parametrized on the base of a continuous feedback loop from a 
Topology Optimization and manage the additive process of materialization’ (Figure 21) [14].

Example: Neri Oxman, 2014, Gemini Alpha Chaise Longue.

The inner skin is made of three different rubber-like plastics, printed by a Stratasys’ new 
Objet500 so as to obtain 44 different composites. Each of these composites has a different 
rigidity and color, and is arranged in a way to cushion the user. The choice of shapes is also 

Figure 21. R. Naboni at ACTLab, topologically optimized cellular lattice structure.

Figure 22. Neri Oxman, multiperformative 3D printed chaise-longue (https://tinyurl.com/y8f3d6t9).
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informed by their noise-cancelling properties. The chaise is supposed to create a silent and 
calm environment inside, through the combination of a concave shape reflecting sounds 
inwards and of the inner surface geometry and materiality, which scatters and absorbs the 
sound waves (Figure 22).

3.5. Future perspectives

3.5.1. Potential issues

• Safety certification and accountability (given the ‘exotic’ nonstandard geometries and the 
extensive reliance upon software simulation).

One major issue with not only additive manufacturing, but in general any nonstandardized 
manufacturing, is the implied impossibility to test each and every item produced. This does 
not constitute a problem in case every set of produced items is exactly the same, since it is 
enough to test one for testing them all. However, it would not be feasible or at least in sharp 
contrast to the very same aim of mass-customization—adaptability at a cost comparable to 
that of standardized solutions—to test all produced items. As already noted, the solution 
which is usually adopted is to sample-test within the range of produced items, trying to select 
the right samples along the range. Such process has to rely on the implied correspondence 
between the virtual and the real, and therefore the specificities of each printing technique 
have to be accounted for in the software in order to properly simulate the real-world behav-
iors. For instance, the typical anisotropy of most extrusion-based printing, and the differences 
in physical/mechanical behaviors along different directions must be factored-in. The process 
also heavily relies on software-based automatic check about most required performances, 
e.g., mechanical. The software’s results will then depend both on the selection of data that are 
fed into it, as well as on the reliability of the software itself.

All these issues raise questions about the accountability for any failure of the printed ele-
ments, and will probably require a whole new set of legal tools to sort out who is accountable 
in each case, and where to draw the line between unforeseeable circumstances, due diligence 
and lack thereof.

• Optimization vis-à-vis resilience, future adaptation and available architectural langwuage.

Abandoning the paradigm of standardized production for embracing a more and more 
optimization-driven approach seems a great innovation in view of wasting less material and 
achieving more with less at the same time. Any structure where the quantity and the structure 
of the deposed material is optimized to the prospected performances seems like a perfect way 
to mimic nature and its efficient adaptive behaviors. However—at least until the output of 
additive manufacturing technique will be re-configurable—3D printed objects, unlike natural 
living beings, tend to be fixed once and for all, unless additions or modifications are purpo-
sively performed. However, such interventions a posteriori could clash with the optimized 
existing (macro- and micro-) geometry, which is based on the specific data and constraints 
that were decided at the original design and construction time. In fact, such issue holds true 
for any AEC endeavor where tolerances and redundancies are kept at a safe but minimal 
level. However, in traditional constructions, the material is usually distributed in a more con-
stant and uniform fashion, so that any slight change to the conditions and constraints might 
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have a less radical impact than on a structure where the material is reduced in quantity and 
fine-tuned on more specific conditions.

Moreover, also the sheer lack of standard ‘interfaces’ to join additional elements could be 
a limiting factor for the adaptation of the structure to new conditions over time. It is quite 
evident that adding a new row of bricks to a parallelepiped-shaped wall is a much lesser feat 
than to an Enrico Dini’s organic structure.

All this implies that the short-term sustainability of an optimized 3D printed structure could 
be disadvantageous to the long-term adaptability and resilience of it. A 3D printed structure 
could be so costly and challenging to adapt, that it might be even cost-effective to tear it down 
and re-build from scratch. The obvious question is whether such an approach could prove 
more sustainable at all, and it is wise to imagine that designers and architects will have to 
include future adaptability within their design thought process, goals and constraints.

Lastly, as regards the architectural language, the use of constraint-based, parametric genera-
tive design based on physical properties of materials could raise concerns about the risks of 
adopting an architectural ‘language’ as a mere by-product of the chosen design tools. This 
would also imply that—those tools and techniques being common among designers, and 
being physical laws constant in time—the formal output of all design processes by different 
designers and architects would tend to be really similar, if not identical, among each other 
and over time. This ‘end of history’, whenever had to become a reality, would of course con-
tradict the essence of millennia of architectural development and the idea of evolution itself. 
However, it seems reasonable to believe that creativity can and will be shifted to setting the 
constraints, the performance goals and even the formal relationships that should characterize 
the space in the view of each architect.

3.5.2. Potentialities

• Multiscalar optimization: from the microscale of materials to the macroscale of architecture.

While, as seen, topological optimization techniques have been already widely used to fabri-
cate a wide range of optimized components and objects in architecture and design, it is still 
at the level of research that similar optimization methods are adopted as to the microscale 
of materials. In fact, it is usually the case that topologically optimized shapes are printed 
with constant material density and composition. ‘Most such technologies, however, remain 
limited to producing single-material, constant-property prototypes from a restricted range 
of materials’ [16]. However, such dualism between the micro- and the macroscales could 
be surpassed in the near future, since 3D printed structures could be not only topologically 
optimized at the macroscale, but also at the microscale, both as to density and structure of 
material, and as to material composition or combination. This would resemble what happens 
in nature, where the microstructure of plants and other living beings tends to correspond to 
the required local performances. In fact, ‘Since many biological materials are made of fibrous 
heterogeneous compositions, their multi-functionality is typically achieved by mapping 
performance requirements to strategies of material structuring and allocation. The shape of 
matter is therefore directly linked to the influences of force acting upon it. Material is concen-
trated in regions of high strength and dispersed in areas where stiffness is not required’ [16].
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informed by their noise-cancelling properties. The chaise is supposed to create a silent and 
calm environment inside, through the combination of a concave shape reflecting sounds 
inwards and of the inner surface geometry and materiality, which scatters and absorbs the 
sound waves (Figure 22).

3.5. Future perspectives

3.5.1. Potential issues

• Safety certification and accountability (given the ‘exotic’ nonstandard geometries and the 
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One major issue with not only additive manufacturing, but in general any nonstandardized 
manufacturing, is the implied impossibility to test each and every item produced. This does 
not constitute a problem in case every set of produced items is exactly the same, since it is 
enough to test one for testing them all. However, it would not be feasible or at least in sharp 
contrast to the very same aim of mass-customization—adaptability at a cost comparable to 
that of standardized solutions—to test all produced items. As already noted, the solution 
which is usually adopted is to sample-test within the range of produced items, trying to select 
the right samples along the range. Such process has to rely on the implied correspondence 
between the virtual and the real, and therefore the specificities of each printing technique 
have to be accounted for in the software in order to properly simulate the real-world behav-
iors. For instance, the typical anisotropy of most extrusion-based printing, and the differences 
in physical/mechanical behaviors along different directions must be factored-in. The process 
also heavily relies on software-based automatic check about most required performances, 
e.g., mechanical. The software’s results will then depend both on the selection of data that are 
fed into it, as well as on the reliability of the software itself.

All these issues raise questions about the accountability for any failure of the printed ele-
ments, and will probably require a whole new set of legal tools to sort out who is accountable 
in each case, and where to draw the line between unforeseeable circumstances, due diligence 
and lack thereof.

• Optimization vis-à-vis resilience, future adaptation and available architectural langwuage.

Abandoning the paradigm of standardized production for embracing a more and more 
optimization-driven approach seems a great innovation in view of wasting less material and 
achieving more with less at the same time. Any structure where the quantity and the structure 
of the deposed material is optimized to the prospected performances seems like a perfect way 
to mimic nature and its efficient adaptive behaviors. However—at least until the output of 
additive manufacturing technique will be re-configurable—3D printed objects, unlike natural 
living beings, tend to be fixed once and for all, unless additions or modifications are purpo-
sively performed. However, such interventions a posteriori could clash with the optimized 
existing (macro- and micro-) geometry, which is based on the specific data and constraints 
that were decided at the original design and construction time. In fact, such issue holds true 
for any AEC endeavor where tolerances and redundancies are kept at a safe but minimal 
level. However, in traditional constructions, the material is usually distributed in a more con-
stant and uniform fashion, so that any slight change to the conditions and constraints might 
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than to an Enrico Dini’s organic structure.
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could be so costly and challenging to adapt, that it might be even cost-effective to tear it down 
and re-build from scratch. The obvious question is whether such an approach could prove 
more sustainable at all, and it is wise to imagine that designers and architects will have to 
include future adaptability within their design thought process, goals and constraints.

Lastly, as regards the architectural language, the use of constraint-based, parametric genera-
tive design based on physical properties of materials could raise concerns about the risks of 
adopting an architectural ‘language’ as a mere by-product of the chosen design tools. This 
would also imply that—those tools and techniques being common among designers, and 
being physical laws constant in time—the formal output of all design processes by different 
designers and architects would tend to be really similar, if not identical, among each other 
and over time. This ‘end of history’, whenever had to become a reality, would of course con-
tradict the essence of millennia of architectural development and the idea of evolution itself. 
However, it seems reasonable to believe that creativity can and will be shifted to setting the 
constraints, the performance goals and even the formal relationships that should characterize 
the space in the view of each architect.

3.5.2. Potentialities

• Multiscalar optimization: from the microscale of materials to the macroscale of architecture.

While, as seen, topological optimization techniques have been already widely used to fabri-
cate a wide range of optimized components and objects in architecture and design, it is still 
at the level of research that similar optimization methods are adopted as to the microscale 
of materials. In fact, it is usually the case that topologically optimized shapes are printed 
with constant material density and composition. ‘Most such technologies, however, remain 
limited to producing single-material, constant-property prototypes from a restricted range 
of materials’ [16]. However, such dualism between the micro- and the macroscales could 
be surpassed in the near future, since 3D printed structures could be not only topologically 
optimized at the macroscale, but also at the microscale, both as to density and structure of 
material, and as to material composition or combination. This would resemble what happens 
in nature, where the microstructure of plants and other living beings tends to correspond to 
the required local performances. In fact, ‘Since many biological materials are made of fibrous 
heterogeneous compositions, their multi-functionality is typically achieved by mapping 
performance requirements to strategies of material structuring and allocation. The shape of 
matter is therefore directly linked to the influences of force acting upon it. Material is concen-
trated in regions of high strength and dispersed in areas where stiffness is not required’ [16].
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Such an opportunity would be a game-changer in AEC. A completely different design 
paradigm would be needed, since materiality would not be determined a priori, as a given 
property of a commercially available material. Rather, material characteristics—including 
composition, density and structure—could (and would have to) be engineered as a part of 
the overall design. Also, the typical discontinuity between micro- and macroscales would 
have to be reconsidered, since a continuum could be envisaged, similar to a fractal geometry. 
‘A bio-inspired fabrication approach calls for a shift from shape-centric virtual and physical 
prototyping to materialcentric fabrication processes. In this approach, not unlike he bones’ 
remodelling process (Figure 7), the distribution of material properties is informed by struc-
tural and environmental performance criteria acting upon the component, and contributes to 
its internal physical makeup. It thus requires a set of virtual and physical prototyping tools 
and methods that support a variable-fabrication approach, not unlike Nature’s’ [16].

Voxel-based materials (and printing techniques) would be, in this perspective, another impor-
tant step forward in such a direction. ‘We expect digital materials and the 3D printing thereof 
to provide unprecedented control over all aspects of bulk materials in diverse fields ranging 
from micro scale biological tissue constructs to macro scale building projects. The ability to 
print multiple materials with incompatible processing characteristics and “smart” voxels with 
specific electrical, mechanical, or fluidic functionality will enable highly functional composite 
materials to be printed in a simple, robust fabrication process. Over the last few decades, 
many technologies have benefited enormously by the transition from analog to digital, and 
we expect the same for three-dimensional matter’ ([17], p. 246).

• Multidimensional design: 4D printing and the inclusion of time and other dimensions to 
Euclidian geometries.

The shift toward a new production paradigm, where the change in material and material 
properties is seamlessly possible could open even further opportunities in AEC. In particular, 
the right combination of materials and material structures can be exploited—according to 
virtual simulation in the software—to engineer elements, which would behave differently 
vis-à-vis external conditions, thus determining a change in the overall shape. In other words, 
the designer could aim for a change of the object shape over time, triggered by some external 
physical parameters, such as humidity, or temperature change. Similar techniques, which 
at the moment are still very limited and experimental, have been called 4D printing, with 
time being the fourth dimension. A pioneering research on the topic has been conducted at 
MIT’s Self-Assembly Lab by Skylar Tibbits, with a specific interest in creating self-assembling 
shapes [18]. Further research looks at the natural world, especially to the botanical world, in 
view of creating self-adapting structures: ‘Inspired by these botanical systems, we printed 
composite hydrogel architectures that are encoded with localized, anisotropic swelling 
behaviour controlled by the alignment of cellulose fibrils along prescribed four-dimensional 
printing pathways. When combined with a minimal theoretical framework that allows us to 
solve the inverse problem of designing the alignment patterns for prescribed target shapes, 
we can programmably fabricate plant-inspired architectures that change shape on immersion 
in water, yielding complex three-dimensional morphologies’ [19].

The use of elements that change over time, adapting to environmental parameters and without 
any energy requirements or sensors/actuators, could have a profound impact on architecture. 
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For instance, it is easy to imagine a façade, which would adapt to sun and humidity and 
provide optimal internal comfort without the need of a complex, fragile and expensive system 
of sensors and actuators.

As an example thereof, a prototype of a hygroscopic element that opens and closes react-
ing to air humidity has been 3D printed and successfully tested by a team of researchers. It 
could constitute a self-adapting, tunable façade element that does not need neither sensors, 
nor actuators or energy sources other than the mere change in the environmental conditions. 
The ‘research aims to enhance wood’s anisotropic and hygroscopic properties by designing 
and 3D printing custom wood grain structures to promote tunable self-transformation. […] 
A differentiated printing method promotes wood transformation solely through the design 
of custom-printed wood fibers. Alternatively, a multimaterial printing method allows for 
greater control and intensified wood transformations through the precise design of multi-
material prints composed of both synthetic wood and polymers. The presented methods, 
techniques, and material tests demonstrate the first successful results of differentiated printed 
wood for self-transforming behavior, suggesting a new approach for programmable material 
and responsive architectures’ (Figures 23 and 24) [20].

• Correspondence virtual-real as  implicit requirement for a reliable simulation and appraisal 
of mass-customized, i.e., nonstandard, elements. Applicability of artificial intelligence as 
possible solution to the impasse of safety certification of nonstandard elements, as well as 
performance tuning.

The tighter the correspondence between what is being simulated in the virtual realm and what 
is actually manufactured through 3D printing makes it possible to make assumptions about 
the performances of the produced pieces. In fact, through sample testing along the range 
of outcomes, it is possible to validate the virtual simulations about the whole series being 
manufactured with an acceptable margin of error, possibly with no need to test a sample for 
each and every shape. Moreover, a feedback loop can help in further perfecting the accuracy 
of the simulations, attuning them to the specific material and printing machine.

• The reclamation of the continuous variation in architecture as both biomimicry—hence 
efficient multiperformative holistic solution—and as an expressive potential.

Allowing architects to design structures which could be continuously changing from the 
micro- to the macroscale, without having to repeat standardized identical elements, would 
enable architecture to overcome one of the main criticisms that has been raised since the dawn 
of industrialization: the loss of those ever-changing spatial qualities which natural refuges—
such as caves—and hand-made architecture embedded. Some author ([21], p. 81) noted that 
‘the “informal” of caves, their anti-geometric character, is transmitted to the “barbaric” cul-
ture of the proto-Italian settlement, from Pantalica to Barumini, continuing until our times in 
the grandiose stone complex of Matera’. Those characters would correspond to those spaces 
human beings evolved in, and that therefore are programmed to appreciate. Notoriously, 
the issue of standardization in industrialized architecture was already raised more than a 
century ago, when authors such as John Ruskin criticized the lack of differentiation among 
industrially produced architectures, preferring the richness of the nuances provided by his-
torical patina and handwork. ‘[…] The forms and mode of decoration of all the features were 

The Evolution of 3D Printing in AEC: From Experimental to Consolidated Techniques
http://dx.doi.org/10.5772/intechopen.79668

65
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universally alike; not servilely alike, but fraternally; not with the sameness of coins cast from 
one mould, but with the likeness of the members of one family’ [22]. The new production 
techniques, along with parametric design tools, could mimic nature and hand-making also 
under this respect, creating a spatial experience more nuanced along a continuum of varying 
shape and materiality. However, as already noted, this becomes a further challenge for the 
architects, who need to rethink even their own role and tasks in order to make full and best 
use of such opportunities.

Example: Digital Grotesque—Hansmeyer, Dillenburger, Zurich, 2013.

This case study does not purport all the advanced materiality and scale-free features we are 
discussing, but is noteworthy as it shows the degree of continuously varying detailing along a 
shape. ‘Digital Grotesque has been designed through an algorithmic procedure called “mesh-
grammars”, which procedure consists of rules that articulate the structure out of a primitive 
input form, by recursively splitting surfaces. The process allows for highly specific local con-
ditions with complex topologies to be generated. […] The resulting form, consisting of a mesh 
of 260 million individual facets, has a resolution and level of detail that would be impossible 
to specify using traditional means, whether drawn by hand or mouse. It provides a glimpse 
of the potentials of additive manufacturing’ (Figure 25) [23].

Figure 23. Correa et al., 4D printed adaptive component: when closed (https://tinyurl.com/yd7dy728).

Figure 24. Correa et al., 4D printed adaptive component: when open (https://tinyurl.com/yd7dy728).
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4. Conclusions

While additive manufacturing has been around in its main techniques already for some 
40+ years now, and cannot be considered an immature technology, it is still undergoing a sig-
nificant innovation process, often through the hybridization of established base-techniques. 
Furthermore, in its use—especially within the AEC field—its disruptive potential has yet to be 
exploited and harvested outside the experimental research or pilot projects.

While waiting for ‘the ultimate’ technique, some limitations of additive manufacturing can be 
dealt with through a series of smart strategies. One of these consists in limiting its use to only the 
parts that need customization, so as to overcome the slower production speed still often associ-
ated with AM: very often, it is the nodes that can embed the nonstandard, varying part of the 
overall geometries, thus allowing for the standardization of all other elements. Another strategy 
consists in the use of such techniques as an indirect means to support other techniques, as it is the 
case with 3D printed molds to help create freeform concrete structures. In any case, as it is already 
the case in some fields like engineering, also within AEC it seems that now additive manufactur-
ing techniques can slowly be adopted not only for rapid prototyping of models and components, 
or as a mere support technique to other more established techniques, but also to produce func-
tional elements within the final, built structures, or even fully functional entire structures.

The adoption of AM techniques in AEC seems likely to bear some lasting consequences going 
beyond the ‘technical’ aspects. In fact, similar to how the invention of press systems changed the role 
of writers and their professional position, or the recording of sounds created a wholly new environ-
ment for musicians, so could additive manufacturing produce a lasting impact on the entire world of 
AEC, especially as regards the role of the architects and the expressive potentialities opened to them.

Figure 25. Hansmeyer Dillenburger, digital grotesque (https://tinyurl.com/yar5udbj).

The Evolution of 3D Printing in AEC: From Experimental to Consolidated Techniques
http://dx.doi.org/10.5772/intechopen.79668

67



universally alike; not servilely alike, but fraternally; not with the sameness of coins cast from 
one mould, but with the likeness of the members of one family’ [22]. The new production 
techniques, along with parametric design tools, could mimic nature and hand-making also 
under this respect, creating a spatial experience more nuanced along a continuum of varying 
shape and materiality. However, as already noted, this becomes a further challenge for the 
architects, who need to rethink even their own role and tasks in order to make full and best 
use of such opportunities.

Example: Digital Grotesque—Hansmeyer, Dillenburger, Zurich, 2013.

This case study does not purport all the advanced materiality and scale-free features we are 
discussing, but is noteworthy as it shows the degree of continuously varying detailing along a 
shape. ‘Digital Grotesque has been designed through an algorithmic procedure called “mesh-
grammars”, which procedure consists of rules that articulate the structure out of a primitive 
input form, by recursively splitting surfaces. The process allows for highly specific local con-
ditions with complex topologies to be generated. […] The resulting form, consisting of a mesh 
of 260 million individual facets, has a resolution and level of detail that would be impossible 
to specify using traditional means, whether drawn by hand or mouse. It provides a glimpse 
of the potentials of additive manufacturing’ (Figure 25) [23].

Figure 23. Correa et al., 4D printed adaptive component: when closed (https://tinyurl.com/yd7dy728).

Figure 24. Correa et al., 4D printed adaptive component: when open (https://tinyurl.com/yd7dy728).

3D Printing66

4. Conclusions

While additive manufacturing has been around in its main techniques already for some 
40+ years now, and cannot be considered an immature technology, it is still undergoing a sig-
nificant innovation process, often through the hybridization of established base-techniques. 
Furthermore, in its use—especially within the AEC field—its disruptive potential has yet to be 
exploited and harvested outside the experimental research or pilot projects.

While waiting for ‘the ultimate’ technique, some limitations of additive manufacturing can be 
dealt with through a series of smart strategies. One of these consists in limiting its use to only the 
parts that need customization, so as to overcome the slower production speed still often associ-
ated with AM: very often, it is the nodes that can embed the nonstandard, varying part of the 
overall geometries, thus allowing for the standardization of all other elements. Another strategy 
consists in the use of such techniques as an indirect means to support other techniques, as it is the 
case with 3D printed molds to help create freeform concrete structures. In any case, as it is already 
the case in some fields like engineering, also within AEC it seems that now additive manufactur-
ing techniques can slowly be adopted not only for rapid prototyping of models and components, 
or as a mere support technique to other more established techniques, but also to produce func-
tional elements within the final, built structures, or even fully functional entire structures.

The adoption of AM techniques in AEC seems likely to bear some lasting consequences going 
beyond the ‘technical’ aspects. In fact, similar to how the invention of press systems changed the role 
of writers and their professional position, or the recording of sounds created a wholly new environ-
ment for musicians, so could additive manufacturing produce a lasting impact on the entire world of 
AEC, especially as regards the role of the architects and the expressive potentialities opened to them.

Figure 25. Hansmeyer Dillenburger, digital grotesque (https://tinyurl.com/yar5udbj).

The Evolution of 3D Printing in AEC: From Experimental to Consolidated Techniques
http://dx.doi.org/10.5772/intechopen.79668

67



On the one hand, it is possible to hypothesize more cost-effective outcomes just by the reduced 
use of materials and working hours granted by the use of these techniques, as for instance topo-
logical optimization, form-finding and other computational design techniques. However, such 
an approach requires that the architects be aware of the underlying geometrical and physical 
issues and material properties, both in order to create the final shapes—e.g., as a result of con-
straint-based design approaches—and in view of ‘guaranteeing’ safety and durability/resilience.

On the other hand, it is now possible for architects to regain a wide degree of autonomy (lost 
with industrialization) as to the creation of nonstandardized elements and custom ‘materi-
als’, yet within an industrial mass-customized production process. In other words, while the 
immediate opportunities opened up by AM techniques seem linked just to faster and cheaper 
production of possibly unconventional and nonstandardized shapes, the greatest opportuni-
ties in AEC could lie in the freedom for architects to explore and imagine new languages and 
solutions that could be at the same time multiperformative in nature, considering multiple 
constraints and functions, and spatially inspiring.
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Abstract

The additive manufacturing (AM) is a new way to produce parts, which in the last years
had a significant application in the traditional production environment, since it demon-
strated its capability to produce parts without particular defects and with good mechan-
ical properties. During the last two decades the AM was firstly used to produce polymers’
products and after metals’ products; this evolution made possible the breakthrough in the
traditional industrial sectors such as the aerospace, the mechanical, and other related
sectors. Nevertheless, the introduction of this technology in this context put on the table
of the researchers and practitioners some questions about the management of this tech-
nology in a more complex context, characterized by the integration with other machines.
Aim of this chapter is to present a literature review of the principal facets of the AM
related to the field of operations management and trying to define a model to account
the costs of production and to schedule the machine activity.

Keywords: additive manufacturing, operations management, integration, scheduling,
production cost accounting

1. Introduction

The industry is focusing its attention on additive manufacturing (AM) because it seems to be
the way to realize a new industrial revolution. The first contribution about the AM appeared
during the 90s [1] with a work by Massachusetts Institute of Technology (MIT); in this chapter,
a first attempt to define the problem of the 3D manufacturing and its integration with the
traditional way to produce the objects was described.
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After this first contribution and many years, the 3D printing, or as it is named in a more
detailed way the AM, arrived to the practitioners’ world and many of the theoretic hypothesis
and problems became real. The application of this technology in real cases or in the technolog-
ical laboratories let to burst not only a lot of opportunities but also a lot of criticalities in its
application.

In last years, the AM is employed in some first pilot production systems for the aerospace and
aeronautic sector with application laboratories in collaboration with the MIT [2, 3]. Obviously,
their productions are focused on small volume products since it is just a first attempt of
experiments in this new field. From these first applications the industries, together with
primary universities, are trying to understand the applicability of this new technology to
substitute or at least to integrate their traditional production systems with these new ones,
recognizing in the AM an opportunity to optimize their processes with particular attention to
the design, engineering, production, and logistic.

The main problem for the practitioners and researchers, nowadays, is how to integrate this
technology with the old, and which are the new paradigm to optimize the production using it.

The aim of this chapter is to present firstly a literature review that is able to cover three relevant
sectors of the industrial systemsmanagement problem, two of these are related to the possibility to
apply this technology to the industrial world (analyzing the mechanical characteristics of the
materials worked and the tolerance of working achievable through AM) and a third, that is more
referred to themanagementmethods for theAMand in particular themeasurement of costs for the
processes of AM production methods and the scheduling models if present. After this literature
review, a possible model to measure the costs using the AM will be presented and after a mathe-
matical model to schedule the AM activities will be presented, giving the possibility to the reader
to understand the decision problem and so to apply the resolution method preferred by him.

2. Literature review

Firstly, we will start from the materials and their resistance using AM. This is the first topic
investigated in the international literature since its investigation is the first point to demon-
strate the feasibility of this kind of technology in the industrial world.

The keywords investigated were several and reported below: (i) AM materials, (ii) AM toler-
ances in production, (iii) AM metallic materials, and (iv) AM polymeric materials and similar
or combinations of the previous words.

The materials more studied using AM are the titanium alloys, even if also other materials are
studied such as the Cr-Co alloys, stainless steel, and other metallic materials.

The first investigation about the materials is about the tolerances in production. This is a very
felt issue in the production environment since it demonstrates the feasibility of the process,
from a first point of view, and the need to integrate the technology with other old technologies
to realize a finished part.

3D Printing72

The part orientation was demonstrated as influencing variable in the tolerances realization
using AM since 2011 as it was reported in a paper in that year [4]. The paper focused the
attention on the geometric tolerances related to the orientation of the part and, in fact, it was
the first to do so. Before this study other study appeared, for example, the one by (i) Arni and
Gupta in 1999 in which the planarity tolerance using an AM technology [5] was investigated
and by Hanumaiah and Ravi for other linear geometric tolerances [6]. The tolerances were
investigated also in relation with the production parameter by another study [7] that investi-
gated the circularity in the AM in relation with the cutting angle of the starting point (i.e., the
error is minimized if the starting cut angle is equal to 0�); going in deeper analysis on this
relation, it is also possible to find another paper about the relation between geometric toler-
ances and production parameters by Lynn-Charney and Rosen [8] who studied and defined a
new decision support system (DSS) capable to minimize the errors for positioning of the part
in the production chamber and for some geometric tolerances.

Another problem in the AM production is the surface definition in the software file of the part,
a paper that investigates this issue appeared in 2016 [9], in this chapter, it is defined a
mathematical model to minimize the dimensional errors. Using this model, in an experimental
campaign, the reduction of the 70% of the surface defects was eliminated.

Other authors investigated the effects on geometrical tolerances due to the thermal deforma-
tion of the melting process for the materials in the production chamber [10]. Other researchers
[11] investigated the geometric errors of cylindrical shape dependent by the passage from the
CAD model to the triangular shape for stereolithography and they built a new procedure to
minimize it.

The geometrical and dimensional tolerances are a topic very felt also in other sectors such as
the medical products. In this sector, it was found a contribution of 2015; in this chapter, it
performed a sensitivity analysis on the several possible causes of the dimensional and geomet-
rical errors that are possible in the production of this particular kind of objects [12]. The main
elements of problem are (i) the quality of the image acquisition and printing, (ii) triangulation
density, and (iii) segmentation threshold.

From the papers presented before, it is quite easy to understand that the AM technology is
capable and maturely produces parts with good quality, so it is applicable to the industrial
sector.

Once that the chapters on the tolerances in production were analyzed, they will be analyzed
chapters referred to themechanical properties of thematerials producedwith the AM technology.

The Ti-6Al-4 V material is used in many aerospace and mechanical sectors. In fact, as it is
reported in a publication of 2015, the alloy Ti-6Al-4 V AM production is good to improve the
buytofly index from a typical value of 15 to 1 for the aerospace industry [13]. This ratio is
obtained using the raw materials compared with the weight of the components at the end of
their production. For the Ti-6Al-4 V, using an electron beam melting (EBM) method is possible
to have a deposition rate of 500 mm/s, with a moderate operational cost. In the paper by Szost,
they reported the following defects for the EBM:
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i. Vacancies of melting

ii. High-porosity of the materials.

The porosity of the materials produced with AM is a very important issue and this is evident
since 2011 when a paper by Baufeld and others appeared [14]. In this chapter, it is fixed a limit
value for the porosity of the materials to avoid the gas capture phenomenon and this limit is 6%.

Another paper reports the results of several mechanical tests of the alloy Ti-6Al-4 V when
produced with AM (laser-beam deposition (LBD) and the shaped metal deposition (SMD)).
In particular, it is interesting that for both the products it is not present any particular
remark about the comparison with the traditional ones; they have a critical break tension of
900–1000 MPa and a starting tension for the plastic behavior to 770 MPa.

The production methods such as the EBM, the LBD, and the SMD characteristics are summa-
rized in Table 1.

To remark what before stated it is possible also to refer to a paper appeared on 2015 [15] on the
mechanical properties of the alloy Ni-Ti produced using the technology of shaped memory
alloy (SMA). In this chapter, the controls performed are several reported below:

i. Scanning electron microscopy (SEM)

ii. Differential scanning colorimeter (DSC)

iii. X-ray diffraction (XRD)

iv. Micro-hardness test.

In all the tests, the products produced with the Ni-Ti alloy with SMA presented a very close
behavior to the ones produced with traditional methods, confirming the goodness of the AM
methods.

In 2015, a chapter focused its attention on the laser powder deposition (LPD) method that is
very used in the spare parts prototyping; the paper mainly investigated a method to recognize
defects during the production run that is ongoing [16].

EBM LBD SMD

Max power (kW) 3 3.5 2.2

Max welding velocity (mm/s) 16.0 10.0 5.0

Max wire-feed velocity (mm/s) 25 40 33

Max wire diameter (mm) 1.0 1.2 1.2

Max height deposition step (mm) 0.1 1 1

Max deposition rate (kg/h) 0.1 0.7 0.6

Max wall thickness (mm) 10 4-5 9.1

Table 1. Production parameters used for EBM, LBD and SMD in Baufeld et al.
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Always on 2015, another paper appeared demonstrated the goodness of the parts realized in
titanium alloys using the AM [17].

Another material used with the AM technology is the AlSi10Mg, that is, a no-metallic material.
This material, when produced using the AM, has very similar mechanical characteristics when
compared to the traditional production methods, as it was demonstrated in a paper where this
fact was demonstrated using a DMLS technology [18].

From the literature analysis about the mechanical characteristics of the materials worked with
AM technology is quite evident that the materials worked with this kind of technology are
comparable at all with the traditional ones, except for some defects about the porosity of the
materials, that can be faced with several adjustments and practices in the cycle or using a post-
processing phase with traditional technologies.

Therefore, in conclusion, speaking in terms of quality of the final product, the AM processes are
able to produce good parts, and so, it is possible to consider it in a production environment.

After the presentation of the process capability to realize good parts, let us continue with the
operations management literature review.

Actually, different attention has to be paid to the operations management themes, since it is a
research field for the AM not so much developed as the one about the materials and tolerances.

The operations management are the themes related to the: (i) production organization, (ii)
production balancing, (iii) production quality, (iv) life cycle management, and (v) production
sustainability.

The keywords investigated were strictly connected to the themes above mentioned with the
adding of the AM words.

For the purpose of this chapter, they have analyzed 16 papers from several journals of the main
scientific data base available nowadays.

A first contribution analyzed is from an Indian study about the costing in the operations for the
prototypes production with metallic materials. In the paper [19], it is evidenced that the rapid
prototyping (RP) finds great advantages from the AM application since it allows reducing
dramatically the contribution of the production costs for a single piece.

Another contribution also in 2010 appeared in USA, the paper investigated the sustainability
impact of AM production system [20]. In the paper, in particular, it is presented an assessment
framework for the sustainability assessment for an AM production system, considering the
following elements: (i) energy consumption, (ii) waste production, (iii) water usage, and (iv)
environmental impact.

After these two first papers, for some years no particular research paper was published, maybe
because the theme was too unripe. The theme was looked with interest once again in 2013, that
is, after few years with the rising of the first possibility to bring the AM in the industrial
context.
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Actually, in 2013, they appeared some papers of interest for the AM operations research theme.
In this year, they appeared a paper about a cost-benefit analysis between traditional and AM
methods for RP operations performed [21]. The benefits are dominant to the costs when the
AM is used instead of traditional production systems.

In 2014, another study appeared to prove the convenience of an AM, from the supply chain
management point of view [22]. It is defined a decision framework for the application of this
technology to a specific product, and the AM resulted in the best choice, especially when the
product to be produced is very complex in shape.

Always on 2014 another implementation framework for the AM technology was proposed by
another research group [23]. In this paper the authors tried to understand if there is a model of
decision capable to help the technology selection using also the AM in the production envi-
ronment. Another contribution about a very similar theme appeared in 2015 by the US-
Chinese research group demonstrated the convenience of the AM considering the supply chain
and life-cycle cost models [24].

The technology selection decision was also analyzed by another paper published on 2014 [25].
The framework is based on the evaluation of parameters such as the part complexity, the
quantity to be produced and the level of customization that the product requires.

With the 2015 the research started to be more focused on the operations management optimi-
zation. Indeed, on 2015 the creation of DSS able to put at the right level of a bill of materials a
part produced using the AM technology appeared; the model does this minimizing the life
cycle cost and maximizing the value chain of the product [26].

On 2015 another paper focused on the insertion of the AM technology in traditional produc-
tion systems appeared [27]. The paper deals with the identification of the main facets to be
solved to make easy the AM insertion, referring principally to the operations management
issues.

Always in the same year, a paper about the economic consequences of the AM use in a
production company appeared [28]. The paper depicted the main economic variables applica-
ble to the AM, such as the marginal costs of the production, the quality impacts on production
economics, and so on. Very similar works about the economic facets related to the AM imple-
mentation in traditional production systems are present also in other paper such as [29, 30].

Another great theme about the economics issues related to the AMwas investigated in another
paper appeared on 2015. This paper faces the problem to define a selling price for an AM built
part; this was done using the gray theory [31].

Also, the environmental and the other variables of the sustainability were deeply investigated
as demonstrated from several publications in the international literature [32, 33].

Another theme investigated in the international literature is about the possibility and the
framework to make feasible the integration of an AM technology with the traditional subtrac-
tive machines [34].
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Therefore, the AM operations management facets are studied since the 2010 but they started to
be mature in terms of study only from 2013, when some first publications about the possibility
to analyze the AM from the costs and operations management perspective started to appear.
After this year, (i.e. 2013) the number of papers in this field exponentially started to grow up
(see Figure 1).

Nevertheless, it is quite obvious from the literature review analyzed that the operations
management using AM is not well covered yet from the research point of view. Actually, this
lack is well understandable from Figure 2, in which the operations management theme is
reported in terms of number of papers appeared in the years.

The first points to be developed in the future are mainly focused on the definition of a proper
cost accounting model and also a scheduling model for the AM.

The aim of this chapter is to introduce the reader to some first definition attempts by the author
about these two specific issues.

Figure 1. Number of operations management per year.

Figure 2. Number of publications per year and per theme.
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3. The production cost model

The present model is summarized and reported by another paper of the authors appeared on
2017 [35–37].

3.1. Total manufacturing cost

The total manufacturing cost for each geometry is obtained by summing the cost of each step
to finish a part belonging to a specific client order. The single elements of this formula will be
developed and illustrated in the following part of this section, giving the possibility to anyone
wants to replicate the cost calculation scheme here reported.

Ctot Gið Þ ¼ Cprep Gið Þ þ Cbuildjob Gið Þ þ Csetup Gið Þ þ Cbuild Gið Þ þ Cremoval Gið Þ (1)

Where:

Ctot: Total manufacturing cost of each part with ith geometry [€/part].

Gi: ith geometry [�].

Cprep: Cost for preparing geometry data (orientation, support structures, etc.) [€/part].

Cbuildjob: Cost for build job assembly [€/part].

Csetup: Machine setup costs [€/part].

Cbuild: Cost for building up a part with ith geometry [€/part].

Cremoval: Cost for removing the part with ith geometry from the machine chamber [€/part].

3.2. Cost for preparing geometry data

The first step of the process reported here is the design of the geometry data that includes
orientation and support structure generation for each geometry. A possible formulation for this
cost considers the specific value of a cost referred to the number of parts to be produced for
each geometry, as reported in (2):

Cprep Gið Þ ¼ Cop:pre þ CPC
� �

∗
Tprep Gið Þ

Ni
(2)

Where:

Cprep: Cost for preparing geometry data (orientation, support structures, etc.) [€/part].

Gi: ith geometry [�].

Cop:pre: Pre-processing operator’s hourly rate [€/h].

CPC: Hourly rate of the workstation including costs of required software and tools [€/h].
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Tprep: Time required for preparing CAD data [h].

Ni; Quantity of the part with ith geometry [�].

3.3. Cost for building job assembly

In the traditional approach, as reported in Rickenbacher et al. [38] this cost is allocated equally
between all parts while in the present formulation this cost is allocated with a ratio that
considers the how much volume each geometry occupies in the total volume given by the
geometries inserted in the build camera, as reported in (3):

Cbuildjob Gið Þ ¼ Tbuildjob∗ Cop:pre þ CPC
� �

∗
V Gið ÞP

i V Gið Þ∗Ni
(3)

Where:

Cbuildjob: Cost for build job assembly [€/part].

Gi: i-th geometry [�].

Tbuildjob: Time required for build job assembly [h].

Cop:pre: Pre-processing operator’s hourly rate [€/h].

CPC: Hourly rate of the workstation including costs of required software and tools [€/h].

V: Volume of the geometry [cm3].

Ni: Quantity of part with ith geometry [�].

3.4. Machine setup costs

When all the previous activities, that is, the preparing geometry and the planning phase are
completed the real production phase can start. This phase includes the data import and
machine setup phases. During this time, the machine cannot be used, and for this reason, we
included its hourly cost. Also, in this case, we used the parts volume like the allocation criteria
and the final formulation is as the one reported in (4):

Csetup Gið Þ ¼ Cop:mach þ Cmach
� �

∗ Tsetup þ Fmat:ch∗Tmat:chð Þ� �
∗Finertgas∗

V Gið ÞP
i V Gið Þ∗Ni

(4)

Where:

Csetup: Machine setup costs [€/part].

Gi: i-th geometry [�].

Cop:mach: Machine operator’s hourly rate [€/h].

Cmach: Machine cost per hour [€/h].
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3. The production cost model

The present model is summarized and reported by another paper of the authors appeared on
2017 [35–37].
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The total manufacturing cost for each geometry is obtained by summing the cost of each step
to finish a part belonging to a specific client order. The single elements of this formula will be
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wants to replicate the cost calculation scheme here reported.

Ctot Gið Þ ¼ Cprep Gið Þ þ Cbuildjob Gið Þ þ Csetup Gið Þ þ Cbuild Gið Þ þ Cremoval Gið Þ (1)
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each geometry, as reported in (2):

Cprep Gið Þ ¼ Cop:pre þ CPC
� �

∗
Tprep Gið Þ

Ni
(2)

Where:

Cprep: Cost for preparing geometry data (orientation, support structures, etc.) [€/part].

Gi: ith geometry [�].

Cop:pre: Pre-processing operator’s hourly rate [€/h].

CPC: Hourly rate of the workstation including costs of required software and tools [€/h].
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Tprep: Time required for preparing CAD data [h].

Ni; Quantity of the part with ith geometry [�].
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� �

∗
V Gið ÞP

i V Gið Þ∗Ni
(3)
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completed the real production phase can start. This phase includes the data import and
machine setup phases. During this time, the machine cannot be used, and for this reason, we
included its hourly cost. Also, in this case, we used the parts volume like the allocation criteria
and the final formulation is as the one reported in (4):

Csetup Gið Þ ¼ Cop:mach þ Cmach
� �

∗ Tsetup þ Fmat:ch∗Tmat:chð Þ� �
∗Finertgas∗

V Gið ÞP
i V Gið Þ∗Ni
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Where:
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Production Management Fundamentals for Additive Manufacturing
http://dx.doi.org/10.5772/intechopen.78680

79



Tsetup: Time required for machine setup [h].

Fmat:ch: Factor to model the frequency of material changes [�].

Tmat:ch: Time required to change material [h].

Finertgas: Factor to model extra effort required for handling in protective gas environment [�].

V: Volume of the geometry [cm3].

Ni: Quantity of part with i-th geometry [�].

In the previous formula, it is also possible to include the possibility to work with an extra time
of processing due to the use of protective gas (Finertgas). Its value can either be 1 or 0. Also, the
change of material can be considered using a 0/1 variable named (Fmat:ch). Furthermore, if the
costs have to be divided on more build jobs, a fraction can be used in the formulation.

Machine cost per hour is obtained by dividing the machine purchase cost by the machine
depreciation period and its uptime per year:

Cmachine ¼ Machine cost
h∗upt

(5)

Where:

Cmachine: Machine cost per hour [€/h].

Machine cost: Machine purchase cost [€].

h: Machine depreciation period [years].

upt: Machine uptime [hours/year].

3.5. Cost for building up a part

After the presentation of the previous parts of the total production cost, let us to introduce the
formula for the calculation of the building step. In this phase, the machine concurrently builds
all of the parts in the chamber. The cost’s items are:

• Machine

• Energy

• Material

• Gas

Therefore, it is possible to define the (6), that is the building cost formulation, which also
includes a waste factor for the powder used in the deposition and sintering phase:

Cbuild Gið Þ ¼ Tbuild Gið Þ∗ Cmach þ Cinertgas∗Gascons þ Cenergy∗Pcons∗Ku
� �þM Gið Þ∗ Cmaterial∗Wf

� �
(6)

3D Printing80

Where:

Cbuild: Cost for building up a part with ith geometry [€/part].

Gi: i-th geometry [�].

Tbuild: Total building time [h].

Cmach: Machine cost per hour [€/h].

Cinertgas: Cost of inert gas [€/m3].

Gascons: Average gas consumption [m3/h].

Cenergy: Mean energy cost [€/kWh].

Pcons: Power consumption [kW].

Ku: Utilization factor [�].

M: Mass of the geometry [kg].

Cmaterial: Material costs [€/kg].

Wf : Waste factor for powder [�].

3.6. Cost for removing a part from the machine

When the operations of building up are concluded, it is necessary to remove the objects and the
substrate plate from the machine chamber. Also, in this case, we included a factor to model,
that is, capable to consider the extra time effort for handling in a protective gas environment
the production phase. The allocation criteria of this cost are based on parts volume. The
formula for this addendum of (1) is reported in (7):

Cremoval Gið Þ ¼ Tremoval∗ Cop:mach þ Cmach
� �

∗
V Gið ÞP

i V Gið Þ∗Ni
∗Finertgas (7)

Where:

Cremoval: Cost for removing the part with ith geometry from the machine chamber [€/part].

Gi: ith geometry [�].

Tremoval: Time required for removing parts from the machine chamber [h].

Cop:mach: Machine operator’s hourly rate [€/h].

Cmach: Machine cost per hour [€/h].

V: Volume of the geometry [cm3].

Ni: Quantity of part with ith geometry [�].

Finertgas: Factor to model extra effort required for handling in protective gas environment [�].
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3.6. Cost for removing a part from the machine

When the operations of building up are concluded, it is necessary to remove the objects and the
substrate plate from the machine chamber. Also, in this case, we included a factor to model,
that is, capable to consider the extra time effort for handling in a protective gas environment
the production phase. The allocation criteria of this cost are based on parts volume. The
formula for this addendum of (1) is reported in (7):

Cremoval Gið Þ ¼ Tremoval∗ Cop:mach þ Cmach
� �

∗
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Where:
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Substituting the single elements of the (1) with the equations from (2)–(7), it will be possible to
consider the total cost formulation.

4. The scheduling problem for additive manufacturing (AM)

The AM scheduling is a problem, different from the traditional single machine scheduling, to
be solved since this technology started to be a permanent part of the production environment
of several companies especially in the field of defense and aerospace. The model presented
here is a summary of what was presented in [39, 40]. The question to which the paper wants to
answer is always the same of all scheduling problems, that is:

“What’s the schedule that allows to respect due dates with the least production cost?”

The question is the same but the context as explained in the introduction is very different from
the traditional one for the motivations are related to the set-up, that is no more present in the
traditional form since it is done all through the design phase and the transferring of the data
from the design workstation to the machine and since the fact that with AM it is possible to
produce several kinds of geometries in the same production run. For this reason, let us
introduce a multi-objective model for the AM schedule that is able to consider also the new
constraints given by the new context.

The development framework (Figure 3) is like the ones for the traditional problems of produc-
tion scheduling, so the production orders are the inputs of AM machine scheduling problem and
each order is characterized by the following attributes:

di: demand of Gi � th geometry or PN part½ �
ddi: due date of Gi � th geometry or PN day½ �
Vi: volume of Gi � th geometry or PN cm3

� �

Figure 3. Mathematical model frame.
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After that the attributes for the production orders are listed, it is worth to note that in this
paper a time and cost model will be applied, in particular, they will be considered the Com-
pletion Time (CT) and the Total Part Cost (TPC). CT is the time to produce a single unit of
G_i� th geometry, while TPC is the costs to be covered to produce a single part.

Once the main description elements of our model is described let us to introduce the mathe-
matical formulation of the optimization problem here analyzed. The basic model is taken from
a research paper, that used earliness and tardiness as objective function [41], to these objectives
in this proposal it is added the cost:

FS¼FETþFCP Min!

FET ¼Png
i¼1 αSEi þ βSTi
� �

FCP ¼Png
i¼1 γSTOCi

Subject to:
Png

i¼1 ni, j∗Vi ≤Vchamber ∀j∈ 1; nb½ �
Pnb
j¼1

ni, j ¼ di, ∀i∈ 1; ng
� �

αS, βS,γS, TOCi, Vi, Vavailable ∈Rþ

Ei, Ti, i, j, ng, nb ∈Zþ

Where:

αS : Earliness constant weight 1=day½ �
βS : Tardiness constant weight 1=day½ �
Ei : Earliness of i–th geometry day½ �
Ti : Tardiness of i–th geometry day½ �
TOCi: Total Order Cost of the i-th geometry [€]

γS : Cost constant weight [1/€]

ng: number of order/geometries �½ �
ni, j Number of the i–th item in j–th build part½ �
Vi Volume of i–th geometry cm3

� �

Vchamber Build chamber volume cm3
� �

nb Number of build in the schedule �½ �
di: demand of Gi � th geometry part½ �

The proposed scheduling model has some hypothesis that is listed below:

• The scheduling problem faced here is a Single-machine scheduling problem, where the
machine is an AM machine.

• The part orientation is given and there is enough space to manually remove the part.
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Figure 3. Mathematical model frame.
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After that the attributes for the production orders are listed, it is worth to note that in this
paper a time and cost model will be applied, in particular, they will be considered the Com-
pletion Time (CT) and the Total Part Cost (TPC). CT is the time to produce a single unit of
G_i� th geometry, while TPC is the costs to be covered to produce a single part.

Once the main description elements of our model is described let us to introduce the mathe-
matical formulation of the optimization problem here analyzed. The basic model is taken from
a research paper, that used earliness and tardiness as objective function [41], to these objectives
in this proposal it is added the cost:
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Pnb
j¼1

ni, j ¼ di, ∀i∈ 1; ng
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Where:
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βS : Tardiness constant weight 1=day½ �
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Ti : Tardiness of i–th geometry day½ �
TOCi: Total Order Cost of the i-th geometry [€]

γS : Cost constant weight [1/€]
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Vi Volume of i–th geometry cm3
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� �

nb Number of build in the schedule �½ �
di: demand of Gi � th geometry part½ �

The proposed scheduling model has some hypothesis that is listed below:

• The scheduling problem faced here is a Single-machine scheduling problem, where the
machine is an AM machine.

• The part orientation is given and there is enough space to manually remove the part.
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• The build chamber allows construction of parts on top of each other by support structures
or other solutions.

• Stock costs are neglected.

To solve this kind of problems that are generally reported as NP-hard problems, it is possible to
apply several kinds of heuristics such as Tabu Search, genetic algorithm, simulated annealing,
ant colonies, bees, particle swarm optimization, and so on.

5. Conclusions

In this chapter, an attempt to analyze and categorize such themes related to the production
issues of the AM technology was done. AM technology began becoming an industrial solution
recently, and so it was recognized as an interesting theme with a possibility to deepen the
research area if this technology achieved a good level of maturity in terms of mechanical
resistance characteristics and tolerances achievable. After the first step analysis, the state of
the researches about the operations management field was analyzed and investigated.

This chapter defines a precise way for the literature review, and it analyzes and categorizes
several papers with the method introduced before.

From the literature analysis conducted, it was quite clear that from a technological and from a
production quality level (measured from the capability to achieve such levels of geometrical
and dimensional tolerances) not so many issues are open and so it is possible to conclude that
the AM is quite ready to be brought in the industrial context, given some adjustment still
needed about the processes to avoid the porosity problems for the parts worked with the AM
technology and to achieve some geometrical tolerance as the concentricity and circularity.
Therefore, the pieces in a metal can be realized directly using the AM technology, having a
good level of reliability of the part, when it is under mechanical stress. Moreover, the parts
realized in this way are good in terms of tolerances achievable, limiting the need of mechanical
post-processing activities.

Starting from this result in this paper it was investigated if a scientific literature lacks on the
possibilities of the AM to be a production technology in the industrial world exists or not. In
fact, to make real the possibility to effectively bring this technology in the production context,
it is required that the AM becomes more and more a theme studied and known from the
operations management point of view, also offering the possibility to be measured in a pro-
duction context. In fact, the technology is evolving, and the need to understand the production
management issue is becoming a need. Therefore, it is possible to say that if from the point of
view of the mechanical tolerances and properties a lot of work was performed and good
results are available not the same can be said from the management point of view. Therefore,
this state of the art can individuate as the first point of study an important issue about the
methods to measure the process costs when an AM technology is used to produce an item.
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Moreover, as argued in the previous paragraph, the management theme seems to be affected
from a very important absence. Many authors have begun to study the management issues
related to the general systems; however, nobody recognizes a main limit in the actual knowl-
edge level.

Therefore, in this chapter, it was presented a cost allocation model that fits the requirements of
this new technology and also a mathematical formulation for the scheduling problem of a
single AM machine is presented.
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Abstract

Additive manufacturing with metal components is a complex, and currently cyclic, pro-
cess due to the physical phenomena that are occurring. These phenomena can be mathe-
matically modeled in order to predict the outcome of a specific aspect of the build.
Coupling the mathematical models can then be used to develop a complete simulation,
which can produce estimates for a range of characteristics for a part built using additive
manufacturing techniques. This chapter will investigate the main models used in the
simulation of metal AM. These models will include the modeling of thermal behavior,
fluid dynamics, stress, and a selection of other auxiliary models, which are necessary to
complete the simulations. For each of the models investigated, the various modeling
techniques that have been developed will be presented along with their limitations,
validation techniques, and parameters necessary to model the process correctly.

Keywords: modeling of metal AM, thermal modeling, fluid dynamics, stress modeling,
model validation

1. Introduction

1.1. Metal AM

Additive manufacturing (AM) has its roots in the development of stereolithography (SLA) in
1951 by Munz [1]. The development of SLA slowly escalated into a powder bed process and
eventually into all of the various forms of AM that can be seen on the market today. In its
infancy, the material and process controls only allowed AM to make prototypes and casting
inserts. This was mainly due to the very low mechanical strength of the plastics being used and
the process controls that produced very poor surface finishes [2]. This lacking drove
researchers to find new and better materials and processes in order to use these methods for
manufacturing as opposed to just prototyping. Over the last several decades, this has been
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accomplished and the American Society for Testing Materials (ASTM) has defined seven
unique AM processes (binder jetting, directed energy deposition, material extrusion, material
jetting, powder bed fusion, sheet lamination, and vat photopolymerization) [3]. The transition
from rapid prototyping (RP) to AM resulted predominantly through the innovation of using
metals in AM techniques. Of the seven standard AM process, three have been heavily investi-
gated for their application to metal AM, powder bed fusion, directed energy deposition, and
sheet lamination. In the process of sheet lamination, ultrasonic vibrations are used to fuse the
sheets together. Due to its extreme dissimilarity to the other processes, namely the metal is
never melted, it will be excluded from this body of work. The other processes, powder bed
fusion and directed energy deposition, are so similar that many of the mathematical models
used can be applied to both processes. To understand how these models are used it is best to
understand the processes they simulate.

The first method to be developed for metal AM was powder bed fusion. In this process, shown
in Figure 1a, the powder is delivered to the work area by a powder spreader of some type.
The spreader is typically a roller, a pliable wiper, or a rigid wiper. This spreader will move the
powder from the delivery system, either another bed or a hopper, to the work area. Once the
powder is spread evenly across the surface of the work area, an energy source, typically a laser or
electron beam, is used to selectively melt the powder into the desired solid shape. This process is
repeated by lowering the work area and applying more powder with the spreader [4].

The process of directed energy deposition, shown in Figure 1b, is radically different from the
powder bed process. In this process an energy sources, again typically laser or electron beam,
is used to melt a small portion of a substrate, sometimes called the build plate. Once a melt
pool is generated, the material is fed into the melt pool. This material can take the form of
either wire feedstock or powder, which is blown into the melt pool. The laser and feedstock are
then traced along the surface of the substrate until the first layer is built. The machine is
incremented in the z direction and the process is repeated. This is repeated until the entire part
is built. As can be inferred, this process is not just limited to a 3 axis machine and more degrees
of freedom can allow for more agility when building the part [5].

Figure 1. Schematics for most common metal AM processes.
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1.2. Modeling basics

In modeling a physical process, it is necessary to divide the space being modeled so that the
equation can be computed. For AM processes, space representation has been divided into two
main domain: Eulerian and Lagrangian. The Eulerian domain, which can also be called a field
coordinate system, tracks specific locations in space to determine what is happening at a given
location. This space, which can be seen in Figure 2a, is typically the space for finite element
analysis (FEA). FEA can be used to simulate most physics processes. This process breaks the
material down using a mesh structure and then the nodes are used to calculate the physics,
which are being modeled. This mesh facilitates a quick and easy identification of neighbors
using the connections of nodes found with the mesh. This technique is very beneficial when
attempting to solve differential equations and has led to several solution methods being
developed. However, since properties are typically saved as floating point values in the model,
round off errors can lead to an arbitrary reduction or inflation of there properties.

On the contrary, the Lagrangian domain, which can also be called a material coordinate system,
tracks matter as it moves and reacts within the simulation space. In this domain, the material
that is used will be broken up into discrete representative particles. Each of these particles is
then tracked through space and time, calculating the various physical processes that apply to
the particles. The Lagrangian method can be very beneficial for a couple of reasons. For starters,
matter is never created nor destroyed by rounding of floating point numbers, due to the fact
that the particle is given a fixed mass at the beginning of the simulation. In addition, the forces
that the fluid is subject to are inherent within the simulation setup. Therefore, the pressure the
fluid undergoes can be recorded without any additional calculations. And lastly, since particles
are tracked there is no limit to where they are allowed to move. This can result in a much more
accurate method of simulating fluid flow. This technique is not without its struggles. Since the
material is divided into many little particles it can be very memory intensive and require
substantial computing power. Additionally, this technique can make solving the differential
equation that defines a system challenging due to the lack of inherent connectivity [6].

Figure 2. Depiction of domains used in metal AM modeling.
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2. Thermal modeling

2.1. Modeling techniques

The heat transfer that occurs within a part can be broken down into three main types: conduc-
tion, convection, and radiation. Each of these can be calculated individually or the three can be
combined to garner a full representation of the physical processes, which are taking place. For
the sake of simplicity, each will be discussed on its own to highlight the necessary inputs and
responses and then a complete picture will be drawn at the end.

The first physical phenomenon to be discussed is conduction. The heat conduction equation
(or the heat diffusion equation) was first proposed by Jean Baptiste Joseph Fourier in 1807,
resulting in it being one of the most mature modeling methods in AM. The full representation,
in modern notation, can be seen in Eq. (1),

∇ � k∇T ¼ c
δT
δt

(1)

where k is the thermal conductivity, T is the temperature, c is the heat capacity of the material
and t is time [7]. To understand this equation, it can be helpful to look at a simplified model,
namely the 1-dimensional steady state example, Eq. (2),

q0 0 ¼ �k
dT
dx

¼ k
T1 � T2

L
(2)

where q0 0 is the heat flux transferred within the part. From this representation of the equation,
it can be seen that conduction is simply the material attempting to reach its lowest energy state,
namely constant temperature. Though helpful for understanding, this approach applies to
virtually no actual applications in AM modeling, for this, it is necessary to create a 3-dimen-
sional transient model, shown in Eq. (3) [8].

δ2T
δx2

þ δ2T
δy2

þ δ2T
δz2

¼ rc
k
δT
δt

(3)

With the heat conduction within the part being handled by conduction, the other two phe-
nomena only affect the surfaces of the material and are referred to as boundary conditions. The
first, convection, is like conduction in the fact that utilizes contact to transfer heat from one
object to another. Unlike conduction, which is between solid materials, convection is between a
solid and a liquid, where air can be treated as a fluid. Newton, in 1701, saw that the relation-
ship could be written as Eq. (4),

dT
dt

∝ � T � Tað Þ (4)

where T is the temperature of the material, Ta is the temperature of the fluid (i.e. ambient
temperature), and t is time. The proportionally was later found for various situations and
became known as the heat transfer coefficient (h) [9].
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The last phenomena is a contact-less heat transfer through radiation. The law of radiation was
first experimentally suggested by Josef Stefan in 1879 and later analytically shown by Ludwig
Boltzmann in 1884, together these men derived the Stefan-Boltzmann Law, shown in Eq. (5),

q0 0 ¼ εσT4
s (5)

where q0 0 is the heat flux due to radiation, ε is the emissivity of the surface, and σ is the Stefan-
Boltzmann constant [10]. In order to implement these into a model, the process of conduction
must be applied to the entirety of the material, whereas, the convection and radiation must
only be applied to the skin as boundary conditions to ensure that the part cools properly based
on the environment where it is located.

As can be seen from these equations, there are only five material properties, outline in Table 1,
that are needed in order properly model the thermal history of an AM process. Most of these
values must be found experimentally and therefore can be found in several locations including
literature, material handbooks, and supplied by material vendors.

2.2. Validation techniques

Once the mathematical models have been developed it is necessary to show that they are a true
representation of reality. For thermal modeling in AM, this has been done through two main
methods, direct measurement of temperature with an instrument or by measuring a more
easily attained physical characteristic and relating that to the temperature. As can be seen from
a representative set of papers in Table 2, more effort has been placed on using an instrument to
validate the model as opposed to measuring another characteristic. This is due to the fact that
the physical characteristic comparison relies on the correctness of all models that are involved
and does not have a one to one correlation between the material temperature and the model.
Each of these techniques has a unique set of applications, strengths and concerns.

Thermal conductivity (W=mK)

Specific heat (J=kgK)

Density (kg=m3)

Convective coefficient (W=m2K)

Emissivity

Table 1. Material properties required for thermal modeling.

Instrument validated Physical Char. validated

IR/CCD camera [11–14] Melt pool depth [15–17]

Pyrometer [18, 19]

Thermal couple [19–21]

Table 2. Breakdown of validation techniques.
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The first physical phenomenon to be discussed is conduction. The heat conduction equation
(or the heat diffusion equation) was first proposed by Jean Baptiste Joseph Fourier in 1807,
resulting in it being one of the most mature modeling methods in AM. The full representation,
in modern notation, can be seen in Eq. (1),

∇ � k∇T ¼ c
δT
δt

(1)

where k is the thermal conductivity, T is the temperature, c is the heat capacity of the material
and t is time [7]. To understand this equation, it can be helpful to look at a simplified model,
namely the 1-dimensional steady state example, Eq. (2),

q0 0 ¼ �k
dT
dx

¼ k
T1 � T2

L
(2)

where q0 0 is the heat flux transferred within the part. From this representation of the equation,
it can be seen that conduction is simply the material attempting to reach its lowest energy state,
namely constant temperature. Though helpful for understanding, this approach applies to
virtually no actual applications in AM modeling, for this, it is necessary to create a 3-dimen-
sional transient model, shown in Eq. (3) [8].

δ2T
δx2

þ δ2T
δy2

þ δ2T
δz2

¼ rc
k
δT
δt

(3)

With the heat conduction within the part being handled by conduction, the other two phe-
nomena only affect the surfaces of the material and are referred to as boundary conditions. The
first, convection, is like conduction in the fact that utilizes contact to transfer heat from one
object to another. Unlike conduction, which is between solid materials, convection is between a
solid and a liquid, where air can be treated as a fluid. Newton, in 1701, saw that the relation-
ship could be written as Eq. (4),

dT
dt

∝ � T � Tað Þ (4)

where T is the temperature of the material, Ta is the temperature of the fluid (i.e. ambient
temperature), and t is time. The proportionally was later found for various situations and
became known as the heat transfer coefficient (h) [9].
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The last phenomena is a contact-less heat transfer through radiation. The law of radiation was
first experimentally suggested by Josef Stefan in 1879 and later analytically shown by Ludwig
Boltzmann in 1884, together these men derived the Stefan-Boltzmann Law, shown in Eq. (5),

q0 0 ¼ εσT4
s (5)

where q0 0 is the heat flux due to radiation, ε is the emissivity of the surface, and σ is the Stefan-
Boltzmann constant [10]. In order to implement these into a model, the process of conduction
must be applied to the entirety of the material, whereas, the convection and radiation must
only be applied to the skin as boundary conditions to ensure that the part cools properly based
on the environment where it is located.

As can be seen from these equations, there are only five material properties, outline in Table 1,
that are needed in order properly model the thermal history of an AM process. Most of these
values must be found experimentally and therefore can be found in several locations including
literature, material handbooks, and supplied by material vendors.

2.2. Validation techniques

Once the mathematical models have been developed it is necessary to show that they are a true
representation of reality. For thermal modeling in AM, this has been done through two main
methods, direct measurement of temperature with an instrument or by measuring a more
easily attained physical characteristic and relating that to the temperature. As can be seen from
a representative set of papers in Table 2, more effort has been placed on using an instrument to
validate the model as opposed to measuring another characteristic. This is due to the fact that
the physical characteristic comparison relies on the correctness of all models that are involved
and does not have a one to one correlation between the material temperature and the model.
Each of these techniques has a unique set of applications, strengths and concerns.

Thermal conductivity (W=mK)

Specific heat (J=kgK)

Density (kg=m3)

Convective coefficient (W=m2K)

Emissivity

Table 1. Material properties required for thermal modeling.

Instrument validated Physical Char. validated

IR/CCD camera [11–14] Melt pool depth [15–17]

Pyrometer [18, 19]

Thermal couple [19–21]

Table 2. Breakdown of validation techniques.
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The use of a camera, be it IR or CCD, is a very appealing technique for many researchers for
several reasons. The first key feature is that a camera is a non-contact measurement. This has
several implications, namely, the application to all methods of metal AM developed to date
and ability to be used in-situ. Since temperature is time and spatially dependent in nature, in
order to accurately measure the temperature of a material both are critical, which in a camera
is related to its frame rate and resolution. Researchers have reported frame rates of 800 frames/
sec [11] and resolutions of 0.1 � 0.1 mm [12]. Though a powerful tool, cameras are not without
their faults. One fault, related to the frame rate, is that a camera measures the average temper-
ature of the skin during the time the shutter is open. This means that any extremely abrupt
changes in the temperature can be smoothed by the camera. This problem only materializes
when a pulsed laser is used, which has a different interaction with the material that includes an
extremely fast and short spike in temperature [22]. The most critical consideration, however, is
that cameras are highly sensitive to distance and angle to the substrate [23]. It is critical to
ensure that both of these are controlled to ensure that an accurate measurement is made.

The next instrument used, a pyrometer, is less accurate than the camera but is simple which
has allowed for it to be used as a feedback sensor where a mathematical model allows for the
estimation of the expected sensor reading. A pyrometer is a non-contact spot instrument that is
capable of measuring the average temperature of an area of the material. It measures the
thermal radiation that is emitted from the area of the material where it is aimed. From Planck’s
radiation law and knowing the spectral distribution of the blackbody emissive power it is
possible to derive Eq. (6) that is the effective temperature a pyrometer reads, assuming a
Gaussian laser and a 1 mm radius for the pyrometer,

Teff ¼ hc

λσ ln 1þ n=
Pn

i¼1 e
hc

λσTi � 1
� ��1

� � (6)

where h is Planck’s constant, c is the speed of light, λ is the wavelength of the emitted
radiation, σ is Stefan-Boltzmann constant, n is the number of small sampling areas within the
pyrometer viewing area, and Ti is surface temperature within the small n areas [24]. This
equation can then be included in a mathematical model to simulate the effect of a feedback
system, which will give a much more accurate simulation.

The last instrument used for validation is a thermocouple, which is a contact spot measure-
ment of the temperature. Thermocouples are limited to DED application because they must be
fixed to the material. It also can not be used close to the melt pool or it will become detached
and give inaccurate results. Lastly, it only is able to measure the average temperature of a
specific location of the material, similar to the pyrometer. However, unlike the pyrometer that
can be moved to follow the melt pool, thermocouples are fixed. This results in needing an
array of thermocouples in order to garner a full understanding of the heat distribution within
the material. For these reasons, thermocouples are typically used as a secondary validation.

The final validation technique is to use a more readily measured physical characteristic,
namely melted track size, to show the correctness of the modeling approach. This method
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takes either a laser heating of the substrate or a single layer build and compares the results
with the simulations findings. This is possible since the melting temperature of the material is
known, therefore, the region of the simulation that reached a higher temperature can be
flagged for analysis when the simulation is complete. The experiment is then sliced and the
width and depth of the melted region are measured and then compared to the simulation. This
method of validation is preferred by some due to the lack of needing any special equipment.
However, the methods rely on the correctness of the fluid motion model, discussed in Section
3, and the thermal model previously discussed. This can lead to false rejection or validation of
the model due to outside variables.

3. Fluid motion modeling

Fluid modeling can be done in either the Eulerian domain or the Lagrangian domain. If the
Eulerian domain is used the Volume of Fluid (VOF) technique is implemented. However, if a
Lagrangian domain is used then either a Smoothed Particle Hydrodynamics (SPH) or Position
Based Dynamics (PBD) can be implemented.

3.1. Volume of fluid

VOF is a method that is based on a Eulerian domain and tracks the amount of fluid that is
within a specific region as a percentage of a fully dense region. In this method, the region being
investigated is broken down into a mesh, like all Eulerian domain problems. Each mesh grid is
then given an F value based on the amount of fluid that is within the cell. This F value denotes
the percentage of the cell that is occupied by fluid; therefore, a value of 1 represents a cell that
is full of fluid, a value of 0.5 represents a cell that is half full of fluid, and a value of 0 represents
a cell that contains no fluid.

The definition of the F term allows for the fluid boundary to be readily determined by finding
all cells with an F value between, but not equaling, 0 and 1. Calculating the gradient of F
within the domain also allows for the normal of the fluid surface to be defined as the direction
of most rapid change. It is possible to step the F value through time with Eq. (7).

δF
δt

þ u
δF
δx

þ v
δF
δy

¼ 0 (7)

This is coupled with the Navier–Stokes equations, Eq. (8) and Eq. (9), and the continuity
equation, Eq. (10), to find the motion that the fluid endures [25],

δ ruð Þ
δt

þ δ ru2
� �
δx

þ δ ruvð Þ
δy

¼ � δp
δx

þ gx þ ν
δ2u
δx2

þ δ2u
δy2

þ ξ
1
x
δu
δx

� u
x

� �� �
(8)

δ rvð Þ
δt

þ δ rvuð Þ
δx

þ δ rv2
� �
δy

¼ � δp
δy

þ gy þ ν
δ2v
δx2

þ δ2v
δy2

þ ξ
x
δv
δx

� �
(9)
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The use of a camera, be it IR or CCD, is a very appealing technique for many researchers for
several reasons. The first key feature is that a camera is a non-contact measurement. This has
several implications, namely, the application to all methods of metal AM developed to date
and ability to be used in-situ. Since temperature is time and spatially dependent in nature, in
order to accurately measure the temperature of a material both are critical, which in a camera
is related to its frame rate and resolution. Researchers have reported frame rates of 800 frames/
sec [11] and resolutions of 0.1 � 0.1 mm [12]. Though a powerful tool, cameras are not without
their faults. One fault, related to the frame rate, is that a camera measures the average temper-
ature of the skin during the time the shutter is open. This means that any extremely abrupt
changes in the temperature can be smoothed by the camera. This problem only materializes
when a pulsed laser is used, which has a different interaction with the material that includes an
extremely fast and short spike in temperature [22]. The most critical consideration, however, is
that cameras are highly sensitive to distance and angle to the substrate [23]. It is critical to
ensure that both of these are controlled to ensure that an accurate measurement is made.

The next instrument used, a pyrometer, is less accurate than the camera but is simple which
has allowed for it to be used as a feedback sensor where a mathematical model allows for the
estimation of the expected sensor reading. A pyrometer is a non-contact spot instrument that is
capable of measuring the average temperature of an area of the material. It measures the
thermal radiation that is emitted from the area of the material where it is aimed. From Planck’s
radiation law and knowing the spectral distribution of the blackbody emissive power it is
possible to derive Eq. (6) that is the effective temperature a pyrometer reads, assuming a
Gaussian laser and a 1 mm radius for the pyrometer,

Teff ¼ hc

λσ ln 1þ n=
Pn

i¼1 e
hc

λσTi � 1
� ��1

� � (6)

where h is Planck’s constant, c is the speed of light, λ is the wavelength of the emitted
radiation, σ is Stefan-Boltzmann constant, n is the number of small sampling areas within the
pyrometer viewing area, and Ti is surface temperature within the small n areas [24]. This
equation can then be included in a mathematical model to simulate the effect of a feedback
system, which will give a much more accurate simulation.

The last instrument used for validation is a thermocouple, which is a contact spot measure-
ment of the temperature. Thermocouples are limited to DED application because they must be
fixed to the material. It also can not be used close to the melt pool or it will become detached
and give inaccurate results. Lastly, it only is able to measure the average temperature of a
specific location of the material, similar to the pyrometer. However, unlike the pyrometer that
can be moved to follow the melt pool, thermocouples are fixed. This results in needing an
array of thermocouples in order to garner a full understanding of the heat distribution within
the material. For these reasons, thermocouples are typically used as a secondary validation.

The final validation technique is to use a more readily measured physical characteristic,
namely melted track size, to show the correctness of the modeling approach. This method
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takes either a laser heating of the substrate or a single layer build and compares the results
with the simulations findings. This is possible since the melting temperature of the material is
known, therefore, the region of the simulation that reached a higher temperature can be
flagged for analysis when the simulation is complete. The experiment is then sliced and the
width and depth of the melted region are measured and then compared to the simulation. This
method of validation is preferred by some due to the lack of needing any special equipment.
However, the methods rely on the correctness of the fluid motion model, discussed in Section
3, and the thermal model previously discussed. This can lead to false rejection or validation of
the model due to outside variables.

3. Fluid motion modeling

Fluid modeling can be done in either the Eulerian domain or the Lagrangian domain. If the
Eulerian domain is used the Volume of Fluid (VOF) technique is implemented. However, if a
Lagrangian domain is used then either a Smoothed Particle Hydrodynamics (SPH) or Position
Based Dynamics (PBD) can be implemented.

3.1. Volume of fluid

VOF is a method that is based on a Eulerian domain and tracks the amount of fluid that is
within a specific region as a percentage of a fully dense region. In this method, the region being
investigated is broken down into a mesh, like all Eulerian domain problems. Each mesh grid is
then given an F value based on the amount of fluid that is within the cell. This F value denotes
the percentage of the cell that is occupied by fluid; therefore, a value of 1 represents a cell that
is full of fluid, a value of 0.5 represents a cell that is half full of fluid, and a value of 0 represents
a cell that contains no fluid.

The definition of the F term allows for the fluid boundary to be readily determined by finding
all cells with an F value between, but not equaling, 0 and 1. Calculating the gradient of F
within the domain also allows for the normal of the fluid surface to be defined as the direction
of most rapid change. It is possible to step the F value through time with Eq. (7).

δF
δt

þ u
δF
δx

þ v
δF
δy

¼ 0 (7)

This is coupled with the Navier–Stokes equations, Eq. (8) and Eq. (9), and the continuity
equation, Eq. (10), to find the motion that the fluid endures [25],
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1
c2
δp
δt

þ δu
δx

þ δv
δy

þ ξu
x

¼ 0 (10)

where u; vð Þ is the velocity in the x; yð Þ directions for Cartesian coordinate system or r; zð Þ
directions for cylindrical coordinate systems, r is the density, ξ is a coordinate specific variable

0 for Cartesian and 1 for cylindrical, gx; gy
� �

is the body acceleration, ν is the kinematic

viscosity, p is the pressure, t is time, and c is the adiabatic speed of sound in the fluid.

In order to step through time, the following steps must be followed:

1. Compute the first guess of the new velocities with explicit approximations of Eq. (8) and
Eq. (9) using previous time step values as the boundary conditions.

2. Adjust the pressure in each cell to satisfy Eq. (10) and change velocities of adjacent cells
accordingly. Iterate until pressures and velocities are found such that all equations are
balanced.

3. Update F with Eq. (7) from the solved values

In order to model with the VOF techniques, the material properties outlined in Table 3 need to
be known. Similar to heat transfer material properties, these properties must be found exper-
imentally and can be found throughout literature and material properties handbooks.

Though a mature and robust method, one of the main disadvantages of this method is its
reliance on a Eulerian domain. This results in the fluid mass in a cell containing a free surface
being represented by a floating point number. In a computer system, the precision is limited,
which will lead to round off errors. In a technique as VOF, this can lead to loss or creation of
mass based on the rounding of these numbers. This, in turn, breaks the law of conversation of
mass. Another problem that arises from the use of VOF techniques is that the fluid is only
allowed to move within predetermined space becuase the technique relies on the eularian
domain. Even if some of the fluid physically would move outside this domain, this model will
not allow this resulting in the potential for inaccurate results.

3.2. Smoothed particle hydrodynamics

The SPH method utilizes a Lagrangian domain and approximates the fluid as a set of particles
that are tracked through space. This method is based on the fact that a function f xð Þ can be
written with an integral representation, Eq. (11),

f xð Þ ¼
ð

Ω
f x0ð Þδ x� x0ð Þdx0 (11)

Density (kg=m3)

Kinematic viscosity (Pa:s)

Table 3. Material properties required for VOF fluid modeling.
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where Ω is the domain and δ is a Dirac function. For the SPH technique, it is then necessary to
convert from a continuous function to a discrete function because the fluid is represented by a
set of particles and not a continuous fluid. Additionally, the Dirac function can be replaced
with a weighting function to result in Eq. (12),

f xð Þ ¼
XN

b¼1

f xbð ÞW x� xb; hð ÞΔVb (12)

where b are the neighboring particles, W is the weighting function, and h is the radius of
influence of the weighting kernel.

The weighting function acts as a smoothing function that gives a weight to the influence that
the particles have on each other. This weighting function results in particles that are closer
together having more influence than those that are farther away. The various weighting
kernels have been proposed in literature including Gaussian Kernel Eq. (13), Bell shaped
kernel Eq. (14), or Cubic spline kernel Eq. (15),

W r; hð Þ ¼ αde� r=hð Þ2 (13)
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where r is the distance between the particles begin investigated and αd is a normalizing scalar.

The conservation of mass, Eq. (16), within this system is the first equation that needs to be
written in this approximates form, Eq. (17)

Dr

Dt
¼ u∇r � ∇ ruð Þ (16)

Dra
Dt

¼
XN

b¼1

mbuab∇aWab (17)

Next, conservation of momentum, Eq. (18), must be written in it’s approximate form, Eq. (19).

Du
Dt

¼ � 1
r
∇p (18)

Dua
Dt

¼ �
XN

b¼1

mb
pb
r2b

þ pa
r2a

þΠab

� �
∇aWab þ F (19)
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is the body acceleration, ν is the kinematic

viscosity, p is the pressure, t is time, and c is the adiabatic speed of sound in the fluid.

In order to step through time, the following steps must be followed:

1. Compute the first guess of the new velocities with explicit approximations of Eq. (8) and
Eq. (9) using previous time step values as the boundary conditions.

2. Adjust the pressure in each cell to satisfy Eq. (10) and change velocities of adjacent cells
accordingly. Iterate until pressures and velocities are found such that all equations are
balanced.

3. Update F with Eq. (7) from the solved values

In order to model with the VOF techniques, the material properties outlined in Table 3 need to
be known. Similar to heat transfer material properties, these properties must be found exper-
imentally and can be found throughout literature and material properties handbooks.

Though a mature and robust method, one of the main disadvantages of this method is its
reliance on a Eulerian domain. This results in the fluid mass in a cell containing a free surface
being represented by a floating point number. In a computer system, the precision is limited,
which will lead to round off errors. In a technique as VOF, this can lead to loss or creation of
mass based on the rounding of these numbers. This, in turn, breaks the law of conversation of
mass. Another problem that arises from the use of VOF techniques is that the fluid is only
allowed to move within predetermined space becuase the technique relies on the eularian
domain. Even if some of the fluid physically would move outside this domain, this model will
not allow this resulting in the potential for inaccurate results.

3.2. Smoothed particle hydrodynamics

The SPH method utilizes a Lagrangian domain and approximates the fluid as a set of particles
that are tracked through space. This method is based on the fact that a function f xð Þ can be
written with an integral representation, Eq. (11),
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where Ω is the domain and δ is a Dirac function. For the SPH technique, it is then necessary to
convert from a continuous function to a discrete function because the fluid is represented by a
set of particles and not a continuous fluid. Additionally, the Dirac function can be replaced
with a weighting function to result in Eq. (12),

f xð Þ ¼
XN

b¼1

f xbð ÞW x� xb; hð ÞΔVb (12)

where b are the neighboring particles, W is the weighting function, and h is the radius of
influence of the weighting kernel.

The weighting function acts as a smoothing function that gives a weight to the influence that
the particles have on each other. This weighting function results in particles that are closer
together having more influence than those that are farther away. The various weighting
kernels have been proposed in literature including Gaussian Kernel Eq. (13), Bell shaped
kernel Eq. (14), or Cubic spline kernel Eq. (15),
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where r is the distance between the particles begin investigated and αd is a normalizing scalar.

The conservation of mass, Eq. (16), within this system is the first equation that needs to be
written in this approximates form, Eq. (17)
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Next, conservation of momentum, Eq. (18), must be written in it’s approximate form, Eq. (19).
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where the artificial viscosity Πab is defined by Eq. (20),

Πab ¼
�αcabμab þ βμ2

ab

rab
uab xa � xbð Þ < 0

0 uab xa � xbð Þ ≥ 0

8><
>:

(20)

where cab is the average speed of sound of the particles, rab is the average density of the
particles, and μ is defined in Eq. (21).

μab ¼
huab xa � xbð Þ

xa � xbð Þ2 þ 0:01h2
� �2 (21)

The volume forces, F, is any force that is applied to the entire fluid, such as gravity. One final
equation that is needed is the equation of state, which links the pressure and density, for an
ideal gas it can be defined as Eq. (22) or for a quasi-incompressible fluid it can be defined as
Eq. (23),

p ¼ RT
M

r

r0
� 1

� �
(22)

p ¼ c20r0
r

r0
� 1

� �
(23)

where R is the ideal gas constant, T is the temperature, M molar mass, c0 is the speed of sound
in the material [26].

In order to step through time, the following steps must be followed for each particle:

1. Find all neighbors within smoothing kernel length

2. Solve Momentum Equation by solving for Artificial Viscosity (Eq. (20)) and Equation of
State (Eq. (22) or Eq. (23)) and applying Volume Forces

3. Solve Continuity Equation (Eq. (17))

4. Update r, x, u

Even though it has some very appealing properties, SPH is not without its faults. The main
fault applying to AM modeling is that the SPH technique is very sensitive to density fluctua-
tions resulting from a lack of neighbors. In AM simulation, this problem can arise when a
simulation is beginning to develop a melt pool, when a melt pool is in the end stages of
solidification, or if the energy source is moving so fast that only a small amount of material is
melted. This fluctuation in density can be combated with extremely small time steps, however,
this makes the computation time extremely long [27].
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3.3. Position based dynamics

PBD is also a Lagrangian particle based method, similar to SPH. This method approximates
the domain with particles that are subject to the standard Newtonian forces. These forces are
applied to all of the particles and their position in space is tracked to determine the motion of
the fluids.

In order to solve for the position of the particle sets, several functions must be applied to the
particles. The first function that needs to be defined is the scheme for updating the velocities of
the set of particles. This is done by adjusting the velocities based on any external forces, Eq. (24),

v∗i ¼ vi þ Δtf ext (24)

where v∗i is the new velocity of the particle, vi is the current velocity of the particle, Δt is the
time step, and f ext is the sum of the external forces that are applied to the particle. From this, a
guess is made as to the new positions of the particles, Eq. (25).

x∗i ¼ xi þ Δtvi (25)

Next, it is necessary to define the equations that enforce incompressibility of the fluid. The first
equation is a function of the position (p1…pn) of all of the neighbors, Eq. (26),

Ci p1…pn
� � ¼ ri

r0
� 1 (26)

where r0 is the rest material density and ri is the standard SPH density Eq. (19). Since the
density of the fluid is assumed to be constant, it is possible to find the pressure change each
particle experiences, Eq. (27),

Δp ≈∇C pð Þλ (27)

where λ is a scalar. From this, it is possible to solve for λ, Eq. (28)

λi ¼ � Ci p1…Pn
� �

P
k ∇pkCi
�� ��2 (28)

Once λ is known, it is then possible to determine the change in pressure that each particle
experiences with Eq. (29)

Δpi ¼
1
r0

X
j

λi þ λj
� �

∇W pi � pj; h
� �

(29)

Once the pressure change is known, it is then possible to generate the actual positions (x∗i ) of
the particles with Eq. (30).
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where the artificial viscosity Πab is defined by Eq. (20),

Πab ¼
�αcabμab þ βμ2

ab

rab
uab xa � xbð Þ < 0

0 uab xa � xbð Þ ≥ 0

8><
>:

(20)

where cab is the average speed of sound of the particles, rab is the average density of the
particles, and μ is defined in Eq. (21).

μab ¼
huab xa � xbð Þ

xa � xbð Þ2 þ 0:01h2
� �2 (21)

The volume forces, F, is any force that is applied to the entire fluid, such as gravity. One final
equation that is needed is the equation of state, which links the pressure and density, for an
ideal gas it can be defined as Eq. (22) or for a quasi-incompressible fluid it can be defined as
Eq. (23),

p ¼ RT
M

r

r0
� 1

� �
(22)

p ¼ c20r0
r

r0
� 1

� �
(23)

where R is the ideal gas constant, T is the temperature, M molar mass, c0 is the speed of sound
in the material [26].

In order to step through time, the following steps must be followed for each particle:

1. Find all neighbors within smoothing kernel length

2. Solve Momentum Equation by solving for Artificial Viscosity (Eq. (20)) and Equation of
State (Eq. (22) or Eq. (23)) and applying Volume Forces

3. Solve Continuity Equation (Eq. (17))

4. Update r, x, u

Even though it has some very appealing properties, SPH is not without its faults. The main
fault applying to AM modeling is that the SPH technique is very sensitive to density fluctua-
tions resulting from a lack of neighbors. In AM simulation, this problem can arise when a
simulation is beginning to develop a melt pool, when a melt pool is in the end stages of
solidification, or if the energy source is moving so fast that only a small amount of material is
melted. This fluctuation in density can be combated with extremely small time steps, however,
this makes the computation time extremely long [27].
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3.3. Position based dynamics

PBD is also a Lagrangian particle based method, similar to SPH. This method approximates
the domain with particles that are subject to the standard Newtonian forces. These forces are
applied to all of the particles and their position in space is tracked to determine the motion of
the fluids.

In order to solve for the position of the particle sets, several functions must be applied to the
particles. The first function that needs to be defined is the scheme for updating the velocities of
the set of particles. This is done by adjusting the velocities based on any external forces, Eq. (24),

v∗i ¼ vi þ Δtf ext (24)

where v∗i is the new velocity of the particle, vi is the current velocity of the particle, Δt is the
time step, and f ext is the sum of the external forces that are applied to the particle. From this, a
guess is made as to the new positions of the particles, Eq. (25).

x∗i ¼ xi þ Δtvi (25)

Next, it is necessary to define the equations that enforce incompressibility of the fluid. The first
equation is a function of the position (p1…pn) of all of the neighbors, Eq. (26),

Ci p1…pn
� � ¼ ri

r0
� 1 (26)

where r0 is the rest material density and ri is the standard SPH density Eq. (19). Since the
density of the fluid is assumed to be constant, it is possible to find the pressure change each
particle experiences, Eq. (27),

Δp ≈∇C pð Þλ (27)

where λ is a scalar. From this, it is possible to solve for λ, Eq. (28)

λi ¼ � Ci p1…Pn
� �

P
k ∇pkCi
�� ��2 (28)

Once λ is known, it is then possible to determine the change in pressure that each particle
experiences with Eq. (29)

Δpi ¼
1
r0

X
j

λi þ λj
� �

∇W pi � pj; h
� �

(29)

Once the pressure change is known, it is then possible to generate the actual positions (x∗i ) of
the particles with Eq. (30).
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x∗i ¼ xi þ Δpi (30)

And lastly, with the actual motion of the particles known, it is possible to determine the final
velocity of the particles from Eq. (31).

v∗i ¼
1
Δt

x∗i � xi
� �

(31)

To step through time each of these steps is to be applied to each particle in the simulation
before moving on to the next step [27]:

1. Apply external forces (Eq. (24)) and predict the position (Eq. (25))

2. Find the nearest neighbors

3. Calculate the λi (Eq. (28))

4. Calculate change in pressure (Eq. (29)) and collision detection

5. Update positions (Eq. (30)) and velocities (Eq. (31))

Like SPH, this method is appealing due to its inherent conservation of mass and Lagrangian
representation does not limit the flow to a specific area. However, this technique relies on
arbitrary values to generate an accurate appearing simulation. For this reason, tuning is
needed to develop a set of inputs, as opposed to running an experiment to gather the necessary
material properties.

4. Stress modeling

Once the evolution of heat through the process has been found, it is then possible to take this
data and estimate the stresses and deformations that are the result of the cyclic process.

4.1. Modeling techniques

The total stress that accumulates during an AM process can be written as the sum of the
individual contributors of the strain, Eq. (32),

εij ¼ εEij þ εPij þ εTij þ εΔVij þ εTrPij (32)

where εij is the total strain, εEij is elastic strain (Eq. (33)), εPij is the plastic strain (Eq. (34)), εTij is

thermal strain (Eq. (35)), εΔVij is strain from volumetric dilation strain (Eq. (36)), and εTrPij is the

strain from phase transformation (Eq. (37)).

εEij ¼
1þ ν
E

σij � ν
E
σkkδij (33)
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εPij ¼ bG δF
δσkl

þ δF
δT

T þ
X δF

δXi
Xi

� �
δF
δσij

(34)

εTij ¼ α T � T0ð Þδij (35)

εΔVij ¼ ΔV
3V

ΔX (36)

εTrPij ¼ 5SijΔV
4YV

2� 2Xn � ΔXð ÞΔX (37)

where E is Young’s modulus, ν is Poisson’s ratio, α is the thermal expansion coefficient, Y is the
yield stress of the weaker phase, F is the yield function (Eq. (38)) and G is the hardening
function (Eq. (39)) [28].

F ¼ F σij; εP;κ;T;Xi
� �

(38)

1
bG ¼ � δF

δσPmn

þ δF
δκ

σmn

 !
δF
δσmn

(39)

In order to solve for the stress that is accompanied by the AM process, each of the individual
components of strain need to be solved for and added together. This can be a tedious and
computationally expensive process, based on the parameters in Table 4.

To reduce the simulation time, the inherent strain approach has been developed. In this
method the strains are lumped together, as seen in Eq. (40), to simplify the calculations.

ε∗ ¼ εij � εEij ¼ εPij þ εTij þ εΔVij þ εTrPij (40)

This technique will run a small scale simulation to determine the value of this inherent strain.
These values are then superimposed as needed when the full-scale simulation is being
modeled. This results in a simulation that is orders of magnitude faster than the previously
described technique [29].

4.2. Validation techniques

Once the models have been developed it is necessary to validate the technique. There are
several methods that have been used, which are reported in Table 5.

Young’s modulus

Poisson’s ratio

Thermal expansion coefficient

Yield stress of the weaker phase

Table 4. Material properties required for stress modeling.
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x∗i ¼ xi þ Δpi (30)

And lastly, with the actual motion of the particles known, it is possible to determine the final
velocity of the particles from Eq. (31).

v∗i ¼
1
Δt

x∗i � xi
� �

(31)

To step through time each of these steps is to be applied to each particle in the simulation
before moving on to the next step [27]:

1. Apply external forces (Eq. (24)) and predict the position (Eq. (25))

2. Find the nearest neighbors

3. Calculate the λi (Eq. (28))

4. Calculate change in pressure (Eq. (29)) and collision detection

5. Update positions (Eq. (30)) and velocities (Eq. (31))

Like SPH, this method is appealing due to its inherent conservation of mass and Lagrangian
representation does not limit the flow to a specific area. However, this technique relies on
arbitrary values to generate an accurate appearing simulation. For this reason, tuning is
needed to develop a set of inputs, as opposed to running an experiment to gather the necessary
material properties.

4. Stress modeling

Once the evolution of heat through the process has been found, it is then possible to take this
data and estimate the stresses and deformations that are the result of the cyclic process.

4.1. Modeling techniques

The total stress that accumulates during an AM process can be written as the sum of the
individual contributors of the strain, Eq. (32),

εij ¼ εEij þ εPij þ εTij þ εΔVij þ εTrPij (32)

where εij is the total strain, εEij is elastic strain (Eq. (33)), εPij is the plastic strain (Eq. (34)), εTij is

thermal strain (Eq. (35)), εΔVij is strain from volumetric dilation strain (Eq. (36)), and εTrPij is the

strain from phase transformation (Eq. (37)).

εEij ¼
1þ ν
E

σij � ν
E
σkkδij (33)
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εTij ¼ α T � T0ð Þδij (35)

εΔVij ¼ ΔV
3V

ΔX (36)

εTrPij ¼ 5SijΔV
4YV

2� 2Xn � ΔXð ÞΔX (37)

where E is Young’s modulus, ν is Poisson’s ratio, α is the thermal expansion coefficient, Y is the
yield stress of the weaker phase, F is the yield function (Eq. (38)) and G is the hardening
function (Eq. (39)) [28].

F ¼ F σij; εP;κ;T;Xi
� �

(38)

1
bG ¼ � δF

δσPmn

þ δF
δκ

σmn

 !
δF
δσmn

(39)

In order to solve for the stress that is accompanied by the AM process, each of the individual
components of strain need to be solved for and added together. This can be a tedious and
computationally expensive process, based on the parameters in Table 4.

To reduce the simulation time, the inherent strain approach has been developed. In this
method the strains are lumped together, as seen in Eq. (40), to simplify the calculations.

ε∗ ¼ εij � εEij ¼ εPij þ εTij þ εΔVij þ εTrPij (40)

This technique will run a small scale simulation to determine the value of this inherent strain.
These values are then superimposed as needed when the full-scale simulation is being
modeled. This results in a simulation that is orders of magnitude faster than the previously
described technique [29].

4.2. Validation techniques

Once the models have been developed it is necessary to validate the technique. There are
several methods that have been used, which are reported in Table 5.

Young’s modulus

Poisson’s ratio

Thermal expansion coefficient

Yield stress of the weaker phase

Table 4. Material properties required for stress modeling.
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The simplest of the methods that have been used is to observe the locations of any cracks that
have developed during the build. The experimental crack locations are then compared to the
simulation to determine if a high stress is predicted. This method is appealing due to the lack
of specialized equipment required. However, the lack of detail results in this method only
being able to be used as a method of qualitative validation and not a precise comparison.

A more precise comparison is needed in order to quantitatively compare the simulation and
the experiment, and this has led to the following techniques. The first technique is to measure
the distortion that occurs within the part during the build process. This has been done with
either a laser displacement sensor or a 3-D scanner. If a laser displacement sensor is to be used
then the substrate must be setup as a cantilever, as in Figure 3, which will allow one end to
move as the material is heated and cools. The fluctuations that are observed in the end of the
substrate are then compared to the simulation to determine the accuracy of the simulation.
Another method of measuring the distortion of the part is to scan the part with a 3-D scanner
after the part has been removed from the fixturing and allowed to flex. Each of these methods
has its advantages and problems. The first is the accuracy of the validation technique. For a
higher accuracy, the laser displacement sensor should be used, and it has been reported to have
an accuracy of�1 μm [21], whereas 3D scanners have reported to have an accuracy of�500 μm
[32]. Coupled with the accuracy is the area that is measured to determine the distortion. The
laser displacement sensor only measures a single spot and tracks that through space and time,
whereas the 3D scanner is capable of capturing the distortion that occurred in a larger section

Presence of cracks [13, 30]

Final part displacement [31, 32, 21]

Digital image correlation (DIC) [33, 34]

Neutron diffraction [35, 20]

X-ray diffraction [36, 37]

Table 5. Frequency of stress analysis techniques.

Figure 3. Experimental setup using laser displacement sensor to measure distortion.

3D Printing102

of the build. An additional advantage that the 3-D scanner has over the laser displacement
sensor is the effect of misalignment of the initial deposit is less when compared to the laser
displacement sensor. However, the 3D scanner cannot be used in-situ and the laser displace-
ment sensor can. These methods allow for a quantitative analysis of the distortion which can
be used to determine the stress within the part.

Another method of tracking the part’s distortion is to use digital image correlation (DIC). This
method uses a camera to observe the part and track any distortion by comparing frames.
Points are selected on the material and tracked through space as shown in Figure 4.

This method will inherently return the distortion that a part undergoes and it then it is possible
to precisely determine any surface level stresses. Measuring the stresses is possible by starting
with a stressed specimen, for example, one that has undergone the deposition process. The
part is then selectively stress relieved to determine the relaxation that the material undergoes.
The relaxation that the material experiences will be directly linked to the stress [33]. This
method is highly appealing because the motion of the material is measured in pixels of the
camera. Because of this, the resolution of this method is limited by only the camera, which can
be increased by using a microscope in conjunction with a camera. The major drawback of this
technique is that it is a destructive method, resulting in it not being an acceptable method for
some applications.

If the exact strain, the displacement of the atoms from their rest positions, is needed then it is
necessary to measure the actual motion of the atoms. This is done using Bragg’s Law and the
scattering of either X-Rays or neutrons. The initial material is placed in an apparatus that
allows for the initial diffraction pattern to be generated. This is the initial location of the atoms
before the thermal processes have been applied to the material. The material is then subjected
to the thermal processes. The material is then placed back into the apparatus and the diffrac-
tion pattern is again measured. This new pattern is the final locations of the atoms. From these
two sets, it is possible to find how far the atoms moved from their base locations, this value is
the strain. This strain value can then be related to the simulation to determine the accuracy of
the simulation [38]. Though an accurate method, the use diffraction patterns are not without its
faults. The first is the access to researchers, it is necessary to have a dedicated setup for
measuring the diffraction, which can make it difficult for some to gain access. Additionally,
this method can only be used at the end of a build and cannot be used to measure in-situ strain.

Figure 4. Schematic of mini-tensile specimen with tracking points for DIC.
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The simplest of the methods that have been used is to observe the locations of any cracks that
have developed during the build. The experimental crack locations are then compared to the
simulation to determine if a high stress is predicted. This method is appealing due to the lack
of specialized equipment required. However, the lack of detail results in this method only
being able to be used as a method of qualitative validation and not a precise comparison.

A more precise comparison is needed in order to quantitatively compare the simulation and
the experiment, and this has led to the following techniques. The first technique is to measure
the distortion that occurs within the part during the build process. This has been done with
either a laser displacement sensor or a 3-D scanner. If a laser displacement sensor is to be used
then the substrate must be setup as a cantilever, as in Figure 3, which will allow one end to
move as the material is heated and cools. The fluctuations that are observed in the end of the
substrate are then compared to the simulation to determine the accuracy of the simulation.
Another method of measuring the distortion of the part is to scan the part with a 3-D scanner
after the part has been removed from the fixturing and allowed to flex. Each of these methods
has its advantages and problems. The first is the accuracy of the validation technique. For a
higher accuracy, the laser displacement sensor should be used, and it has been reported to have
an accuracy of�1 μm [21], whereas 3D scanners have reported to have an accuracy of�500 μm
[32]. Coupled with the accuracy is the area that is measured to determine the distortion. The
laser displacement sensor only measures a single spot and tracks that through space and time,
whereas the 3D scanner is capable of capturing the distortion that occurred in a larger section

Presence of cracks [13, 30]

Final part displacement [31, 32, 21]

Digital image correlation (DIC) [33, 34]

Neutron diffraction [35, 20]

X-ray diffraction [36, 37]

Table 5. Frequency of stress analysis techniques.

Figure 3. Experimental setup using laser displacement sensor to measure distortion.
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of the build. An additional advantage that the 3-D scanner has over the laser displacement
sensor is the effect of misalignment of the initial deposit is less when compared to the laser
displacement sensor. However, the 3D scanner cannot be used in-situ and the laser displace-
ment sensor can. These methods allow for a quantitative analysis of the distortion which can
be used to determine the stress within the part.

Another method of tracking the part’s distortion is to use digital image correlation (DIC). This
method uses a camera to observe the part and track any distortion by comparing frames.
Points are selected on the material and tracked through space as shown in Figure 4.

This method will inherently return the distortion that a part undergoes and it then it is possible
to precisely determine any surface level stresses. Measuring the stresses is possible by starting
with a stressed specimen, for example, one that has undergone the deposition process. The
part is then selectively stress relieved to determine the relaxation that the material undergoes.
The relaxation that the material experiences will be directly linked to the stress [33]. This
method is highly appealing because the motion of the material is measured in pixels of the
camera. Because of this, the resolution of this method is limited by only the camera, which can
be increased by using a microscope in conjunction with a camera. The major drawback of this
technique is that it is a destructive method, resulting in it not being an acceptable method for
some applications.

If the exact strain, the displacement of the atoms from their rest positions, is needed then it is
necessary to measure the actual motion of the atoms. This is done using Bragg’s Law and the
scattering of either X-Rays or neutrons. The initial material is placed in an apparatus that
allows for the initial diffraction pattern to be generated. This is the initial location of the atoms
before the thermal processes have been applied to the material. The material is then subjected
to the thermal processes. The material is then placed back into the apparatus and the diffrac-
tion pattern is again measured. This new pattern is the final locations of the atoms. From these
two sets, it is possible to find how far the atoms moved from their base locations, this value is
the strain. This strain value can then be related to the simulation to determine the accuracy of
the simulation [38]. Though an accurate method, the use diffraction patterns are not without its
faults. The first is the access to researchers, it is necessary to have a dedicated setup for
measuring the diffraction, which can make it difficult for some to gain access. Additionally,
this method can only be used at the end of a build and cannot be used to measure in-situ strain.

Figure 4. Schematic of mini-tensile specimen with tracking points for DIC.
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5. Miscellaneous models

In order to completely model the AM process it can be necessary to include an energy source,
laser or e-beam, and if powders are used it can be necessary to track their position within a
powder bed or blown powder.

5.1. Laser modeling

The most common laser distributions used in metal AM process are top hat, Figure 5b, and
Gaussian, Figure 5a. Just as the material must be divided into the domain, a laser must be
divided into smaller pieces for proper modeling. This is done by dividing the projected area
into segments, which can be thought of as rays from the laser. The flux that is generated within
each of these divisions of the laser is found by taking the integral of the functions over one
division. This was done for the Gaussian laser distribution where Figure 5a was generated by
integrating Eq. (41),

ϕ x; yð Þ ¼ ϕ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� x2

r20
� y2

r20

s
(41)

where ϕ x; yð Þ is the intensity as a specific x; yð Þ location, ϕ0 is the initial laser power, and r0 is
the laser radius [19]. The top hat beam, Figure 5b, is much easier to model. In this model, the
laser power is simply divided by the number of divisions that can be placed within the laser
boundaries. The heat flux that is found is then applied to a specific location of the domain
based on the current laser location. These intensities are then multiplied by α, the material
absorptivity, to determine the actual amount of energy that is absorbed by the material. This
process can be applied to any distribution that can be imagined.

There are two methods of applying the laser. The first is to define the surface and apply the
flux directly to this region of the material and not attempting to determine if there is anything
blocking the laser projection. The other, and more realistic method, is to perform ray tracing
and apply the heat flux to the first location that is struck by the ray. Both method work but ray
tracing is preferred for the sake of reality but can be costly to compute.

Figure 5. Example of heat flux from example distributions.
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5.2. E-beam modeling

The other choice of a heat source for metal AM is an electron beam. Typically an electron beam
is modeled as a Gaussian heat source, just as the previously mentioned laser. However, an
electron beam will also penetrate the surface heating the material for a given depth. The
intensity in the z-direction can be expressed as Eq. (42).

ϕz ¼
1

0:75
�2:25

z
S

� �2
þ 1:5

z
S
þ 0:75

� �
(42)

The xy and z intensities can then be combined to determine the heat flux, as shown in Eq. (43),

_Q x; y; zð Þ ¼ �ηbηePB
ϕxyϕz

S
¼ �ηbηePB

4ln 0:1ð Þ
πd2bS

e
4ln 0:1ð Þ x2þy2ð Þ

d2
b �3
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� �2
� 2

z
S
þ 1

� �
(43)

where ηb is the beam control efficiency, ηe is the energy conservation at the part surface, PB is
the beam power, S is the absolute penetration depth, and db beam diameter [39].

5.3. Powder bed and blown powder models

The last element of the metal AM process that is typically necessary is the addition of material.
In the wire feed DED process this is done by modeling the wire as a solid material, just as the
substrate, and treating it in a similar fashion. When using either a powder bed or blown
powder, this is not possible. Due to the stochastic nature of the powders, it can be challenging
to model their behavior. When modeling the powder bed setup, there are two prevailing
methods that have been used: discrete element method (DEM) and geometric methods.

The DEM technique tracks the powder particles on an individual basis to determine their final
position in the build volume. This simulation technique typically begins by dropping particles
(the blue particles in Figure 6a), or sets of particles, from a random x and y position but a
designated height in the domain. From there, the particles position and velocity (the red
vectors in Figure 6a) are tracked as the particle is subjected to the major forces of gravity,
contact, and friction. In some cases, smaller interaction forces, such as Van der Waal forces [40]
or JKR interaction forces [41], are added to increase the accuracy of the simulation. The
particles are allowed settle to their resting point (the green particles in Figure 6a) and more
particles are added as needed to the simulation. This technique is very appealing to the simula-
tion powder spreading in powder bed AM due to the ease of adding a powder spreader to the
simulation without much additional effort. This results in the ability to simulation the entire
process from the layering of the powder to laser interaction to melting and solidification [42].

The geometric method is not as realistic for powder bed process but is computationally only a
small fraction of the DEM technique. In this technique, the area to be filled is analyzed without
regard to how the powder would flow. The first geometric method is referred to as the
compression algorithm. In this technique, the particles are randomly spaced within the
domain. The particles are then moved in the direction of compression, typically the direction
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5. Miscellaneous models

In order to completely model the AM process it can be necessary to include an energy source,
laser or e-beam, and if powders are used it can be necessary to track their position within a
powder bed or blown powder.

5.1. Laser modeling

The most common laser distributions used in metal AM process are top hat, Figure 5b, and
Gaussian, Figure 5a. Just as the material must be divided into the domain, a laser must be
divided into smaller pieces for proper modeling. This is done by dividing the projected area
into segments, which can be thought of as rays from the laser. The flux that is generated within
each of these divisions of the laser is found by taking the integral of the functions over one
division. This was done for the Gaussian laser distribution where Figure 5a was generated by
integrating Eq. (41),

ϕ x; yð Þ ¼ ϕ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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(41)

where ϕ x; yð Þ is the intensity as a specific x; yð Þ location, ϕ0 is the initial laser power, and r0 is
the laser radius [19]. The top hat beam, Figure 5b, is much easier to model. In this model, the
laser power is simply divided by the number of divisions that can be placed within the laser
boundaries. The heat flux that is found is then applied to a specific location of the domain
based on the current laser location. These intensities are then multiplied by α, the material
absorptivity, to determine the actual amount of energy that is absorbed by the material. This
process can be applied to any distribution that can be imagined.

There are two methods of applying the laser. The first is to define the surface and apply the
flux directly to this region of the material and not attempting to determine if there is anything
blocking the laser projection. The other, and more realistic method, is to perform ray tracing
and apply the heat flux to the first location that is struck by the ray. Both method work but ray
tracing is preferred for the sake of reality but can be costly to compute.

Figure 5. Example of heat flux from example distributions.
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5.2. E-beam modeling

The other choice of a heat source for metal AM is an electron beam. Typically an electron beam
is modeled as a Gaussian heat source, just as the previously mentioned laser. However, an
electron beam will also penetrate the surface heating the material for a given depth. The
intensity in the z-direction can be expressed as Eq. (42).
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The xy and z intensities can then be combined to determine the heat flux, as shown in Eq. (43),
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where ηb is the beam control efficiency, ηe is the energy conservation at the part surface, PB is
the beam power, S is the absolute penetration depth, and db beam diameter [39].

5.3. Powder bed and blown powder models

The last element of the metal AM process that is typically necessary is the addition of material.
In the wire feed DED process this is done by modeling the wire as a solid material, just as the
substrate, and treating it in a similar fashion. When using either a powder bed or blown
powder, this is not possible. Due to the stochastic nature of the powders, it can be challenging
to model their behavior. When modeling the powder bed setup, there are two prevailing
methods that have been used: discrete element method (DEM) and geometric methods.

The DEM technique tracks the powder particles on an individual basis to determine their final
position in the build volume. This simulation technique typically begins by dropping particles
(the blue particles in Figure 6a), or sets of particles, from a random x and y position but a
designated height in the domain. From there, the particles position and velocity (the red
vectors in Figure 6a) are tracked as the particle is subjected to the major forces of gravity,
contact, and friction. In some cases, smaller interaction forces, such as Van der Waal forces [40]
or JKR interaction forces [41], are added to increase the accuracy of the simulation. The
particles are allowed settle to their resting point (the green particles in Figure 6a) and more
particles are added as needed to the simulation. This technique is very appealing to the simula-
tion powder spreading in powder bed AM due to the ease of adding a powder spreader to the
simulation without much additional effort. This results in the ability to simulation the entire
process from the layering of the powder to laser interaction to melting and solidification [42].

The geometric method is not as realistic for powder bed process but is computationally only a
small fraction of the DEM technique. In this technique, the area to be filled is analyzed without
regard to how the powder would flow. The first geometric method is referred to as the
compression algorithm. In this technique, the particles are randomly spaced within the
domain. The particles are then moved in the direction of compression, typically the direction
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of gravity, by the shortest distance that results in a collision of particles. This compressing is
repeated until the potential energy is below a user-defined tolerance. The particles are then
“shaken”, or moved laterally, and the process is repeated. The build volume is then refilled
with more particles and the process is repeated until the volume is full [43]. Another geometric
method, displayed in Figure 6b, focuses on a tetrahedral mesh. In this method, the build
volume is meshed and particles are placed on the nodes and edges based on a set of rules.
This allows for an efficient filling of the space that has a packing density approximately
matching reality [44].

Each of these methods can be used to simulate the powder bed process, however, the selection
can be based on a couple of main factors. If speed is required then a geometric approach
should be used. This approach takes on the order of seconds for a full simulation whereas the
DEM approach will take hours to days to simulation an identical setup. If physical accuracy is
needed then it necessary to use the DEM approach. This is because it tracks the powder
particles through time and space. They are subjected to the forces of nature that result in a
realistic simulation, whereas the geometric approach is simply a packing problem where the
particles are placed where they can fit. This can result in packing densities that are not
representatives of natural occurrences.

Modeling of the blown powder DED has only been done with the DEM approach previously
discussed. To apply the DEM to blown powder, the nozzle must be modeled as a boundary
condition and the particles should be fed through the feed system and tracked to determine
when and where they strike the melt pool.

6. Conclusion

In order to mathematically model the AM process, it is necessary to couple several distinct
mathematical models. The necessary models are thermal, fluids modeling and energy input

Figure 6. Powder bed modeling techniques.
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modeling. Other models that can be included, based on the user’s desires, are stress, micro-
structure, surface finish, and more attributes.

Some examples where this have been done are:

1. Fan and Liou [45] model heat transfer and fluid flow dynamics (VOF) for a blown powder
DED AM method with a laser for Ti-64

2. Kumar et al. [46] model heat transfer and fluid flow dynamics (SPH) for a wire feed DED
AM method with a laser for Ti-64

3. Lee and Zhang [47] model powder bed generation (DEM), heat transfer, fluid flow (VOF)
and microstructure for powder bed AM with Nickel-based super-alloys
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Abstract

3D printing techniques are increasingly used in engineering science, allowing the use of 
computer aided design (CAD) to rapidly and inexpensively create prototypes and com-
ponents. There is also growing interest in the application of these techniques in a clinical 
context for the creation of anatomically accurate 3D printed models from medical images 
for therapy planning, research, training and teaching applications. However, the tech-
niques and tools available to create 3D models of anatomical structures typically require 
specialist knowledge in image processing and mesh manipulation to achieve. In this book 
chapter we describe the advantages of 3D printing for patient education, healthcare pro-
fessional education, interventional planning and implant development. We also describe 
how to use medical image data to segment volumes of interest, refine and prepare for 
3D printing. We will use a lung as an example. The information in this section will allow 
anyone to create own 3D printed models from medical image data. This knowledge will 
be of use to anyone with little or no previous experience in medical image processing 
who have identified a potential application for 3D printing in a medical context, or those 
with a more general interest in the techniques.
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Figure 2. Outline of the workflow from medical images acquisition to application of 3D printed models.

1. Introduction

Within recent years there has been exponential growth in healthcare related 3D printing 
research (as shown in Figure 1). This growth is translating into clinical practice as accessibil-
ity to 3D printers increases. One of the drivers for the growth 3D printing within healthcare 
is a trend towards development of ‘personalised’ medicine. Personalised medicine is “a move 
away from a ‘one size fits all’ approach to the treatment and care of patients with a particular 
condition, to one which uses new approaches to better manage patients’ health and target 
therapies to achieve the best outcomes” [1]. 3D printing has been shown to be useful for: 
patient education [2–4] education for healthcare professionals [5], procedure planning [6, 7] 
and prosthesis / implant production [8] and is set to be promising in the areas of regenerative 
medicine and tissue engineering. Before we describe each above-mentioned section, we will 
highlight the workflow from medical images acquisition to application (see Figure 2).

Figure 1. Chart demonstrating the number of citations in PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) per annum 
from 2000 to 2017 in PubMed using the search terms ‘3D printing’, ‘3D printing surgery’, ‘3D printing medicine’, ‘3D 
printing radiology’.
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2. Workflow

The use of products derived from 3D mesh models and computer aided design (CAD) tech-
niques in healthcare is rapidly growing. Applications include: planning surgical procedures for 
hepatic & renal cancer resection; innovative cardiac and vascular device testing for paediatric and 
adult populations; visualisation of complex head and neck anatomy for neurosurgeons; practic-
ing procedures ex vivo; training models and educating clinicians and patients [9–13]. Models 
of heart [2], renal collecting system [14], kidney [15] and brain [16, 17] have been previously 
developed. Model production requires knowledge of how to segment the region of interest from 
medical image data, manipulate the resulting 3D model and prepare stereolithographic (.stl) files 
for 3D printing.

In this section we present a pipeline that converts medical images of body structures to 
3D print models. Particularly, we discuss how to load and manipulate 3D medical image 
data, use simple processing tools to extract volumes and structures from the images, export 
those volumes into 3D printing software where they can refine and repair their models. We 
demonstrate our streamlined processing pipeline on 3D printed model of a lung, which was 
fabricated using filament deposition-modelling additive printing technique. This model was 
segmented from medical data using the freely available segmentation software Slicer.

This section will be of interest to students and professionals from medical biomedical and 
engineering backgrounds that wish to learn basic image processing and volume extraction 
techniques. The materials will make it possible to develop 3D models from medical images, 
which can be used as a learning aid to help visualise anatomy. As shown in Figure 2 the pro-
cess starts with a 3D medical image, from which a structure will be extracted. The particular 
nature of the image will inform how it is processed.

2.1. Imaging

The nature of the imaging data depends on the specific imaging technology and the region of 
interest being imaged (see Table 1). Image resolution can vary between 0.1 and 8 mm, while 
image intensity can be due to density, light absorption of acoustic impedance. The main medi-
cal data file types are DICOM, NIFTI and MINC. DICOM is a universal image format and 
file sharing protocol, suitable for multiple image modalities and very widely used. It is easy 
to import into most software. NIFTI is a format designed specifically to store neuroimaging 
data. This format is compatible/viewable with several specific software packages. MINC is a 
format used with certain brain imaging software.

2.2. Segmentation

The next stage of the image-processing pipeline is segmentation, which refers to the extraction 
of a specific 3D volume from a set of image data/slices. It is used to locate objects and boundar-
ies in each slice that corresponds to the tissue of interest. As it is done slice by slice, a volumetric 
data is gradually built up. It can be used to create patient specific, highly accurate models of 
organs, tissue and pathology. Many software packages are available [10, 18], here we mention 
only Slicer. The volume can be extracted using basic or advanced segmentation techniques.
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2.2.1. Basic techniques

• Manual segmentation

User identifies boundaries and manually draws around the shapes using a paintbrush tool.

• Thresholding

Pixels are partitioned depending on grayscale value. This effectively converts a grey-scale 
image to a binary image with one intensity representing tissue to be included in the model 
and the other representing that which should be excluded. This is most effective when the 
target tissue is a different intensity to the background.

• Cropping

Restricting the segmentation to a certain volume of space (Figure 3).

2.2.2. Advanced techniques

• Edge based methods—region growing

‘Seeds’ are positioned by the user and grow to fill regions defined by boundaries in the 
image. Works well when regions are well defined for example contrast enhanced medium 
to large arteries. If the data is noisy or edges are not clear, the segmentation may ‘leak’.

• Parametric models—snakes

The algorithm attempts to model the edges by minimising an energy term. This is mini-
mised when the contour is on the object boundary and when the contour is as regular and 
as smooth as possible. It is useful for interpreting incomplete images and is robust to noise, 
but it can be slow to compute.

Table 1. Main imaging modalities, CT-computed tomography, MRI-magnetic resonance imaging, SPECT/PET-single 
photon emission computed tomography/positron emission tomography
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• Expectation maximisation (EM)

The algorithm finds the maximum likelihood of label distribution in a probabilistic man-
ner. This framework is highly complex but can be a powerful tool for modelling the data 
accurately (Figure 4).

2.3. Refinement

Following segmentation of the 3D volume the next stage is refinement, which refers to the 
wide range of techniques used to convert a rough 3D segmentation into a finished, printable 
model. The full range of possible refinement techniques is too large to be described effec-
tively, but key methods include:

• Repairing

Errors and discontinuities can sometimes arise in the segmentation & exporting process, 
which need to be repaired before printing

• Smoothing

Staircasing errors resulting from the resolution of the original medical image can be miti-
gated by smoothing the surface of the mesh model

• Appending

The segmentation will often only be one component of a final model. To convert the model 
into a final, useable form it is often necessary to combine it with other structures to, or 
subtracting volumes from, the mesh.

Figure 3. Examples of basic segmentation tools: (a and b) manual, (c) thresholding, (d and e) cropping.

Figure 4. Advance segmentation tools: (i) region growing, (ii) parametric models—snakes.
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Mesh refinement can be performed using a variety of freely available software, including 
FreeCAD [19], MeshLAB [20], and Blender [21]. In the worked example below, extensive use 
is made of the Meshmixer [22], which is an easy to use mesh viewing and manipulation soft-
ware, with several essential mesh refinement tools.

2.4. 3D printing

There are many different printing techniques, with many more different synonyms. It is 
beyond the scope of this chapter to give a complete description of every printing technique, 
therefore in this section we present a broad overview of current technologies. Almost all 3D 
printing technologies can be categorised into one of three main groups:

1. Extrusion printing

2. Photopolymerisation

3. Powder binding techniques

The first group of 3D printers extrude a material via a print head nozzle. The material is 
molten and deposited on the layer underneath, where it hardens again. The most commonly 
used materials are thermoplastics (polylactic acid (PLA), acrylonitrile butadiene styrene 
(ABS)), which are deposited with a technique called “Filament Deposition Modelling”. Other 
techniques of note are “Wire and Arc Additive Manufacturing” (used for industrial scale 
metal prints), as well as “Material Jetting” (which utilises inkjet print heads). Using these 
techniques, a multitude of materials can be printed, including metal alloys, chocolate, and 
even wood or ceramic composites.

The second group of 3D printers selectively solidifies photopolymers. These are liquid materials 
that harden by exposure to light, typically ultraviolet light delivered via a laser. There are two key 
technologies: “Stereolithography” and “Poly Jetting”. As the name of this group implies, these 
techniques can only print plastics. Another important technique is “digital light processing”, 
which is very similar to Stereolithography, except that it uses a different kind of illumination.

The third group of 3D printers binds granules of the material by gluing or melting them. This 
method offers the widest choice of materials: glass, ceramics, many metals, and plastics. The 
technologies associated with this group are “Binder Jetting” and “Laser Sintering/Melting”. 
More information about 3D printing techniques can be found on Ref. [18].

In order to print any model the file format (typically .stl or .obj) should be transformed into 
a language that the printer can understand (typically .gcode format). Freely available slicing 
software such as “Ultimaker Cura” or “Preform” help to perform this step. It converts the 
geometry of the model into a long series of coordinates, which the printer interprets to con-
trol the movement of an extruder or laser heads. Finally, the support material settings, print 
speed, temperature and other parameters should be optimised before starting to 3D print. 
To better understand this process, a worked example of the development of a lung model is 
described in the next section.
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2.4.1. Working example—Lung

1. Obtain DICOM imaging data (For example, from the Osirix website [23]).

2. Run 3D slicer software (Download and install [24]).

3. Load the DICOM data into the scene (DCM > Import > Select data > Load)

4. The default setting is to have four views of the data. You can scroll through the slices 
using the sliders above each view. For segmentation, it’s easiest to just see one view, so 
select the grey squares icon on the taskbar and set the view to Green slice only

5. Scroll through the slices using the slider at the top of the view. We are going to be seg-
menting the lung on the left hand side of the view (this is actually the right lung). Find the 
slice at which the lung first becomes visible (A: 50.371 mm in the top right corner)

6. Open the segmentation editor (Modules > Segmentation > Editor) and select OK to choose 
the standard colour scheme for the label map.

7. Select the Level Tracing Effect Tool in the ‘Edit Selected Label Map’ toolbox.

8. Use the tool to hover over the slice until the region of interest is outlined and left click to 
label the region.

9. Use the slider or the scroll wheel on your mouse to go to the next slice (A: 50.957 mm) and 
repeat the process – hover over the region of interest until it is outlined correctly, then left 
click to label this region.

10. Repeat on each slice in the volume where the lung is visible (up to A: 211.824 mm), high-
lighting and labelling the lung in each slice. Allow some time for this stage. Ensure that 
this is accurate – the segmentation technique has a tendency to leak or to not highlight 
the entire region. Use the EraseLabel and PaintEffect tools to correct errors of this form by 
removing leaks and filling in holes.

11. Convert the label map on each slice into a 3D volume using the ModelMaker tool. 
(Modules > Surface Models > Model Maker)

12. In the Model Maker module, ensure that the Input Volume is set to have the same name 
as your label. Change the Model Name to ‘lung’ or another suitable name, then select 
Apply to run the module.

13. Export the model as a stereolithography file (.stl). Click File then Save. Your model should 
be listed as a .vtk file (lung.vtk). Ensure that the box next to this file is ticked, the other 
files on the list do not need to be ticked at this point. Change the file format in the drop 
down menu to .stl, and choose a suitable directory where the model can be saved. Click 
Save to export the data.

14. Open Meshmixer, free Mesh refinement software [22].
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15. Import your model (File > Import > Select your model from the directory > Open). You 
should now be able to see your lung model. There will be some errors, which we can fix 
in this refinement stage such as holes, non-manifold surfaces, rough edges etc. Basic com-
mands: middle and left button on the mouse to translate, Alt and left click to rotate, scroll 
using middle button on mouse to zoom in and out.

16. There are a number of filters that can be used to improve the quality of the model. Firstly, 
repair any holes using the inspector tool. (Analysis > Inspector > Auto repair all)

17. Then use the RobustSmooth tool (Sculpt > Brushes > RobustSmooth). You can set the 
strength, size and depth of the brush according to the application. It is best to start with a 
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and printing. (File > Export > Save)

3D printed model of a lung was fabricated by an extruded thermo-plastic polymer printer 
(Ultimaker2; Ultimaker, Chorley, England) using PLA filament material (PolyMax; Polymakr,  
Changshu, China). The Ultimaker printer is a fused deposition modelling (FDM) printer, 
which works by depositing layers of print material from a nozzle, which moves in the hori-
zontal plane, onto a print bed, which moves vertically (Figures 5–12). The Polymax material 
was chosen due to its relatively low cost, availability, and predicted ultrasonic reflective-
ness. The enhanced PLA allows higher build quality and a reduced print failure rate. The 
STL file for a lung model was loaded into the Ultimaker CURA 3D printing software. 
This software allows selection of print options and generates the gcode files used by the 

Figure 5. Steps 3–4: Importing the imaging data.
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Ultimaker printer. Due to the dimensional constraints of the Ultimaker printer, the model 
was printed at 90% size compared to the original CT image. The completed lung print is  
shown in Figure 13.

Figure 6. Steps 5–6: Finding the correct slice and open the segmentation editor.

Figure 7. Step 7: Selecting the level tracing effect tool.

Figure 8. Step 8: Labelling the region of interest.
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Figure 10. Steps 11–12: Creating a 3D volume using ModelMaker tool

Figure 11. Step 15: Importing the model to Meshmixer software.

Figure 9. Steps 9–10: Continue labelling the region of interest.
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3. Applications

The following sections will describe in details the following applications: Patient Education 
(Section 8), Healthcare Professional Education (Section 3), Intervention Planning (Section 4), 
Other Applications: Implants (Section 5.1) and (Tissue Engineering) (Section 5.2).

3.1. Patient education

Guidance from both the American Medical Association [25] and the General Medical Council 
in the UK [26] strongly advocates a collaborative approach by physicians with their patients. 

Figure 12. Steps 16–17: Repair holes and smoothing, step 19 exporting the smoothed model as a .stl file.

Figure 13. Final 3D printed model of a lung painted with acrylic paint.
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It is vital that patients are provided with the relevant knowledge allowing them to engage 
fully in their care and to give their informed consent to treatment [27]. Information that should 
be given includes an explanation of the clinical condition, the proposed procedure including 
the anticipated post-procedural course and its benefits, risks and alternatives [27]. This infor-
mation is usually communicated verbally, sometimes with the aid of diagrams or showing 
patients’ their ‘scan’. However, physicians and surgeons undergo years of training in normal 
human anatomy and pathology to develop an understanding of disease processes. Diseases are 
assessed by increasingly complex imaging modalities such as multi-phase contrast enhanced 
computed tomography and multisequence magnetic resonance imaging. It also takes many 
years to understand the vast amount of information presented in such 2D images and then 
conceptualise them in 3D. Consequently, patients find medical images difficult to interpret 
and do not enhance understanding [2]. Although many patients access additional information 
about their condition on the internet, this information is also often of poor quality [28].

3D printed models are proving a useful aid enhancing patient understanding of their disease. 
In complex diseases, replicas of the area of interest which patients can see and manipulate 
are thought to help understanding of the relative locations of anatomical structures, the spe-
cific areas of abnormality and the degree to which they are abnormal and what a proposed 
treatment (e.g. surgery) would entail [2]. A study of more than 100 parents of children with 
congenital heart disease in which patient-specific 3D printed models of the disease were pro-
duced and used during outpatient consultations found that 3D printed models can enhance 
engagement with parents and improve communication between cardiologists and parents, 
potentially impacting on parent and patient psychological adjustment following treatment 
[29]. A similar study has shown statistically significant improvements in confidence, knowl-
edge and satisfaction amongst adolescents after consultations in which the main features of 
their congenital heart disease was presented using a 3D printed heart model based on their 
medical imaging data [29]. Similar data exists for other organ systems too. For example, a 
study of 7 children and 14 parents found that 3D printed patient specific livers models sig-
nificantly improved parental understanding of basic liver anatomy and physiology, tumour 
characteristics, the planned surgical procedure, and surgical risks [30].

3.2. Healthcare professional education

3D printing is useful for education of healthcare professionals from undergraduate to expert 
level. It has been shown that complex anatomy is better understood from physical 3D models 
than 2D images. 3D printed models of segmental liver anatomy are superior to 3D virtual and 
2D images for teaching anatomy and preparing for surgery [4]. The days of the traditional 
method of teaching surgeons and other interventional physicians known as “See One, Do One, 
Teach One” are gone. This method is no longer ethical or applicable mainly because of concerns 
for patient safety [31]. It has been replaced with competency-based training. Part of this change 
has been adoption of simulation-based education [32]. 3D printing can provide high fidelity 
and realistic models for simulation of procedures. There are numerous reports of 3D print-
ing for simulation. For example, a recent study used box trainers and 3D-printed stomachs to 
assess medical students, general surgery residents, and adult and paediatric general surgeons 
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performing a laparoscopic pyloromyotomy surgical procedure for hypertrophic pyloric steno-
sis, a common neonatal condition. There was a significant improvement in Global Operative 
Assessment of Laparoscopic Skills and Task Specific Assessments. Users felt the model accu-
rately simulated a laparoscopic pyloromyotomy and would be a useful tool for beginners [33].

3.3. Intervention planning

Use of 3D printing is being explored for planning radiological and surgical intervention in 
many body systems. For example, a systematic review of 3D printed kidney models found 
an excellent demonstration of 3D relationships between renal tumours and adjacent ana-
tomical structures and encouraging findings with regards to the role in surgical planning 
[34] Similarly, in the liver a systematic review of 3D printing has found that models have 
served as valuable tools in preoperative planning of surgical or interventional procedures for 
treatment of malignant hepatic tumours [35]. However, there are few quantitative studies and 
further studies with inclusion of more cases are needed [34]. 3D-printed spine models have 
been shown to be useful in preparing for complex spinal surgery. Using 3D-printed spine 
models for preparation has been reported to allow successfully performance of complex en 
bloc resections of primary cervical tumours [36]. In addition to open surgical procedures, 3D 
printing has been reported useful for planning minimally invasive and particularly endovas-
cular interventional radiology procedures. For example; 3D-printed aortic have been used 
for design, planning, and/or optimization of fenestrated stent grafts [37], intracranial arte-
riovenous models have been found to be beneficial for radiosurgery treatment planning [38] 
and 3D printed models have been used to plan embolization aneurysms with challenging 
anatomy in the splenic artery [39] and arteriovenous malformations in the brain [40].

The most common medical application of 3-D printing is surgical guides—patient specific tem-
plates used intraoperatively to guide drilling or cutting. Using a guide specific to the patient has 
been shown to systematically reduce the operation time, as well as improved clinical outcomes 
in orthopaedic and maxillofacial surgery [41]. Another increasingly common methodology is 
the presurgical contouring or shaping of implants using 3D printed anatomical representations, 
as opposed to during the surgery itself [42, 43]. This is of particular interest in maxillofacial 
surgery, where a number of studies have shown reduced surgery time and improved surgi-
cal outcomes [44–46]. Similarly, bespoke 3D printed tools have been applied post surgically, 
through the design of bespoke external fixations for tibial fracture reduction [47].

3.4. Implants

3D printed objects can also be directly implanted into the patient to further take advantage 
of the ability to create bespoke, precise models. Patient specific implants (PSI) and have seen 
increasing interest in recent years, with numerous implants receiving FDA clearance in the 
first half of 2018 alone, in the wake of publication of the FDA guidance on additive manu-
facturing [48]. Biocompatibility is one of the major challenges of these implants, and has the 
devices are often made from materials which have received clinical approval previously, 
namely titanium and polyether ether ketone (PEEK) [41].
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Using custom implants are widely accepted in maxillofacial and dental reconstruction surgery 
[49], in part due to the complexity of the bone and soft tissue reconstructions required. Titanium 
meshes have been used to create support patches to aid the repair of significant skeletal lesions 
[50], and splints for mandibular reconstructions [51–54]. Bespoke implants have helped reduce 
post-operative cosmetic deformities, which are commonly associated with these surgeries [55].

The most common PSI are those created for cranioplasty to restore cranial anatomy either after 
surgery or repair cranial defects, as opposed to the standard treatment of autologous bone. 
Implants constructed out of titanium, PEEK and polymethylmethacrylate (PMMA) have all 
been successfully implemented surgically, and the process is becoming common practice in a 
number of centres [56–58]. Overall a review of custom cranial implants found the all were found 
to accurate and reduce operating room time, with the overwhelming majority demonstrated 
improvement in clinical outcomes, arising from the improved anatomical verisimilitude [41].

Neurosurgery also has the potential to benefit from 3D printing due to complexity of the ana-
tomical considerations, with meticulous planning required due to the associated risks. Therefore 
a reduction of surgery time would be a considerable benefit in these cases [59]. Xu et al. [60] 
fabricated a 3D titanium alloy axial vertebral body that was implanted for upper cervical spinal 
reconstruction following a C2 Ewing sarcoma resection. A bespoke vertebral body has also been 
successfully implanted for reconstruction after removal of a T9 Primary bone tumour [61].

Beyond reconstructing bone and rigid structures, 3D printing methods have been developed 
to create bioresorbable structures, which can be used as temporary stents and splints [62, 63]. 
For example, a bespoke bioresorbable airway splint was successfully implanted into a child 
with tracheobronchomalacia [8, 64].

3.5. Tissue engineering

There are numerous applications for 3D printing technology being developed. A promising 
area for the integration of 3D printing technology is tissue engineering. Tissue engineering is 
set to provide a solution to the unmet demand for tissues and organs for regenerative medi-
cine. This will be achieved using a combination of stem cell, bio-materials, and engineering 
technologies. Experts in this field believe radical improvement to tissue engineering could 
come from 3D printing [8]. One main problems with the synthetic scaffolds currently used is 
the inability to adequately mimic in vivo microarchitecture. Advances in 3D printing technol-
ogy may allow production of scaffolds, which do not suffer from this problem [8].

4. Limitations

While 3D printing in healthcare is becoming more prevalent and technological advancements 
appear promising across a wide spectrum of applications, there are some drawbacks which 
must be taken into consideration. The technology is evolving and long-term evidence for 
the benefit of 3D printing for various applications is unknown. The potential risks of basing 
decisions on or carrying out procedures with poorly executed models (due to errors at any 
stage of the model production pipeline) is yet unknown. Another challenge is the consider-
able time it takes to complete the pre-print component of the pipeline. While surgery is the 
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most complicated and expensive part of the treatment process, the increase in pre-surgical 
time may outweigh some of the costs saved in reducing surgery. Detailed cost effectiveness 
studies, which consider the increase in manufacturing capabilities and pre surgical time, as 
well as the reduction in operation time and improved patient outcomes, are necessary to 
truly evaluate the impact of 3D printing on healthcare costs. Improving the segmentation and 
model design stages of the pipeline will strengthen the case for 3D printing as a cost effective 
healthcare technology and are therefore crucial areas of research. For example, when state-
of-the-art convolutional neural networks for automatic organ segmentation are packaged for 
non-expert users [65] model production time may decrease. A final consideration is the range 
of materials available for 3D printing. Currently materials often lack the ability to mimic both 
the mechanical and imaging (ultrasound, optical, electrical and X-ray) properties of biologi-
cal structures. Tuning the electrical or optical properties during phantom construction has 
been demonstrated in rigid plastic, are not readily transferrable to flexible materials. Further 
the choice between these properties is mutually exclusive, as the additives used control one 
property change the other [66–70]. Multimodal phantoms are an area of active research and 
gel wax which can be tuned to have specific optical and ultrasound imaging properties looks 
to be a promising material [71].

Obtaining regulatory approval has been previously outlined as a significant barrier for the 
widespread implementation of 3D printing technologies in medicine [72]. While these chal-
lenges are still largely in place, the publication of the FDA guidance [48] has shown a clear 
pathway for full regulatory approval with these devices, with over 100 devices having under-
gone pre-market approval.

5. Conclusion

3D printing is permeating nearly every aspect of medicine from education, from before treat-
ment begins in improving education and communication, through to improving surgical plan-
ning and reducing surgery times. As the technology becomes ubiquitous, there is increased 
demand for extracting the relevant anatomy from medical imaging data. This places further 
emphasis on the tools used to automatically create representative geometry and process them 
in a form, which is ready to be printed. There is of course, further emphasis on demonstrat-
ing the reliability of the technologies themselves, to reduce the time taken to produce the 
models, and the level of expertise to use them. The review presented here gives an overview 
of the myriad applications of 3D printing in medicine. The workflow to create the anatomical 
models along with a worked example would be helpful to medical and surgical students who 
need access to anatomical models, and also to students from associated fields who wish to 
gain a hands-on understanding of surgical training and planning.
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Abstract

Three-dimensional (3D) printing has demonstrated its great potential in producing func-
tional scaffolds for biomedical applications. To facilitate tissue regeneration, scaffolds 
need to be designed to provide a suitable environment for cell growth, which generally 
depends on the selection of materials and geometrical features such as internal structures 
and pore size distribution. The mechanical property match with the original tissue to be 
repaired is also critical. In this chapter, the specific request of materials and structure for 
tissue engineering is briefly reviewed, and then an overview of the recent research in 3D 
printing technologies for tissue engineering will be provided, together with a discussion 
of possible future directions in this area.

Keywords: 3D printing, tissue engineering, scaffolds, growth factor, cell culture

1. Introduction

Tissue engineering is a newly developing field of a combination of biology, materials method 
and engineering to develop functional substitutes for damaged tissues [1]. According to the 
broad range of application on cell types, it can be divided into skin, bone, vascular, kidney, 
and liver tissue engineering. After years of powerful progress, a set of novel tissue culture 
[2], replacement [3] and implantation technologies have been developed, allowing fabricating 
artificial extracellular matrices, namely scaffolds, to bear stem cells, growth factors, or other 
biological nutrients aiming at repair of tissue function. Scaffolds are bulk bioactive materials 
with specific porosity and structure to contribute to the formation new tissues for completing 
the medical task. In 2009, first artificial tissue was implanted successfully into a patient who 
suffered from the tracheoesophageal defect [4]. This case confirmed that artificial organs stand 
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a chance to substitute the insufficient supply of standard organ in transplantation, which can 
drastically decrease the demand for living tissue. Now challenges for tissue engineering are 
the requirements for certain special structures, mechanical property, biocompatibility, and 
vascularization of tissues for implantation. In efforts to address these issues, it is important to 
employ an advanced manufacturing technology, which is flexible enough to build the three-
dimensional (3D) structure with complex inside feature.

Reform in materials processing methods arose from the pressing needs for high-performance 
and multi-functional materials for broad applications in energy storage, transportation, light-
weight structures, and biomedical engineering, among which 3D printing are in the high-
est interest by the community of material science research [5–8]. In conventional processing 
methods, waste is cutting off from the raw material by milling, planning or grinding, and thus 
desired structure is obtained by these subtractive methods [9]. On the contrary, 3D printing is 
known as an additive manufacturing method, building the required structure layer by layer, 
or even pixel by pixel. The terminology “3D printing” firstly emerged was used to refer the 
work done at MIT in 1993, modifying a standard inkjet printer to a custom processing equip-
ment [10]. Over last thirty years, a variety of innovative 3D printing technologies have been 
developed, which can be categorized into three groups including powder-based 3D print-
ing, ink-based 3D printing, and polymerization-based printing. In all these cases, the printed 
structure is firstly modeled using a computer-aided design software packages, such as UG, 
CATIA, ProE, or other customized software. Then a ST-format file contained all the model 
information is exported to the 3D printing system to control the moving track of printing 
device and constructing the structure layer by layer.

Early use of 3D printing focused on its raid manufacture process, which is suitable for pilot 
production in lab or factory. Now, 3D printing is one of the most flexible technique enables 
direct manufacturing complex shape with high resolution, as well as processing highly cus-
tomized medical products combined with image reconstitution technique. The advancement 
of 3D printing technologies has provided researchers and doctor’s abundant tools to pro-
mote the functional scaffolds, which meet the strict criterion of tissue engineering. In addi-
tion, broadening choices in materials that can be processed by 3D printing offers researchers 
“recipe” to tune the biology performance of scaffolds. The ideal role of 3D printing in tissue 
engineering is to provide the suitable microenvironment for cells to induce cell proliferation 
and differentiation toward the functional tissue. There are two main modes of 3D printing 
using for tissue engineering currently. One is creating 3D cell-laden scaffolds that the cells are 
contained within the bioink. Another is fabricating molds or scaffolds, which can be cultured 
with cells in-vitro after fabrication [11, 12].

The main objective of this chapter is to provide a comprehensive review of the advanced 
3D printing methods for tissue engineering. This chapter is structured as follows: Section 
2 describes the basic need for tissue engineering. Then, a variety of advanced 3D printing 
methods for tissue engineering are introduced in Section 3. Finally, current issues for 3D 
printing methods applied in tissue engineering and potential investigations in the future are 
discussed.

3D Printing138

2. Key considerations for tissue engineering

To extend the application of 3D printing into the area of tissue engineering, it is a prerequi-
site to have detailed knowledge of the biomaterial that is suitable for tissue engineering and 
can be processed by 3D printing meanwhile. The key questions to be considered for tissue 
engineering are components selection and mechanical features of the scaffold, which are dis-
cussed in the following sections.

2.1. Components consideration for tissue engineering

The choice of materials for tissue engineering makes up a significant portion of influence 
on the performance of scaffolds. Not only do the material properties should be considered, 
but the cellular or tissue response from the specific position should be optimizing. For all of 
these selected materials, nontoxicity is just the basic requirement for printing materials. In 
order to facilitate the cell proliferation while considering the printability from an engineer-
ing perspective, a wide range of factors should be taken into consideration when selecting 
printing materials for a scaffold, such as biocompatibility, bioactivity, biodegradability, and 
non-immunogenicity. A myriad of biomaterials suitable for scaffolds has been developed, 
including polymers, ceramics, metals, and even more are created each year. A range of are 
applied for tissue engineering.

Polymer materials have a long history in the medical industry [13]. Over last 40 years, a vari-
ety of biodegradable polymers have been developed, including synthetic and natural poly-
mer materials. The benefits that synthetic polymers prevail over natural are that synthetic 
polymers can tune their initial mechanical properties and they have an abundant source of 
raw materials. Saturated aliphatic polyesters, such as poly (lactic acid) (PLA), polycaprolac-
tone (PCL), poly (glycolic acid) (PGA), or their copolymers, are most frequently used tissue 
materials, as well as can be used as 3D printing materials [14–16]. Moreover, polymeric com-
posites that doped with reinforcement materials, such as bioactive ceramics or carbon fibers, 
are allowed to be processed by 3D printing [17, 18]. The incorporation of bioactive hard phase 
into polymers not only enhances the mechanical property of scaffolds but also the biological 
performance [19].

Ceramics and bioactive glasses have been widely investigated for replacement and repair 
of hard tissues, such as bone tissue and teeth [20]. Traditional non-degradable bio-ceramics, 
such as alumina and zirconia, have high hardness and resistance to wear, making those excel-
lent candidates in the area of joint replacement. However, their biological inertness limits the 
success of tissue engineering, more or less. Therefore, further efforts made by researchers 
were to find a ceramic with both high mechanical property and bioactivity. It is found that 
synthesized hydroxyapatite has close chemical components to the inorganic phase in human 
bone [21]. When implanted into human body, the development of the interface between 
HA and host tissue involves complex interactions. Solubilization of HA provides adequate 
beneficial ions for forming collagen and new bone tissue. Another material family used for 
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bone regeneration is bioactive glass (45S5) whose main components are silicon dioxide and 
calcium oxide [22]. Both of these biocompatible ceramics and glasses have the ability to form 
a hydroxyl carbonate apatite (HCA) layer, which is thought to be the mechanism for their 
bioactive behavior.

Except for titanium and its alloys [23], which have a high bioactivity and biocompatibility to 
human tissue, not too much progress has been gotten for metals used in tissue engineering 
due to their low biocompatibility. Because of the intrinsic high strength and toughness of 
titanium alloys [24, 25], they are mainly used in the area of bone tissue engineering implants.

2.2. Mechanical features consideration for tissue engineering

Among the many factors need to be considered, mechanical properties of scaffolds should 
be tailored according to the specific site in host tissue. For example, the critical compressive 
strength of scaffolds used for cortical bone tissue is completely different with that for a can-
cellous bone tissue. For the application of segmental bone defects of cortical bone, scaffolds 
require compressive strength comparable to its prototype, ranging from 100 to 150 MPa along 
the axial direction [26, 27]. In contrast, cancellous bone has a comparatively loosen structure, 
which is in the range of 2.5–6.5 MPa [28]. Other mechanical properties, such as elastic stiff-
ness, fracture toughness, and relaxation rate should also be modulated to keep consistent 
with original tissue [29, 30]. Because mechanical property mismatch between scaffolds and 
host tissue may cause stress shielding [31], which eventually results in osteoporosis.

Except for mechanical property, to achieve the goal of tissue reconstruction, scaffolds must 
meet some specific requirement for its architecture and internal structure. It is crucial to have 
interconnected pore within the bulk scaffolds transferring nutrients and oxygen for cell vas-
cularization and proliferation. Considering the tradeoff between printing cost and biological 
performance ideal pore size for scaffolds ranges from 200 to 500 with a porosity between 60 
and 90% [32]. However, it should be kept in mind that large pore size can facilitate cell vascu-
larization [33]. In addition, graded channel structure can significantly promote cell migration 
by a capillary effect [34]. Another relevant factor is surface morphology of scaffolds, which 
affects the cell adhesion, can be modified plasma etching to improve its bioactivity, as well as 
reformed via other deposition methods [35, 36].

3. 3D printing technologies for tissue engineering

A range of 3D printing methods has been developed in the recent years. According to their 
technique characteristic, printing methods are classified into four categories, which are 
reviewed in the following sections, respectively.

3.1. Powder-based 3D printing

Powder-based 3D printing is characterized by using a powder bed to provide raw mate-
rial, and binding powders together by polymer glue or other thermal fusion methods. It is 
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invented in 1993 by MIT, an extra z-axis was introduced into a commercial printer by adding 
a height-adjustable platform, allowing printing 3D structures. In addition, the printer car-
tridge stored binder solution substituting original pigment. When this binder deposited on 
the powder bed, it can glue material together and form the desired shape. After decades of 
development, newer powder-based 3D printing methods, selective laser sintering (SLS), and 
binder jetting (BJ), are all based on this basic concept (Figure 1).

In SLS, particles are locally fused together to form a solid structure by a high-powered laser. 
During the printing process, the motion of laser beam is controlled by a computer-aided plat-
form according to the input computer-aided design (CAD) file. After one layer sintered, a 
scroll will spread a new layer of power on the top of the previous layer, and the cycle repeats 
itself until the whole structure is completed. Unused particles away from heat affect zone can 
recycle after removing the 3D object from the powder bed, which decrease the cost of this 
method. Abundant processing parameter of SLS, for example, particle size, laser power, scan 
speed, and binder fraction, can be used to control the final structure and mechanical property 
of products [38]. Types of biocompatible materials that can be processed by SLS are broaden-
ing recently, from polymers and ceramics to metals. This diversity of material choice makes it 
possible to synthesize artificial organ matching the mechanical property of human tissue from 
different positions. The advantage of SLS method comes from the fact that high resolution of 
the laser beam. The feature size in SLS is decided both by the diameter of the laser beam and 
particle size, ranging from 10 to 500 μm [37, 39]. In addition, unfused powders on powder 
bed act as supporting materials to hold the unconnected part, decreasing minor deformation 
during processing. Furthermore, SLS is a one-step method that post-processing procedure, 
such as thermal treatment or solvent evaporation, is unnecessary when printing ceramics and 
metals. Polymers are the most common materials used in SLS for tissue engineering owing 
to its low synthesizing temperature. As for ceramics and metals, high processing heat may 
deteriorate the cell or drug embedded inside the printing material. For these reasons, drugs 
or growth factors are introduced into SLS printed scaffolds after the printing process [40].

Binder jetting is another powder-based method, which employs liquid binder to glue par-
ticles together forming the desired structure. The printer head uses either a thermal or a 

Figure 1. (a) Schematic of SLS method, (b) process of SLS method, and (c) printed products [37].
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reformed via other deposition methods [35, 36].
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A range of 3D printing methods has been developed in the recent years. According to their 
technique characteristic, printing methods are classified into four categories, which are 
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Powder-based 3D printing is characterized by using a powder bed to provide raw mate-
rial, and binding powders together by polymer glue or other thermal fusion methods. It is 
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tridge stored binder solution substituting original pigment. When this binder deposited on 
the powder bed, it can glue material together and form the desired shape. After decades of 
development, newer powder-based 3D printing methods, selective laser sintering (SLS), and 
binder jetting (BJ), are all based on this basic concept (Figure 1).
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During the printing process, the motion of laser beam is controlled by a computer-aided plat-
form according to the input computer-aided design (CAD) file. After one layer sintered, a 
scroll will spread a new layer of power on the top of the previous layer, and the cycle repeats 
itself until the whole structure is completed. Unused particles away from heat affect zone can 
recycle after removing the 3D object from the powder bed, which decrease the cost of this 
method. Abundant processing parameter of SLS, for example, particle size, laser power, scan 
speed, and binder fraction, can be used to control the final structure and mechanical property 
of products [38]. Types of biocompatible materials that can be processed by SLS are broaden-
ing recently, from polymers and ceramics to metals. This diversity of material choice makes it 
possible to synthesize artificial organ matching the mechanical property of human tissue from 
different positions. The advantage of SLS method comes from the fact that high resolution of 
the laser beam. The feature size in SLS is decided both by the diameter of the laser beam and 
particle size, ranging from 10 to 500 μm [37, 39]. In addition, unfused powders on powder 
bed act as supporting materials to hold the unconnected part, decreasing minor deformation 
during processing. Furthermore, SLS is a one-step method that post-processing procedure, 
such as thermal treatment or solvent evaporation, is unnecessary when printing ceramics and 
metals. Polymers are the most common materials used in SLS for tissue engineering owing 
to its low synthesizing temperature. As for ceramics and metals, high processing heat may 
deteriorate the cell or drug embedded inside the printing material. For these reasons, drugs 
or growth factors are introduced into SLS printed scaffolds after the printing process [40].

Binder jetting is another powder-based method, which employs liquid binder to glue par-
ticles together forming the desired structure. The printer head uses either a thermal or a 
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piezoelectric actuator to deposit binder onto the powder bed. With respect to thermal actua-
tor, a heating element vaporizes fluid to the gas inside of the reservoir, and the increasing 
volume squeeze droplet out of the nozzle. The thermal method has a high-efficiency at low 
cost. However, its accuracy is limited due to the difficulty to control the size of the droplet, 
and residue thermal stress inside the binder may damage the local structure of the printed 
material. In the piezoelectric system, a high-accuracy piezoceramic is employed to generate 
pressure to the fluid reservoir. The shape and volume of the jetting droplet are more uniform 
compared with that in a thermal system.

Choosing suitable materials, including particle and binder, is crucial to both the mechanical 
property and biological property of the printed scaffolds [41]. Biocompatible ceramics and met-
als can be used in the binder jetting, such as hydroxyapatite and titanium dioxide. Particle size is 
a key factor in binder jetting. Finer particles have a smaller pore size distribution in the powder 
bed, which dramatically decrease the drop penetration time. However, Fine particles have higher 
mass transfer velocity, which contributes to the sintering efficiency. Therefore, choosing suitable 
particle size is a trade-off process between processing stage and thermal treatment stage. After 
choosing the appropriate particle materials, binder materials that used to stick particles together 
need to be selected as well. For the application in the medical area, the binder should not leave 
toxic residue when burning out, or it is nontoxic itself. Water-based binder system [42] (a water 
solution of an acrylic polymer) and water-soluble binder system [43] (polyvinyl acetate (PVA) or 
polyethylene glycol (PEG)) are two kinds of binder commonly used in ceramic casting as well as 
binder jetting. Binder material should have a suitable viscosity property to keep spreading from 
nozzles while having enough penetration ability [44]. The shaping principle of binder jetting is 
more relying on physical process rather than chemical reaction, which gives rise to the flexibility 
in the material choice of particle used in binder jetting. Compared with SLS method, binder 
jetting need an extra post-processing to densify the loosen green body, because polymer binder 
cannot provide enough strength for the scaffolds in most cases.

3.2. Ink-based 3D printing

The ink-based method is a process that deposits fluidic materials continually or discretely out 
of a nozzle to a 3D platform layer by layer. It is one of the most suitable ways for processing 
tissue materials since it can directly print bioinks, which mixture living cells or growth factors 
with the liquefied material. Several 3D printing methods use this approach, including direct 
ink writing and fused deposition modeling (FDM).

Indirect ink writing (DIW) method, viscoelastic inks are squeezing out of the nozzle by the 
pressure from a piston, a screw, or pneumatic force as shown in Figure 2. Utilizing an easy 
setup, pneumatic force system has the ability to adjust the pressure in a wide range mak-
ing it the most applied method in DIW. Screw system has a complicated feed module com-
pared with other methods; however, it can provide the largest driving force that suitable for 
high-viscosity materials [45]. Critical to this technology is the design of the fluid property of 
inks. They should possess an obvious shear thinning property that allows passing through 
micro-size nozzle easily while recovering adequate shear strength to maintain the desired 
shape after inks dispensing onto the substrates. If cells are introduced into the inks as part of 
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composition, an ideal rheology property of inks is more difficult to achieve. Inhomogeneous 
cell distribution may result in an increase in viscosity locally, which causes nozzle jamming.

Cell-laden hydrogels, including chemical cross-linking [47], and molecular physical gels [48], 
are preferred when printing by DIW method. In bio fabrication, the selection for hydrogels is 
limited to the biocompatible and biodegradable. A wide range of biopolymers has been exam-
ined their viability in the medical application, such as alginate, chitosan, collagen, gelatin, and 
silk. Among these materials, alginate is one of the most frequently used natural biopolymers 
for tissue repair, wound healing and drug delivery due to its prominent biocompatibility, 
and the ability to differentiate cells in culture. Controllable degradation property of alginate 
was achieved by varying oxidation percentages of alginate hydrogel [48]. In this research, 
cells behavior was investigated under different concentration ranging from 1 to 20%, as well 
as different oxidation percentages ranging from 0 to 10%. A certain combination of these two 
parameters (5% of oxidation and 15% of concentration) was favored by cells since they can form 
a hydrogel with suitable density to hold cells homogeneously. Silk is another kind of natural 
polymers produced by insects such as spiders or Lepidoptera. Being highly biocompatible 
and degradable, silk is of interest for a number of industrial applications as well as biomedical 
applications. Group of Lewis leads the research in DIW area. They designed a high-resolution 
scaffolds, which can be used for cartilage employing silk fibroin as bioink [49]. Cell compat-
ibility of this scaffold benefited from the mild processing temperature and avoidance of toxic 
polymer binders. A two-level hierarchical silk structure was created using a template method 
by removing micro PCL particles after printed [50]. The morphology of resulting pores and its 
corresponding porosity were both determined by the sacrificial PCL particles.

Fused deposition modeling (FDM) also relies on nozzle and moving platform to construct the 
3D structure. However, unlike DIW, of which raw material is under liquid state, FDM need 
an extra heater to soften material firstly. In addition, a fan is located at the end of the nozzle, 

Figure 2. Ink-based 3D printing method (a) schematic of FDM method (b) schematic of DIW method [46].
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piezoelectric actuator to deposit binder onto the powder bed. With respect to thermal actua-
tor, a heating element vaporizes fluid to the gas inside of the reservoir, and the increasing 
volume squeeze droplet out of the nozzle. The thermal method has a high-efficiency at low 
cost. However, its accuracy is limited due to the difficulty to control the size of the droplet, 
and residue thermal stress inside the binder may damage the local structure of the printed 
material. In the piezoelectric system, a high-accuracy piezoceramic is employed to generate 
pressure to the fluid reservoir. The shape and volume of the jetting droplet are more uniform 
compared with that in a thermal system.
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polyethylene glycol (PEG)) are two kinds of binder commonly used in ceramic casting as well as 
binder jetting. Binder material should have a suitable viscosity property to keep spreading from 
nozzles while having enough penetration ability [44]. The shaping principle of binder jetting is 
more relying on physical process rather than chemical reaction, which gives rise to the flexibility 
in the material choice of particle used in binder jetting. Compared with SLS method, binder 
jetting need an extra post-processing to densify the loosen green body, because polymer binder 
cannot provide enough strength for the scaffolds in most cases.
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The ink-based method is a process that deposits fluidic materials continually or discretely out 
of a nozzle to a 3D platform layer by layer. It is one of the most suitable ways for processing 
tissue materials since it can directly print bioinks, which mixture living cells or growth factors 
with the liquefied material. Several 3D printing methods use this approach, including direct 
ink writing and fused deposition modeling (FDM).

Indirect ink writing (DIW) method, viscoelastic inks are squeezing out of the nozzle by the 
pressure from a piston, a screw, or pneumatic force as shown in Figure 2. Utilizing an easy 
setup, pneumatic force system has the ability to adjust the pressure in a wide range mak-
ing it the most applied method in DIW. Screw system has a complicated feed module com-
pared with other methods; however, it can provide the largest driving force that suitable for 
high-viscosity materials [45]. Critical to this technology is the design of the fluid property of 
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shape after inks dispensing onto the substrates. If cells are introduced into the inks as part of 
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composition, an ideal rheology property of inks is more difficult to achieve. Inhomogeneous 
cell distribution may result in an increase in viscosity locally, which causes nozzle jamming.

Cell-laden hydrogels, including chemical cross-linking [47], and molecular physical gels [48], 
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limited to the biocompatible and biodegradable. A wide range of biopolymers has been exam-
ined their viability in the medical application, such as alginate, chitosan, collagen, gelatin, and 
silk. Among these materials, alginate is one of the most frequently used natural biopolymers 
for tissue repair, wound healing and drug delivery due to its prominent biocompatibility, 
and the ability to differentiate cells in culture. Controllable degradation property of alginate 
was achieved by varying oxidation percentages of alginate hydrogel [48]. In this research, 
cells behavior was investigated under different concentration ranging from 1 to 20%, as well 
as different oxidation percentages ranging from 0 to 10%. A certain combination of these two 
parameters (5% of oxidation and 15% of concentration) was favored by cells since they can form 
a hydrogel with suitable density to hold cells homogeneously. Silk is another kind of natural 
polymers produced by insects such as spiders or Lepidoptera. Being highly biocompatible 
and degradable, silk is of interest for a number of industrial applications as well as biomedical 
applications. Group of Lewis leads the research in DIW area. They designed a high-resolution 
scaffolds, which can be used for cartilage employing silk fibroin as bioink [49]. Cell compat-
ibility of this scaffold benefited from the mild processing temperature and avoidance of toxic 
polymer binders. A two-level hierarchical silk structure was created using a template method 
by removing micro PCL particles after printed [50]. The morphology of resulting pores and its 
corresponding porosity were both determined by the sacrificial PCL particles.

Fused deposition modeling (FDM) also relies on nozzle and moving platform to construct the 
3D structure. However, unlike DIW, of which raw material is under liquid state, FDM need 
an extra heater to soften material firstly. In addition, a fan is located at the end of the nozzle, 
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which controls the solidifying velocity of the molten material. Biocompatible polymers such 
as a Polylactic acid (PLA), PCL, and poly (lactic-co-glycolic acid) (PLGA) are most frequently 
used materials in FDM method. PCL has been widely used in dental devices and wound 
repair because it has high printability and excellent interactive ability with tissue.

To improve the biomedical performance of the polymer scaffolds printed by FDM, both coat-
ing [14], and doping [52] were developed for scaffolds. A better cell proliferation was obtained 
after surface modification by plasma treating since the improved surface roughness can adhere 
more cells [53]. In addition, mechanical and bioactivity properties of biopolymers are tunable 
by doping biocompatible reinforced particles such as HA and β-tricalcium phosphate (β-TCP) 
[54]. Moreover, the high concentration of reinforced phase is beneficial to the cell growth and 
differentiation. Generally, it is hard to attain desired mechanical property and biomedical 
property simultaneously. Recently, multi-material printer is developed to overcome this limi-
tation by using a dual-printer in a single construct, as displayed in Figure 3 [51, 55]. Through 
this multi-material printing system, optimized carrier materials that embedded different nutri-
ents and cell types are dispensed on discrete location in the 3D structure in one step.

However, limitation of FDM lies in the poor choice of printing materials. Only thermoplastic 
materials can be fabricated by this method. Moreover, the high-temperature, ranging from 120 
to 300°C, is not suitable for embedding cells or drugs inside filament when preparing scaffolds.

3.3. Polymerization-based 3D printing

The polymerization-based method starts with a process that exposing liquid photopolymer to a 
laser beam, then this specific exposing area would be solidified through polymer chain reaction. 
After repeating this process layer by layer, the final complex 3D structure can be constructed. 
The earliest version of this technique is stereolithography (SLA), which utilizes a low-power 

Figure 3. (a) schematic of multi-material DIW method (b) multi-material scaffold [51].
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UV light curing photocurable polymers. Recent decades, new techniques such as two-photon 
polymerization (2PP) and projection micro-stereolithography (PμSL) (Figure 4), also called digi-
tal projection lithography (DPL), are developed toward a more precise and effective direction.

In two-photon polymerization (2PP), a long wavelength near-infrared laser beam can be 
focused inside of the transparent resin rather than being restricted on the surface of resin 
[57]. Therefore, a real 3D structure can be constructed by controlling the focal point of the 
laser beam. The advantage of this method is the excitation volume in 2PP is far less than other 
laser methods, which gives it the best resolution beyond polymerization-based 3D printing. 
However, the continuous processing character of 2PP confines it to be a micro-size manufac-
ture method. Gelatin modified with methacrylamide moieties (GelMA) shows a wide range 
of benefits for application in tissue engineering, such as low toxicity, non-immunogenic, and 
tunable physicochemical properties [58], which can be used as a polymeric precursor in the 
2PP method. Laura Brigo et al. successfully processed scaffolds with feature size at submicron 
level [59] targeting biological use. They synthesized a highly effective reaction initiator, ben-
zylidene cycloketone-based two-photon initiator (P2CK), providing a wide processing win-
dow for photon excitation. Larger post-deformation was observed in the woodpile structure 
synthesized by lower laser power, which derived from the low crosslinking degree. This loose 
structure property is more suitable for human BJ (hBJ) foreskin fibroblasts accommodation 
since these cells are easily penetrating into its bulk structure.

Figure 4. Hierarchical structure printed by micro-stereolithography method (a) polymer metamaterial template (b) 
large-area, high-resolution additive manufacturing of hierarchical metamaterials (c)–(e) optical microscope images of 
bulk hierarchical lattice material with a network of hierarchical stretch-dominated octet unit cells [56].
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UV light curing photocurable polymers. Recent decades, new techniques such as two-photon 
polymerization (2PP) and projection micro-stereolithography (PμSL) (Figure 4), also called digi-
tal projection lithography (DPL), are developed toward a more precise and effective direction.

In two-photon polymerization (2PP), a long wavelength near-infrared laser beam can be 
focused inside of the transparent resin rather than being restricted on the surface of resin 
[57]. Therefore, a real 3D structure can be constructed by controlling the focal point of the 
laser beam. The advantage of this method is the excitation volume in 2PP is far less than other 
laser methods, which gives it the best resolution beyond polymerization-based 3D printing. 
However, the continuous processing character of 2PP confines it to be a micro-size manufac-
ture method. Gelatin modified with methacrylamide moieties (GelMA) shows a wide range 
of benefits for application in tissue engineering, such as low toxicity, non-immunogenic, and 
tunable physicochemical properties [58], which can be used as a polymeric precursor in the 
2PP method. Laura Brigo et al. successfully processed scaffolds with feature size at submicron 
level [59] targeting biological use. They synthesized a highly effective reaction initiator, ben-
zylidene cycloketone-based two-photon initiator (P2CK), providing a wide processing win-
dow for photon excitation. Larger post-deformation was observed in the woodpile structure 
synthesized by lower laser power, which derived from the low crosslinking degree. This loose 
structure property is more suitable for human BJ (hBJ) foreskin fibroblasts accommodation 
since these cells are easily penetrating into its bulk structure.

Figure 4. Hierarchical structure printed by micro-stereolithography method (a) polymer metamaterial template (b) 
large-area, high-resolution additive manufacturing of hierarchical metamaterials (c)–(e) optical microscope images of 
bulk hierarchical lattice material with a network of hierarchical stretch-dominated octet unit cells [56].
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PμSL utilizes a digital micromirror device (DMD) [60] substituting the physical masks used in 
lithography [61] or liquid crystal mask used in liquid crystal display (LCD) [62] method. The 
basic theory used in PμSL is similar with SLA and 2PP, but the dynamic mask generator can 
manipulate millions of pixels at the same time rather than just one focus point, which endows 
PμSL the ability to process a high-resolution, large-scalability material within several min-
utes. A real 3D extracellular matrix (ECM) was built by DMD method to assess the difference 
between two-dimensional (2D) and 3D cell culture system [63]. In this research, poly (ethyl-
ene glycol) diacrylate (PEGDA), a commonly used biomaterial, was selected as lithography 
material to synthesize microwell-array structure. The opening space of microwell is changing 
along the z-position, from 250 μm at the top to 160 μm at the middle. This exquisite structure 
design with varying feature size was believed to have the potential to manipulate cell pro-
liferation and cell–cell interactions. Similarly, in the 2PP method, GelMA is also a popular 
biomaterial employed in PμSL method [64]. Considering the different optical source in these 
two methods, the selection of chemicals for hydrogel preparation, such as a photoinitiator, 
was changing from P2CK to Irgacure 2959.

Natural structural materials, as in the case of man bone and tooth, are generally lightweight 
and possess a balanced combination of strength and toughness. However, synthesized bone 
graft materials for wound repair are relatively brittle and thus cannot match the performance 
of the natural part [65]. To address this challenge, a spectacular meta-structure with high ten-
sile elasticity (>50%) was built by Xiaoyu Zheng et al. using the PμSL method [56]. This meta-
material has seven level of the hierarchy, ranging from 10 to 50 nm, and thus the mechanical 
property of it can match the natural materials. The high elasticity getting from the graded 
structure gives us the foresight to improve the mechanical property, especially the crack resis-
tance of the synthesized biomaterials applied in the bone graft.

3.4. Four-dimensional (4D) printing

Four-dimensional (4D printing) is a recently appeared terminology in 2013 [66] and imme-
diately attracts wide attention in different areas. 4D printing adds a new dimension, time, to 
ordinary 3D printed products, which allows materials responding to suitable stimuli or self-
transform after possessing. It is not a totally new technique but derives from shape-morphing 
systems [67–69] and relies on the original 3D printing techniques. The definition of 4D print-
ing is still in a controversy that whether the structure degradable effect can be classified into 
4D process [70]. In this context, the degradation of printed material will not be discussed as 
4D printing. Transformation code of 4D printed materials is hidden in the exquisite design of 
its structure and constituents. It offers great potential for customized medical devices given 
that the dynamic mechanical property of printed material accords with the behavior of living 
tissues [71]. In addition, the time-dependent property of 4D printing makes it suitable for 
long-term application embedded in human body.

One efficacious application of 4D printing is for the self-folding system [69, 70]. Two or more 
different kinds of materials with diverse response to outside stimuli are incorporated into an 
integrated structure by dual-head printers. Under the same external stimuli, the deformation 
difference aroused from each component will cause the structure bending or swelling toward 
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the designed direction. This method is especially useful in cell-laden scaffolds [68]. First, a 2D 
thin microplate with flexible hinge was built by chemical vapor deposition (CVD) together 
with lithography, as presented in Figure 5. After that, cells were cultured on the thin parylene 
plate and thus cell traction force drove the plates folding automatically. As the lattice scaffolds 
can hold the cells firmly by its closed microstructure, issues with respect to how to adhere 
cells onto scaffolds can be avoided by this method.

Another successful application of 4D printing in tissue engineering is making tracheobron-
chial scaffolds for patients who suffered from tracheobronchomalacia (TBM) [72–74]. The 
processing procedure including three parts. Firstly, a digital 3D model of tracheobronchial 
tree of patients was constructed by image software using the MRI scan data. Then the patient-
specific scaffold was processed by one of the previously introduced 3D printing technolo-
gies according to the constructed 3D model. After implanted, this airway splint expanded 
automatically under the thermal stimuli from the internal warm organ, which leaves growing 
space for Malacia airway.

Figure 5. 4D printing for self-folding cell-laden scaffolds (a) the cells adhere and stretch across two microplates (b) the 
cells are cultured on micro-fabricated parylene microplates (c) various 3D cell-laden microstructures (d) schematic of the 
parylene microplates without a flexible joint (e) a fluorescent image merged with phase contrast image of NIH/3T3 cells 
patterned only on the microplates (f) schematic of the parylene microplates with a flexible joint to achieve precise 3D 
configurations after folding (g) a SEM image of the microplates with the flexible joint [68].
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the designed direction. This method is especially useful in cell-laden scaffolds [68]. First, a 2D 
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with lithography, as presented in Figure 5. After that, cells were cultured on the thin parylene 
plate and thus cell traction force drove the plates folding automatically. As the lattice scaffolds 
can hold the cells firmly by its closed microstructure, issues with respect to how to adhere 
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4. Conclusion

In conclusion, it is clear from the results discussed in this review that there is a huge potential 
for applying 3D printing in tissue engineering. 3D printing offers unique advantages toward 
flexible manufacturing, which can be employed to fabricate scaffolds with complex shape and 
internal porous structure. To improve the biological performance of printed scaffolds, it is 
crucial to choose suitable biomaterials introduced in Section 2, and it is equally important to 
select an appropriate printing technology discussed in Section 3. Although we have got great 
progress in the processing technique, we are still a long way from printing functional artifi-
cial tissue to completely substitute human tissue. To the best of our knowledge, 3D printing 
cannot build a bulk scaffold over one centimeter while possessing feature size at nanoscale. 
The precise control of scaffold structure, surface morphology and pore size is still a huge 
challenge for current 3D printing methods. In addition, post-processing is inevitable for most 
3D printing methods, which limit the development of in-situ printing method. Moreover, 
there is a need for a significant amount of research to be carried out in order to understand 
the bioactive reaction between host tissue and biomaterials. With increasing research efforts 
in this field, we believe that future developments of novel biomaterials and processing tech-
niques will lead us to a biocompatible artificial tissue that is smart enough to detect an event 
and respond to it.
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Abstract

The aim of our work is to use a new modality for visualization of intraocular tumors 
in three-dimensional space for planning of stereotactic radiosurgery procedure on 
linear accelerator. Malignant uveal melanoma is the most common malignant tumor 
of the inner eye structures in adults. Stereotactic radiosurgery on linear accelerator 
is the method of treatment that requires precise planning. However, in some cases, 
it is very difficult to imagine the structures based only on fusion of two-dimensional 
computed tomography (CT) and magnetic resonance imaging (MRI) scans. For the 
team of specialists planning the procedure, 3D printed models represent the way how 
to perceive the real shape of the tumor and its location considering the important 
structures of the eye globe. By using the open-source software for segmentation (3D 
Slicer), we created a virtual 3D model of the eye globe with a tumor that utilized tissue 
density information based on CT and/or MRI dataset. By creating and introducing a 
new imaging modality for tumor visualization, we provided real 3D model of the eye 
globe for the specialists that enabled them more effective planning of the stereotactic 
radiosurgery.

Keywords: fused deposition modeling, intraocular melanoma, stereotactic 
radiosurgery, 3D printer, 3D eye globe model

1. Introduction

Recent development of 3D printing enables to produce models of things, shapes, objects, and 
structures that before seemed more or less not possible to achieve. These technologies can 
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build a 3D object in almost any shape imaginable as defined in a computer-aided design 
(CAD) file. In a basic setup, the 3D printer first follows the instructions in the CAD file to 
build the foundation for the object, moving the head of the printer along the x-y plane. The 
printer then continues to follow the instructions, moving the head of the printer along the 
z-axis to build the object vertically layer by layer. It is important to note that two-dimensional 
(2D) radiographic images, such as x-rays, magnetic resonance imaging (MRI), or computed 
tomography (CT) scans, can be converted to digital 3D print files, allowing the creation of 
customized anatomical and medical structures [1].

Charles Hull invented 3D printing, which he called “stereolithography,” in the early 
1980s. Stereolithography uses the “.stl” file format to interpret the data in a CAD file, 
allowing specific instructions to be electronically communicated to the 3D printer. Along 
with dimensions, the data in the “.stl” file may also contain additional information for 
3D printer such as the color, texture, and thickness of the object. Hull later founded the 
company 3D Systems, which developed the first 3D printer, called a “stereolithography 
apparatus.” In 1988, 3D Systems introduced the first commercially available 3D printer, the 
SLA-250. Many other companies have since developed 3D printers for commercial applica-
tions. Hull’s study, as well as advances made by other researchers, had revolutionized 
manufacturing, and it was applied in many other fields, as well as in medicine research 
and practice [2].

Nowadays, many of 3D printing processes are available, and all of them offer advantages and 
disadvantages. The model of 3D printer selected for an appliance depends on the material 
types that should be used, and it depends on the required layers in the finished model they 
are supposed to be bonded. The used 3D printing technologies within medical applications 
are: selective laser sintering (SLS), thermal inkjet (TIJ) printing, and fused deposition model-
ing (FDM).

1.1. Selective laser sintering

An SLS printing technology uses as a substrate for printing new objects, a powdered material. 
The laser renders the shape of the object into a single layer of powder bonding the powder 
particles together. Then, a new layer of powder is laid down and the process repeats on and 
on, building layer by layer to form the object. Selective laser sintering can be used to create 
metal, plastic, and ceramic objects. The accuracy of the laser and the fineness of the powder 
material are limited by the degree of detail. This detail enables to create especially detailed 
and delicate structures, like the eye globe and its structures (lens, optic disc).

1.2. Thermal inkjet printing

Thermal inkjet printing is a “noncontact” technique that uses piezoelectric, thermal, or elec-
tromagnetic technology to deposit tiny droplets of ink or other materials that are used onto 
a substrate according to digital instructions. Heating of the head of the printer creates small 
air bubbles that collapse and create pressure pulses that eject ink droplets from nozzles in 
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volumes from 10 to 150 picoliters. Droplet size can vary by adjusting the applied temperature 
gradient, pulse frequency, and viscosity of the ink.

1.3. Fused deposition modeling

FDM printers are less expensive and more common than the SLS type. An FDM printer 
uses a head of the printer that is similar with an inkjet printer. However, instead of ink, as 
the printer’s head moves, beads of heated plastic are released and build the object in thin 
layers. This process is often repeated, allowing precise control of the location and amount 
of each deposit to shape each layer. Since the plastic is heated as it is extruded, it bonds 
or fuses with the layers below. As each layer of material cools, it hardens and creates the 
solid object as the layers build. Depending on the complexity and cost of an FDM printer, 
it may have features such as multiple heads of the printer. FDM printers can use a variety 
of plastics [3].

2. 3D printing in ophthalmology

3D printing was introduced to medicine at the beginning of this century, when the technol-
ogy was first used to create dental implants and individualized prosthetics. Since then, the 
medical applications for 3D printing technology have progressed significantly. The first pub-
lished reviews describe the importance, utilization and results of 3D printing when applied 
in the field of orthopedic surgery, cardiovascular surgery, and tissue engineering, as well as 
in pharmaceutical development (new dosage forms, delivery of medicines, etc.). The cur-
rent medical application of 3D printing technology is classified into several groups, such as 
prosthetics, implantation, and precise anatomical models; production of tissues and organs; 
and research in pharmaceutical industry on drug discovery, design of dispensers, and drug 
dosage forms [4].

2.1. 3D printing for eyewear and medical devices

3D printing technology has progressed to the point when companies print custom-made 
eyewear with their own design and on demand. The market for customization of eyewear 
has been made possible by a rapid prototyping. 3D printing enables and simplifies on 
demand production of medical devices in plastic or metallic form, and in the future, may 
represent the best way to produce artificial lenses, glaucoma valves and other personalized 
implants.

2.2. For education and clinical practice

3D printed models are already used in institutions for medical education—due to their 
accurate visualization are being used to introduce surgical techniques to trainees, young 
doctors or students before they start to treat patients. Surgical simulations using 3D models 
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volumes from 10 to 150 picoliters. Droplet size can vary by adjusting the applied temperature 
gradient, pulse frequency, and viscosity of the ink.

1.3. Fused deposition modeling
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solid object as the layers build. Depending on the complexity and cost of an FDM printer, 
it may have features such as multiple heads of the printer. FDM printers can use a variety 
of plastics [3].

2. 3D printing in ophthalmology

3D printing was introduced to medicine at the beginning of this century, when the technol-
ogy was first used to create dental implants and individualized prosthetics. Since then, the 
medical applications for 3D printing technology have progressed significantly. The first pub-
lished reviews describe the importance, utilization and results of 3D printing when applied 
in the field of orthopedic surgery, cardiovascular surgery, and tissue engineering, as well as 
in pharmaceutical development (new dosage forms, delivery of medicines, etc.). The cur-
rent medical application of 3D printing technology is classified into several groups, such as 
prosthetics, implantation, and precise anatomical models; production of tissues and organs; 
and research in pharmaceutical industry on drug discovery, design of dispensers, and drug 
dosage forms [4].

2.1. 3D printing for eyewear and medical devices

3D printing technology has progressed to the point when companies print custom-made 
eyewear with their own design and on demand. The market for customization of eyewear 
has been made possible by a rapid prototyping. 3D printing enables and simplifies on 
demand production of medical devices in plastic or metallic form, and in the future, may 
represent the best way to produce artificial lenses, glaucoma valves and other personalized 
implants.

2.2. For education and clinical practice

3D printed models are already used in institutions for medical education—due to their 
accurate visualization are being used to introduce surgical techniques to trainees, young 
doctors or students before they start to treat patients. Surgical simulations using 3D models 
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allow students to practice in a safe environment, until they can perform the techniques at 
the expected level. Hypothesis that these models can shorten the learning curve, standardize 
training and assessment, became true. The results show that trainers using 3D printed models 
have done a lot to finish their tasks better and have a better learning experience than those 
who used only digital models or textbooks. This suggests that using 3D models enhances 
the understanding of anatomical structures, their collocations, and their relationships. With 
the advancement of 3D printing technology, the 3D print models can be made available to 
improve the training of young ophthalmologists in a simulated operating theater environ-
ment, thus improving the training experience.

2.3. For printing of live cells, tissues, and organs

The development of 3D bioprinting technology, including the printing of living cells, differ-
ent tissues, and even organs, is now becoming an important and expanding field of medical 
research. From 2012, this technology has been studied in academic circles and by biotech-
nology corporations (e.g., Organovo Co., San Diego, CA, USA) for possible use in tissue 
engineering applications, where tissues and organs are created by using 3D inkjet printing 
technology. The technology process is based on placing living cells onto a gel medium or 
sugar matrix and layer-by-layer predefined 3D structures are formed. In this way, blood 
vessels, bones, ears and other structures can be printed. Using 3D bioprinting technology 
in 2014, researchers successfully implemented a 3D skull component into a patient, with no 
adverse effects. This new technology represents an extension of the treatment options for 
creating and adapting personalized implants to the patient. The use of three-dimensional 
bioprinting in ophthalmology is, however, still limited, but for the generation of ocular tis-
sues (e.g., conjunctiva, sclera, and corneas), the use of 3D bioprinting technology in the future 
has a great potential.

2.4. For surgical planning

In the first place, the ophthalmologist must comprehend complicated anatomical structures 
of the eye globe and orbit and their connection with the suspected lesion. Structural rela-
tionships observed and defined between orbital structures, muscles, vessels, and nerves can 
be difficult to assess fully during the planning of the orbital surgery, based solely on the 2D 
scans obtained. The small surgical access field for eye globe (diameter 24 mm) also means 
that any mistake in navigating in this structures and complicated anatomy can have poten-
tially devastating consequences for the patient—postradiation complications. Experience 
proves that, for both practical and educational purposes, the creation of an anatomically 
personalized organ models by using 3D printing technology is very useful. This technology 
allows a full appreciation of anatomical relationships and collocation between tumors or 
lesions and other complicated surrounding, but healthy structures. Advances in 3D print-
ing technology enable the real prototyping of various anatomical structures and allow 
accurate representation of the patient’s current state. In surgical or irradiation planning 
schemes in human medicine, it will be an invaluable aid to have this real 3D organ models. 
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It will provide a better possibility and learning experience for the doctors, physicists and 
surgeons [4].

We introduced the 3D printing technology into a process of planning stereotactic radiosur-
gery (SRS) in patients as a treatment of intraocular tumor—uveal melanoma [5, 6].

3. Intraocular melanoma

3.1. Definition

Intraocular melanoma is a quite rare type of cancer and is a disease in which tumor cells are 
formed in the part of the eye globe called the uvea (iris, ciliary body and choroid). Intermediate 
layer of the eye globe (uvea) contains melanocytes. Process of melanogenesis leads to produce 
melanin (can be found also in hair and in skin).

There are some cases in which doctors have detected intraocular melanoma during a rou-
tine eye globe examination. The chance of recovery depends on factors such as the size and 
cell type of the tumor. In support of classification, the staging system tumor node metastasis 
(TNM) is used for standardization of the tumors so the care teams can summarize information 
about how a tumor has spread. The information about the TNM classification is combined by 
a process called stage grouping. For example, intraocular melanoma grade T4 (due to clas-
sification) spreads to the orbit and extraocular tissues.

Uveal melanoma is relatively rare type of cancer, but the most common and most aggressive 
type of intraocular tumor in adults. The incidence of intraocular tumors varies from 0.2 to 1.0. 
Uveal melanoma mostly occurs in middle-aged people [7, 8].

3.2. Signs and symptoms

Most people with intraocular melanoma experience no symptoms of the disease in its early 
stages.

As the disease progresses, the following signs and symptoms can be seen:

• A growing dark spot on the iris.

• Change in the size or shape of the pupil.

• Problems with vision (blurry vision or sudden loss of vision).

• Floaters (spots or squiggles drifting in the field of vision) or flashes of light.

• Visual field loss (losing part of your field of sight).

• Increased intraocular pressure (secondary glaucoma).

• Change in the way the eye globe moves within the socket.
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tially devastating consequences for the patient—postradiation complications. Experience 
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personalized organ models by using 3D printing technology is very useful. This technology 
allows a full appreciation of anatomical relationships and collocation between tumors or 
lesions and other complicated surrounding, but healthy structures. Advances in 3D print-
ing technology enable the real prototyping of various anatomical structures and allow 
accurate representation of the patient’s current state. In surgical or irradiation planning 
schemes in human medicine, it will be an invaluable aid to have this real 3D organ models. 
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It will provide a better possibility and learning experience for the doctors, physicists and 
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We introduced the 3D printing technology into a process of planning stereotactic radiosur-
gery (SRS) in patients as a treatment of intraocular tumor—uveal melanoma [5, 6].

3. Intraocular melanoma

3.1. Definition

Intraocular melanoma is a quite rare type of cancer and is a disease in which tumor cells are 
formed in the part of the eye globe called the uvea (iris, ciliary body and choroid). Intermediate 
layer of the eye globe (uvea) contains melanocytes. Process of melanogenesis leads to produce 
melanin (can be found also in hair and in skin).

There are some cases in which doctors have detected intraocular melanoma during a rou-
tine eye globe examination. The chance of recovery depends on factors such as the size and 
cell type of the tumor. In support of classification, the staging system tumor node metastasis 
(TNM) is used for standardization of the tumors so the care teams can summarize information 
about how a tumor has spread. The information about the TNM classification is combined by 
a process called stage grouping. For example, intraocular melanoma grade T4 (due to clas-
sification) spreads to the orbit and extraocular tissues.

Uveal melanoma is relatively rare type of cancer, but the most common and most aggressive 
type of intraocular tumor in adults. The incidence of intraocular tumors varies from 0.2 to 1.0. 
Uveal melanoma mostly occurs in middle-aged people [7, 8].

3.2. Signs and symptoms

Most people with intraocular melanoma experience no symptoms of the disease in its early 
stages.

As the disease progresses, the following signs and symptoms can be seen:

• A growing dark spot on the iris.

• Change in the size or shape of the pupil.

• Problems with vision (blurry vision or sudden loss of vision).

• Floaters (spots or squiggles drifting in the field of vision) or flashes of light.

• Visual field loss (losing part of your field of sight).
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• Change in the way the eye globe moves within the socket.
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Only in cases when there is a massive spread outside of the eye globe, there may be pain. If 
someone has any of the symptoms above, it is important to visit a doctor immediately so the 
cause can be found and treated.

3.3. Localization of uveal melanoma

The localization of uveal melanoma is defined based on the area where the tumor is found 
in the eye globe and optionally based on the size of the tumor. The main localizations of the 
intraocular melanoma include the following tumors due to anatomical localization:

• Melanoma of the iris.

• Ciliary body melanoma.

• Choroidal melanoma (Figure 1).

In certain cases, intraocular melanoma can be complicated by extraocular extension. The most 
frequent metastases of uveal melanoma are in the liver.

3.4. Diagnostic methods

Slit lamp examination, ophthalmoscopy and fund us photo documentation are basic examina-
tion methods.

Melanomas from choroidea can vary from dark pigmented to amelanotic, some even partially 
pigmented. Small choroidal melanomas are characteristic with a typical shape, where the mass 
under the retinal pigment epithelium is nodular, dome-shaped and well-defined. During the 
growth of choroidal melanoma, more irregular configurations and shapes, such as bilobular, 
multilobular or spongy are observed. Diffuse choroidal melanoma, whose lateral growth in cho-
roids with minimal elevation is a characteristic feature, it is more difficult to make a diagnosis. 
In many cases, the diffuse choroidal melanoma causes significant exudative retinal detachment.

If the tumor is lightly pigmented, then its abnormal vascularization can usually be detected 
by ophthalmoscope. Excessive choroidal melanomas usually cause changes in the epithelial 

Figure 1. Enucleated eye globe with intraocular tumor—arrows shows the tumor mass (choroidal melanoma).
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pigment of the retina (e.g., drusen), atrophy patches and orange color change. These changes 
can occur not only in malignant but also in benign lesions. Choroidal melanoma may remain 
undetected under a great exudative retinal detachment or subretinal or vitreous bleeding.

A rare occurrence of advanced choroidal melanoma results in a painful blind eye globe with 
cataracts and proptosis, resulting from tumor transscleral orbital enlargement. In anterior 
choroidal melanomas, sentinel vessels (dilated episcleral vessels visible through the conjunc-
tiva) that nourish the metabolically active tumor may occur. Transscleral growing of the ante-
rior choroidal melanoma (predominantly via the emission channels) can be identified during 
the examination as a small subconjunctival area of abnormal hyperpigmentation.

3.4.1. Ultrasonography

In the case of eye globe tumors having a diameter greater than 2–3 mm, A-scan ultrasonog-
raphy is suitable for diagnosis. The choroidal melanoma scan depicts a characteristic initial 
prominent spike, followed by low to moderate internal reflection with decreasing amplitude 
and significant echo. Vascular pulses can be seen as fine oscillations of the internal spiking 
model in the tumor area. Standard ultrasonography, currently used, has a diagnostic accuracy 
of more than 95%. Performing sequential A-scans with accurate dimensional measurements 
is a recommended complementary method after uncertain outcome of primary diagnostics.

B-scan ophthalmological ultrasonography is performed routinely for the evaluation of any sus-
picious mass located in the posterior segment, especially in the patients with media opacity. For 
the diagnosis of choroidal melanomas, this method helps to determine not only the correct diag-
nosis, but also to evaluate possible extraocular enlargement, to estimate the size of the tumor 
after periodic recurrent observations, and to appropriately schedule a therapeutic intervention.

Intraocular melanomas have several characteristics as follows:

• An acoustic quiet zone at the base of the tumor called acoustic hollowing.

• Low-to-medium reflectivity.

• Internal vascularity.

• Excavation of underlying uveal tissue.

• Shadowing of subjacent soft tissues.

Ultrasound biomicroscopy (UBM) uses high-frequency waves. This method has excellent 
resolution and is therefore suitable for the diagnosis of anterior ocular abnormalities. It has 
ability to distinguish very frontal choroidal melanomas from those that originate from the 
ciliary body. Moreover, it can help define the frontal plane of the tumor or help to assess angle 
closure glaucoma.

3.4.2. Angiography and radiography

In case of doubts, diagnostics of choroidal melanoma can be confirmed by fluorescein angi-
ography or indocyanine green angiography, mostly in cases, when the lesions do not show 
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• Melanoma of the iris.

• Ciliary body melanoma.

• Choroidal melanoma (Figure 1).

In certain cases, intraocular melanoma can be complicated by extraocular extension. The most 
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3.4. Diagnostic methods

Slit lamp examination, ophthalmoscopy and fund us photo documentation are basic examina-
tion methods.

Melanomas from choroidea can vary from dark pigmented to amelanotic, some even partially 
pigmented. Small choroidal melanomas are characteristic with a typical shape, where the mass 
under the retinal pigment epithelium is nodular, dome-shaped and well-defined. During the 
growth of choroidal melanoma, more irregular configurations and shapes, such as bilobular, 
multilobular or spongy are observed. Diffuse choroidal melanoma, whose lateral growth in cho-
roids with minimal elevation is a characteristic feature, it is more difficult to make a diagnosis. 
In many cases, the diffuse choroidal melanoma causes significant exudative retinal detachment.

If the tumor is lightly pigmented, then its abnormal vascularization can usually be detected 
by ophthalmoscope. Excessive choroidal melanomas usually cause changes in the epithelial 
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pigment of the retina (e.g., drusen), atrophy patches and orange color change. These changes 
can occur not only in malignant but also in benign lesions. Choroidal melanoma may remain 
undetected under a great exudative retinal detachment or subretinal or vitreous bleeding.

A rare occurrence of advanced choroidal melanoma results in a painful blind eye globe with 
cataracts and proptosis, resulting from tumor transscleral orbital enlargement. In anterior 
choroidal melanomas, sentinel vessels (dilated episcleral vessels visible through the conjunc-
tiva) that nourish the metabolically active tumor may occur. Transscleral growing of the ante-
rior choroidal melanoma (predominantly via the emission channels) can be identified during 
the examination as a small subconjunctival area of abnormal hyperpigmentation.

3.4.1. Ultrasonography

In the case of eye globe tumors having a diameter greater than 2–3 mm, A-scan ultrasonog-
raphy is suitable for diagnosis. The choroidal melanoma scan depicts a characteristic initial 
prominent spike, followed by low to moderate internal reflection with decreasing amplitude 
and significant echo. Vascular pulses can be seen as fine oscillations of the internal spiking 
model in the tumor area. Standard ultrasonography, currently used, has a diagnostic accuracy 
of more than 95%. Performing sequential A-scans with accurate dimensional measurements 
is a recommended complementary method after uncertain outcome of primary diagnostics.

B-scan ophthalmological ultrasonography is performed routinely for the evaluation of any sus-
picious mass located in the posterior segment, especially in the patients with media opacity. For 
the diagnosis of choroidal melanomas, this method helps to determine not only the correct diag-
nosis, but also to evaluate possible extraocular enlargement, to estimate the size of the tumor 
after periodic recurrent observations, and to appropriately schedule a therapeutic intervention.

Intraocular melanomas have several characteristics as follows:

• An acoustic quiet zone at the base of the tumor called acoustic hollowing.

• Low-to-medium reflectivity.

• Internal vascularity.

• Excavation of underlying uveal tissue.

• Shadowing of subjacent soft tissues.

Ultrasound biomicroscopy (UBM) uses high-frequency waves. This method has excellent 
resolution and is therefore suitable for the diagnosis of anterior ocular abnormalities. It has 
ability to distinguish very frontal choroidal melanomas from those that originate from the 
ciliary body. Moreover, it can help define the frontal plane of the tumor or help to assess angle 
closure glaucoma.

3.4.2. Angiography and radiography

In case of doubts, diagnostics of choroidal melanoma can be confirmed by fluorescein angi-
ography or indocyanine green angiography, mostly in cases, when the lesions do not show 
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pathogenic symptoms. Fluorescein angiographic changes, which can be observed in small cho-
roidal melanomas, may be similar to some choroidal nevi. Such changes range from normal 
angiography findings to hypofluorescence developed secondary to blockage of the background 
fluorescence. In larger melanomas, a patchy pattern of early hyper- and hypofluorescence may 
occur, which can be followed by late intense staining. In some cases, choroidal melanomas can 
develop their own internal vascularization so that appear on the angiogram. Simultaneous 
fluorescence of the choroidal and retinal circulation in the tumor is an angiographic feature, 
called the “double circulation model.” Its occurrence differs from choroidal melanomas.

3.4.3. Computed tomography

Computer tomography (CT) imaging method is more expensive and less sensitive compared 
to ultrasonography. However, it is used for scanning of the eye globe and orbit due to its abil-
ity to visualize extraocular tumor growth and to help distinguish between choroid or retinal 
detachment and solid tumor.

Prior to this examination, application of intravenous injection of the contrast agent is needed. As 
a result, contrast will cause enhancement of choroidal melanoma, whereas in case of exudation 
will not.

3.4.4. Magnetic resonance imaging

Magnetic resonance imaging (MRI), also used for scanning the eye globe and orbit, is even 
more expensive than CT scanning and less sensitive than ultrasound. However, MRI uses sur-
face coil imaging and gadolinium as a contrast material for improving its resolution. Within 
the MRI, high-density lesions represent T1-stage pigmented melanomas, and low density can 
exhibit pigmented melanoma at T2 stage. In many cases, MRI is used to determine the extra-
scleral melanoma enlargement or to distinguish surrounding fluid from the tumor.

3.4.5. Biopsy and genetic analysis

Practice usually does not require the use of a fine needle biopsy and an incisional biopsy. 
However, these additional examination methods may be useful in differential diagnosis. They 
are used to distinguish amelanotic melanomas from metastatic tumors and as complemen-
tary tests, if the results of other tests are ambiguous. It is possible to achieve more than 95% 
accuracy in tumors larger than 3 mm using both types of biopsy. Comparing both methods, 
incisional biopsy is more invasive and comes with higher complications rate, but has lower 
rate of falsely positive or negative results. Intralesional or perilesional hemorrhage are the 
most common complications, a fine needle biopsy is not connected with higher risk of spread-
ing cancer cells in the case of choroidal melanoma.

Following biopsy, the prompt treatment is indicated with an aim to prevent extrascleral extension.

Nowadays, genetic analysis and karyotyping of biopsy samples are becoming more important. 
Various studies have documented that Chromosome 3 monosomy in the choroidal tumor is 
associated with a significantly higher risk of developing metastatic process. Nowadays, sadly, 
there is still no effective treatment for metastatic disease available.
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3.5. Treatment opportunities

The important prognostic indicators they initiate the following therapy for posterior uveal 
melanoma are the age and the volume (size) of the tumor. Many studies are documenting 
that over 50% of patients with uveal melanoma die because of direct or indirect reasons (e.g., 
metastasis) within 15 years after the therapy, although radical surgery (enucleation) or other 
therapeutical methods are used.

In turn, modern diagnostic tools, they include ophthalmological examination, CT, and MRI 
brought most vital advances in the ability of primary uveal melanoma diagnosis. The diagnostic 
methods have radically improved in the last decades, and different types of radio surgery (exter-
nal beam, charged particle or brachytherapy) have become the preferred treatment in significant 
number of patients with uveal melanoma. One of the main reasons for the development of alter-
native therapies is the objective of promoting survival and maintaining vision in patients who 
have experienced uveal melanoma. Among other things, many types of radiation are used in 
today’s treatment of posterior uveal melanoma. One of the representatives of the “conservative” 
approach is stereotactic radiosurgery (SRS) with the usage of a linear accelerator.

In addition to SRS, the gamma-knife radiosurgery method is used. Both methods provide 
good local control with survival rates comparable to other treatments. SRS of extracerebral 
lesions, such as uveal melanoma, has been invented about 20 years ago. An alternative treat-
ment that has been proven to treat middle and large posterior choroidal melanoma is the 
SRS method. Another method is the plaque radiotherapy, when the eye globe salvation is 
achieved. It is used especially in cases of tumor location outside the optical disc or the macula. 
The positive consequence for the patient is the useful vision that can be retained after treat-
ment. Linear accelerator therapy with a single fraction of the intraocular tumor is considered 
to be a relatively unusual approach to the treatment of uveal melanoma. For treatment plan-
ning coordinates is used an image fusion of a contrast-enhanced MRI and CT. When using a 
collimation system in an operation, it is important to achieve spatial accuracy when adminis-
tering one fraction [9–11].

4. Stereotactic radiosurgery for intraocular tumors

Stereotactic radiosurgery was initially developed in 1949 by Lars Leksell, the Swedish neuro-
surgeon, who treated small targets of tumors located in the brain. It was a new step in radio-
therapy methods. Nowadays, the stereotactic radiosurgery (or external beam irradiation with 
protons or helium ions) is a regularly used option in the treatment of mainly medium-sized 
choroidal melanomas. In many cases, it has been applied for larger tumors. Eye globe and 
orbit scanning by CT or MRI is necessary for verifying of extraocular extension. It is necessary 
to use these techniques to differentiate between choroidal tumor and primary versus second-
ary retinal detachment. Every patient with a medium-sized melanoma is sent to chest X-ray, 
liver ultrasound, and general examination but also to PET/CT to detect possible metastases.

Methods like MRI, CT and also digital subtraction angiography (DSA) are included in imag-
ing equipment. Structures of the eye globe and lesions are defined, visualized and localized. 
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pathogenic symptoms. Fluorescein angiographic changes, which can be observed in small cho-
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called the “double circulation model.” Its occurrence differs from choroidal melanomas.
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exhibit pigmented melanoma at T2 stage. In many cases, MRI is used to determine the extra-
scleral melanoma enlargement or to distinguish surrounding fluid from the tumor.

3.4.5. Biopsy and genetic analysis

Practice usually does not require the use of a fine needle biopsy and an incisional biopsy. 
However, these additional examination methods may be useful in differential diagnosis. They 
are used to distinguish amelanotic melanomas from metastatic tumors and as complemen-
tary tests, if the results of other tests are ambiguous. It is possible to achieve more than 95% 
accuracy in tumors larger than 3 mm using both types of biopsy. Comparing both methods, 
incisional biopsy is more invasive and comes with higher complications rate, but has lower 
rate of falsely positive or negative results. Intralesional or perilesional hemorrhage are the 
most common complications, a fine needle biopsy is not connected with higher risk of spread-
ing cancer cells in the case of choroidal melanoma.

Following biopsy, the prompt treatment is indicated with an aim to prevent extrascleral extension.

Nowadays, genetic analysis and karyotyping of biopsy samples are becoming more important. 
Various studies have documented that Chromosome 3 monosomy in the choroidal tumor is 
associated with a significantly higher risk of developing metastatic process. Nowadays, sadly, 
there is still no effective treatment for metastatic disease available.
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Software for target verification, which is used in conjunction with stereotactic frame system 
and imaging (CT, MRI) modalities, is used to determine the coordinates of the lesion (tumor) 
target into the stereotactic frame reference system.

The radiosurgical treatment is calculated by physicist by planning system for treatment (TPS) 
with the 3-D dose distribution. The result is superimposed onto the certain patient’s anatomi-
cal status to get an appropriate radiation dose for tumor and also for risk structures (optic 
nerve, lens, chism, etc.) and radiosurgical procedure [12–14].

5. 3D printed models of the intraocular melanoma for planning of 
stereotactic radiosurgery treatment

Stereotactic radiosurgery (SRS) is a technically challenging therapeutic irradiating method. 
It complements or supplies (replaces) classic surgical intervention. It is used for single high-
therapeutic irradiation dosage to an exact specified volume, while risk organs and structures 
are contemporary protected. A prerequisite for this method is a special software and hard-
ware equipment of workstation and professional experiences of specialists of different fields 
(neurosurgeon trained in stereotactic radiosurgery, radiation oncologist, ophthalmologist, 
radiologist, clinical physicist and registered nurse trained for radiosurgery).

The surgical operation involves the selection and preparation of the patient prior to surgery inter-
vention, which consists from processing of health and imaging documentation of the patient. 
It is necessary to analyze the patient’s disease and the patient’s indication by the Indicating 
Commission (BTB). The Commission decides about the indication in which the members are 
neurosurgeons trained in radiosurgery, radiation oncologists, ophthalmologists, radiologists 
and clinical physicists. The progress committee decides on the basis of a recommendation on 
the appropriateness of an eye globe oncological surgery, the listed group of experts will evalu-
ate the suitability of classical surgery, stereotactic radiosurgery operations, fractionated stereo-
tactic radiosurgery, intensity modulated radiotherapy (IMRT) or three-dimensional comfort 
radiotherapy (3D-CRT).

Patients indicated for stereotactic radiosurgical intervention are hospitalized for inpatient 
care. This is a short-term hospitalization, most often lasts 3 days. The patient admission 
involves interview with the patient with detailed information about the course of operation, 
performance benefits as well as acquaintance with potential acute and late postoperative com-
plications (adverse effects). The patient subscribes the informed consent.

Patient’s admission in hospital bed department (clinical care) is carried out 2 days before the 
surgery. A detailed clinical examination will be done, brought documentation is studied, the 
missing examinations are completed and a preoperative pharmacotherapy treatment in hos-
pital bed department is placed on. Findings, surgery and documentation will be inserted into 
the hospital information system. The day before the stereotactic radiosurgery (SRS) will be 
initiated the patient’s pharmacotherapy—premedication. Within the preoperative premedi-
cation, the patient is receiving the antiedematotic therapy, which intensity depends on the 
size, location of the lesion and the presence of edema. The presented therapy is continued in 
the day of surgery and the following day.

3D Printing164

Each patient’s record includes the tumor size, tumor volume, the maximum height of the 
tumor, age and gender, the presence and the extent of secondary retinal detachment, and 
the possible signs of extrascleral extension. The very important step of SRS is tumor volume 
calculation in each patient directly by results of CT and MRI examination. It is the basic step 
involved to the stereotactic planning scheme.

Immobilization of the affected eye globe for stereotactic irradiation is achieved by mechanical 
fixation of the sutures to the Leibinger stereotactic frame. Vicryl sutures from four extraocular 
muscles (m. rect. sup., m. rect. inf, m. medialis and m. temp.) are placed through the con-
junctiva and the lids. The stereotactic frame is fixed to the head, and the sutures are tied to 
the stereotactic frame. The day after stereotactic irradiation is the patient examined by an 
ophthalmologist (the slit lamp examination, ophthalmoscopy, and intraocular pressure mea-
suring) and is released for home treatment, he gets antibiotic and corticosteroid eye drops.

In software for data segmentation (3D Slicer, freeware version 4.5.0+), virtual 3D models of 
the eye globe were created. Imported data set came from CT (computer tomography) with 
accuracy 1 mm scan thickness. Visualized and created model has basic anatomical structures 
like globe, corneal segment, lens, optic nerve and tumor mass inside the created 3D model of 
eye globe. Extraocular muscles and vitreous body are not included in the model. Eye globe 
anatomical structures—lens and optic nerve—are very important for orientation. They are 
necessary visible points at the small printed 3D model because the model itself has the same 
size as the normal human eye globe—from anterior to posterior part is 24 mm. Virtual 3D 
model of the eye globe is then sliced. Additional support is calculated. The next step can 
be model preparing for printing in 3D printing slicing software Simplify3D. After creating 
and refining our models, for process of 3D printing, we used fused deposition modeling 
(FDM) technology. The 3D models in our study are printed on ZYYX 3D Printer by Magicfirm 
LLC using one extruder heated to 215–230°C. Chosen material is polylactic acid (PLA) with 
low deformability during rapid temperature changes and contributing high accuracy of the 
model. One layer of the model thickness of in vertical line is 100 μm. This provided an ideal 
proportion of a ratio between accuracy and velocity of a printing process. Estimated time of 
printing process in 3D printer is usually from 15 to 30 min per one model (Figures 2 and 3).

Figure 2. 3D printed model of the eye globe with intraocular tumor—arrow shows the tumor mass (melanoma).
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Figure 3. MRI scan of eye globe with uveal melanoma (choroidal melanoma stage T1b)—red color, lens—green color, 
optic nerve—yellow color.

Stereotactic one-day session therapy of intraocular uveal melanoma, based on CT and MRI 
images, is a precise treatment option and safe. The results of the treatment were summarized 
in the study and demonstrated that the local control was excellent. Among other results, they 
have further shown that in patients with an unfavorable tumor size and localization near 
critical structures such as the optic nerve, lens and macula, visual acuity has been reduced. 
In the patient’s follow-up after 6 months, visual acuity was evaluated. The study included 
a group of 77 patients in whom 85.5% of patients had a visual acuity of 0.1 or higher before 
radiotherapy. In the cases with intraocular uveal melanoma, these patients may be recom-
mended to undergo LINAC-based one-day session stereotactic irradiation, especially in the 
cases of medium-sized uveal melanomas. Important advantage of this treatment method is 
preserving of the eye globe [5, 6].

6. Discussion

In the treatment of the uveal melanoma patients, stereotactic irradiation has been used over 
20 years. Over time, the therapeutic single dose decreased and stabilized at 35.0 Gy. In the 
studies, this reduction did not lead to tumor control reduction. The studies also documented 
that hypofractionated treatment is beneficial. This treatment uses a very large fraction to sta-
bilize the intraocular uveal melanoma cell lines.

In the last years, additional interest in fractionated stereotactic radiotherapy (SRT) was 
obtained. Feasible fractionation advantage is used by Linear accelerators (LINAC). Nowadays, 
therapeutic schemes for hypofractionated therapy for five fractions with total doses from 50.0 
to 70.0 Gy are employed by most LINAC studies. Different studies report local tumor with 
control rates more than 90% by the efficacy of SRT in uveal melanoma treatment. In treatment 
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of melanoma close to the optic disc, juxtapapillary choroidal melanoma, this stereotactic 
radiotherapy offers another non-invasive alternative to radical surgery—enucleation—or to 
brachytherapy treatment with high tumor control rate [9, 15].

The gamma knife radiosurgery and SRS are evaluated as the alternative in patients with large 
tumors (stage T3) which are too large for conventional brachytherapy. Studies confirm with their 
results that treatment with SRS may also be recommended in specific cases of uveal melanoma 
[16, 17].

Interesting is the comparison with other forms of radiotherapy. Typical side effects of radiation 
from SRT include: radiation retinopathy, cataract development, secondary neovascular glau-
coma, and opticopathy. The result may be loss of visual acuity. In the worst cases, secondary 
enucleation is necessary. However, even with these risks, SRS and SRT are among the most 
effective treatments for uveal melanoma. The SRS method belongs to one of the new methods; 
therefore, it is needed to record and compare results with other methods by a multicenter stud-
ies. Treatment of uveal melanoma using a combination of stereotactic photon therapy and CT 
and MRI scans is considered very safe and accurate and guarantees excellent local control. 
A reduction in visual acuity was observed in a large number of patients. This condition was 
a result of the unfavorable size and position of the tumor near critical structures, such as the 
optic nerve and the macula. Obtained patient observations confirmed that stereotactic irradia-
tion for uveal melanoma using LINAC is feasible and well tolerated. This treatment preserves 
the patient’s eye globe and is offered in the case of moderate or unfavorably localized uveal 
melanomas [5].

Optical neuropathy may rarely occur after radiosurgical treatment of lesions that are 
located near visual pathways. A highly effective method in these cases for the treatment of 
small and moderate uveal melanomas is a one-step LINAC-based SRS with a single dose of 
35.0 Gy. This treatment involves the use of a mechanical immobilization system with four 
stitches [18].

3D printing has gained its new role in ophthalmology by confirming and demonstrating the 
real shape and size of tumors by creation of accurate 3D models. With current advances of 
precise modeling process, material to build the 3D models can be printed at 600 μm resolution.

This approach is already in use within the other fields of ophthalmological surgery. An exam-
ple is the use in cataract surgery—development of Cana’s Ring (CR) and a special expansion 
device for 3D pupils [19].

Another example of the practical use of 3D printing in ophthalmology is the eye fundus 
examination. The correct collocation of the patient, the smartphone and the Volk spherical 
lens is extremely important. To secure the correct position, a 3D printed adapter from plastic 
was created to connect the lens with the smartphone together [20].

Different studies evaluated the efficacy of stereotactic radiosurgery as a treatment modality 
for uveal melanoma. Tumor control rates 5 and 10 years after therapy were over 90% in several 
studies. Results of these studies did not show a significant difference between radiogenic side 
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effects of SRS and other forms of radiotherapy. Majority of visual acuity decline and necessity 
of secondary enucleation are neovascular glaucoma. Radiation therapy of stereotactic photon 
beams for the treatment of intraocular melanoma is considered effective nowadays. However, 
it is still recommended for future studies and follow-up actions to focus on finding optimal 
treatment modalities [21].

3D printed model of eye globe with tumorous mass is due to our experience helpful during 
the stereotactic planning process. Planning of stereotactic radiosurgery is based on fusion of 
CT and MRI data. Understanding of the collocation of all the structures of the eye globe with 
critical structures inside, such as lens, optic disc and the tumor size and its location, is a basic 
condition for the planning software.

By introducing a new 3D modality for visualization of the eye globe with the tumor, we 
provided real model of the eye globe for the specialists, which enabled them increase effec-
tiveness of the planning process during the stereotactic radiosurgery. Virtual 3D model can 
be seen on computer only, but real printed 3D model of the eye globe held by the physician 
and physicist in their hands gives them a better perspective of the real situation inside the 
eye globe, like the size, the distance of the tumor to critical structures, the lens, optic disc and 
optic nerve [5].

7. Conclusions

The number of patients in our study with reduced visual acuity will probably increase in the 
future. Created model was used for comparison with pictures of the eye globe after enucle-
ation due to secondary complications (amotio retinae). In future, we plan to make a collection 
of interesting models of rare cases for purposes of education.

Current possibilities of creating the real-sized or even also enlarged 3D models of the 
affected eye globe help ophthalmologists and other specialists to comprehend and visual-
ize the size and localization of the tumor, has been rather difficult before, solely with the 
2D radiographic imaging. The 3D model of an eye globe with an intraocular tumor has 
an important role during the process of preparing a stereotactic radiosurgery planning 
scheme. This is a step forward for the team of specialists responsible for management and 
treatment of a patient with malignant melanoma. Implementation of a 3D model in the 
process of individualized irradiation planning of stereotactic surgery has a great potential 
for the future.
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Abstract

One of the most promising advances raised by the current computer age is perform-
ing research “in silico,” which means computer-assisted. The objective of this chapter is 
firstly to evaluate if a 3D in-silico model of an oncological patient could be used to make 
a 3D-printed prototype in real scale, discriminating precisely healthy tissues, tumoral 
tissues and oncological margins. Secondly, the objective is to evaluate if this prototype 
could be representative enough to allow testing osteotomies under navigated guidance 
based on images. A tumor resection for a patient with diagnosed metaphyseal osteosar-
coma of the proximal tibia was transferred into a rapid prototyping model, fabricated 
using 3D printing and representing different structures in different colors. The planned 
osteotomy was executed using Stryker Navigator to guide the cutting saw and the pro-
totype was opened to verify the precision of the performed osteotomy. Both osteotomy 
planes showed successful correspondence with the safe margin, with a maximum error of  
1 mm. The application of these techniques in general orthopedics would help to reduce 
the incidence of unforeseen intraoperative failures, contributing to obtain predictable 
surgical procedures. This would implement a new way of performing development, 
research and training in orthopedics and traumatology by in-silico technology.

Keywords: bone tumor resection, computer-assisted surgery, image-based navigation, 
3D printing, orthopedic oncology
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1. Introduction

One of the challenges of orthopedics and traumatology has been recreating a preoperative 
planning scenario that contemplates 3D space, without the need to use cadaverous speci-
mens, and being able to reproduce it in the real world. Thanks to the advent of new technolo-
gies within the computer age, a new research model was born: “in silico” [1], which means 
“done by computer or via computer simulation.” In addition to the phrases “in vivo” and “in 
vitro” of Latin, which are used in systems biology and refer to experiments done in living 
organisms or outside living organisms, respectively, “in silico” is translated to “in silicium,” 
which refers to the material from which semiconductors are made, alluding to computer 
information storage. This creates the concept of turning a virtual computer scenario into a 
research lab.

One of the possibilities of in-silico research and development consists of performing virtual 
3D models that faithfully represent reality. In the field of orthopedics and traumatology, this 
type of tool opens room for many new developments, such as a virtual 3D model based on 
images of computer tomography (CT) and magnetic resonance that could simulate the spe-
cific anatomical structure of a patient.

In orthopedics surgery, the precision of the cut when performing a particular osteotomy can 
have a great impact in the final surgical outcome. For example, in bone tumor resection, the 
osteotomy should leave free margins outside tumoral contamination but at the same time 
respect as much healthy bone tissue as possible. Therefore, the use of a simulation scenario 
to determine where and how to execute an osteotomy with the greatest precision possible 
would mean a clear advantage when planning and performing this type of orthopedic 
surgery.

In the same way that a global positioning system (GPS) can orientate a person through an 
unknown path, an intraoperative simulation scenario would be able to guide the path that the 
cutting saw must follow during a surgical procedure. The surgical planification can be done 
in a virtual 3D model and then executed under virtual navigation [2–7].

However, virtual navigation based on images contemplates a unique point in space, therefore 
guiding the tip of the surgeon’s instrumental through the bone surface. For this reason, it is 
necessary to mark the planned scheme on the patient’s cortical surface and then execute it 
with a conventional saw under navigated guidance. This makes the level of precision and 
accuracy questionable, when performing a uniplanar, biplanar or multiplanar osteotomy 
[5–7].

Many experiments have been conducted to measure the precision associated with an oste-
otomy, which has been virtually planned and performed under navigation. Wong et al. 
were one of the first to report that planned tumor resections were facilitated with the use of 
intraoperative navigation and that this gives clinical benefits [8, 9]. These advantages were 
also probed in the computer-assisted surgery of the pelvis and sacrum [10, 11]. Postoperative 
computer tomography (CT) images of the patient can be superimposed to the original preop-
erative 3D scenario, allowing digital measuring of the distance between the target plane and 
executed plane [12].
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A common approach to measure surgical precision is to use the resected specimen, which 
contains the tumor, obtained from surgery. Possible methods include the histological evalu-
ation of the specimen, which determines the distance between the cut edge and the tumor 
by microscopy imaging measurement [12]. However, this does not allow comparison with 
the planned osteotomy, as it only reports the effective oncological margins. Another method 
consists of CT scanning the surgical specimen and adding it to the preoperative 3D scenario as 
another 3D piece [13]. The specimen piece location is manually matched against the original 
bone structure by an operator, obtaining the best possible image registration. The distance 
between the target plane and the executed plane can then be measured virtually.

The possibility of measuring the surgical precision obtained after performing an osteotomy 
is a key factor to allow continuous improvement in the field of orthopedic surgery. This is 
necessary for evaluating the effect of new instruments and surgical technologies, new surgical 
techniques, or any development that needs to be tested. Moreover, surgeons could experience 
a better learning curve for navigation systems if they could study the results they obtain.

In this context, the technological advancement provided by 3D printing represents an inter-
esting possibility. 3D printers have become very popular and it is common to find them in 
clinical research environments. The concept of rapid prototyping (RP) allows to create very 
specific models based on computer-assisted designs (CAD). In this way, a virtual scenario can 
be reconstructed for visualizing the bone, the tumor and the planes of osteotomies and then 
print those structures, giving the surgeon the possibility to have in his hands a 3D model, in 
real scale, that faithfully represents the patient’s situation. As described below, we can use 
this prototype model to simulate a surgery. The principles of navigation based on images 
(combining magnetic resonance images [magnetic resonance imaging MRI] with CT studies) 
can be applied to the RP model [6–8, 10]. In this way, a correspondence between the real 
structure of the RP model and its 3D reconstruction is obtained in the navigation computer. 
Finally, surgeons can carry out the reproduction of a virtual plan in a prototyped bone.

The main objectives of this chapter are to evaluate:

1. if it is possible to create a 3D model in a virtual scenario based on CT scans and MRI, 
which can simulate the morphology of the bone structure, the tumor and the oncological 
margins, obtaining a virtual three-dimensional preoperative planning;

2. if it is possible to print a 3D prototype (in this case, a model of proximal tibia) in real scale, 
which is representative of an oncological patient. This includes contemplating the healthy 
bone tissue, the tumor tissue and the oncological margins;

3. if it is possible to use this prototype to test osteotomies under navigated guidance based 
on images.

2. Materials and methods

The procedure included three distinctive stages: virtual 3D planning, printing a rapid proto-
typing (RP) model and image-based navigation.
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2.1. Virtual 3D planning

The workflow needed to obtain a 3D reconstruction of a patient’s anatomical structure can be 
divided into three phases, which are explained below.

2.1.1. Image acquisition phase (computer tomography and magnetic resonance)

Both a conventional magnetic resonance imaging (MRI) study and a multiknee computer 
tomography (CT) were performed for an 11-year-old patient. The patient’s only symptom 
was recurrent knee pain, and diagnosis of metaphyseal osteosarcoma in the proximal tibia 
was confirmed by biopsy. The treatment chosen was transepiphyseal tumor resection and 
reconstruction of the defect with structural allograft bench [14].

Toshiba CT scanner (Aquilion, Japan) was used and the tomographic acquisition protocol 
was the following: FOV 32 cm; pixel size 0.625 mm; KV 120; 100 mAs; thickness of cut 1 mm; 
and height and width of image (512 × 512 pxl). Images were digitized in digital imaging and 
communication in medicine (DICOM) format. Siemens resonator (Avanto, Germany) was 
used and the digital resonance acquisition protocol was the following: FOV: 32 cm; pixel size 
0.75 mm; thickness of cut 1 mm; height and width of image (256 × 256 pxl); in time T1.

2.1.2. Image segmentation phase

Once the image files are obtained, the objective is to eliminate elements that look like bone but 
are not bone. This process, known as image segmentation, is done by establishing a colorimet-
ric assessment. Figure 1 shows bone tissue represented in yellow, eliminating other elements 
such as cartilage, muscle, fat, skin or other elements that do not belong to the bone, such as 
the CT scanner lead. This procedure is performed manually by the operator and determines 
the final reconstruction of the bone, eliminating structures foreign to the bone tissue that can 
alter the anatomical form of the bone.

The bone tissue was segmented from CT scan, while the tumor tissue was segmented from 
MRI. Image fusion was then performed using a mold that overlaps both images in the proper 
place.

2.1.3. 3D reconstruction and planning phase

Once the entire volume of 2D is segmented, this volume is transformed into a 3D bone struc-
ture within a virtual scenario. By representing all three axes of space [15], this scenario implies 
an advance in the way of measurement previously used with CT images and 2D MRI, obtain-
ing a virtual 3D bone that aims to reproduce reality. In this way, the bone morphology and 
the tumor as a structure can be obtained in a virtual space.

2.2. Printing the RP model

The rapid prototyping model was created using Z-Printer Spectrum Z-510 printer, in 1 hour 
and 47 min of printing. It was printed in two halves to include within it four colors that define 
what the tumor is and where the oncological margins are. Two planes were created near the 
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tumor: one in red (unsafe margin of 3 mm) and the other in blue (safe margin of 3 mm). The 
tumor was colored in green while the rest of the structure corresponding to healthy tissue was 
printed in white.

The printing technique consists mainly of spilling a film of 0.1 mm of dust ZP131 on the base 
of more dust (flat) of 2 cm of thickness. Next, a liquid adhesive is printed on that thin film 
leaving the shape of the first layer of the object under study (proximal tibia), which will cor-
respond to a biplane section of 0.1 mm in thickness. This act is repeated consecutively until 
the finished piece is obtained. In this work, the tibia was printed in two halves.

Due to the fragility of the newly manufactured piece, the next step consisted of structural 
fixation with isocyanato, polyol and acetone. Then, both halves were bonded together with 
Z-Bond 101 glue, as shown in Figure 2. The precision of the printed piece was validated by 
measuring four-known distances in silico and comparing them in the RP model created.

Figure 1. (a) Magnetic resonance where hyperintense tumor lesion observed in the proximal region of the tibia. (b) 
Tomography image. The area corresponding to the tumor was painted (segmented) in green, while healthy bone was 
segmented yellow. This process is repeated in each of the cuts.

Figure 2. Three-dimensional in-silico planning model printed as RP model.
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2.1. Virtual 3D planning
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Figure 4. Saw with recorder. The RP model is osteotomized with a saw, which has a recorder attached to guide the 
direction of the cut in a navigated manner.

2.3. Image-based navigation

Once the RP model was prepared, it was fixed to a work table with a vice. The 3D preoperative 
surgical plan was loaded to Stryker Navigation System II (Figure 3). Then, an infrared surface 
recorder (tracker) was firmly fixed to the RP model with two pins and a label (Figure 4). This 

Figure 3. Real-time three-dimensional cut map displayed in the browser during cutting. The instrument colored in green 
corresponds to the blade of the saw. The safe margin is observed in blue.
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device generates a 3D coordinate system surrounding a specific area of interest, thus allowing 
to guide the navigator by matching the 3D preoperative scheme with the RP model.

After this, the model is ready to be osteotomized with navigation tools. The same tracking 
procedure was carried out on a cutting saw, with a 1.5 mm thick blade. In this case, an appro-
priate hook was used to fix the crawler to it, allowing one to see the edge of the saw and 
its trajectory in real time in the screen of the navigation equipment. In this way, the opera-
tor visualizes the virtual plane of the previously planned cut from the scenario in silico and 
directs the saw accordingly, contemplating all three spatial axes.

Once the navigated osteotomy was performed, the piece was opened to verify the correspon-
dence of the virtual planning and the RP model.

3. Results

3.1. Virtual 3D planning

The segmentation of healthy and tumoral bone tissue was performed. In this way, a 3D piece 
was built in a virtual scenario, where surgical approaches were evaluated until a final system 
of osteotomies was chosen. The choice was done contemplating the oncological margins with 
colors for both distal and proximal osteotomies to the tumor.

The preoperative planning, shown in Figure 5, was designed based on this 3D scenario. Two 
virtual osteotomy planes 3 mm thick were created. This thickness represents the cutting saw 
and its oscillation. The original coronal plane corresponding to the MRI at T1 was used to 
determine the distance of the oncological margin. This distance determines the location of the 
planes. In this way, we can establish a 3D cutting plane that considers the distance between 
the tumor tissue and the necessary oncological margin.

Figure 5. Three-dimensional preoperative planning model “in silico.” Healthy bone tissue is represented in gray and 
tumoral tissue in green. The blue cut plane represents safe oncological margin, and the red cut plane represents unsafe 
oncological margin.
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3.2. Printing the RP model

By printing the bone in two halves, we were able to create a solid structure that corresponded 
in size and shape to what was observed in our virtual scenario.

The validation of said procedure was carried out by comparing the measurement of four 
known distances in silico to their measurement in the RP model (Figure 6). These differences 
are stated in Table 1.

The average relative error, considering the virtual measurement as true measurement, is of 
0.9469%. The level of error is considered tolerable for this application; therefore, it can be 
concluded that the prototyping method shows good reproduction of patient’s structure in 
real scale.

Virtual measurement (mm) Difference between virtual and physical 
measurement (mm)

Relative error (%)

A 62.8 0.5 0.7962

B 112.2 0.1 0.0891

C 110.8 0.3 0.2708

D 19 0.5 2.6316

Table 1. Measurement of distances to validate the RP model’s precision.

Figure 6. Validation distances.
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3.3. Image-based navigation

The surgeons were able to reproduce the preoperative plan on the RP model by using a 
conventional saw under intraoperative navigation guidance. The procedure was validated 
by opening the piece and confirming its correlation with the previous biplanar osteotomy 
planned in silico. This is represented as the distance between each cut edge of the piece and 
its corresponding oncological margin planes.

The distal plane showed correspondence with the safe margin limit of the planned plane, not 
reaching the red plane (unsafe margin) at any point. The proximal plane obtained was parallel 
to the planned plane but showed a translation of 1 mm toward the healthy tissue side. In both 
cases the unsafe margin, colored in red, maintained all its integrity.

In Figure 7(a), we can see both halves of the RP model after osteotomies were performed, 
identifying clearly where the margin was greater than planned for the proximal plane and 
how the distal plane was correctly executed. In Figure 7(b), we can see the real specimen of 
proximal tibia presenting osteosarcoma, for comparison.

4. Discussion

Although the combination of preoperative planning with image-based navigation has already 
been used in other areas such as maxillofacial surgery [16], spine surgery [17] and cardiac 
surgery [18], among others, no work could be found in which RP models were cut with saw as 
part of the training for surgical navigation. As a matter of fact, one technical question that was 
present before doing this work was whether the RP model could withstand the oscillation of 
an orthopedic saw without being destroyed. In this experience of only two cases, we probed 
that the behavior of the material maintained its structure until the end of the experiment.

Figure 7. (a) Osteotomized RP model. (b) Pathological anatomy of tibial osteosarcoma. The similarity between the 
pathological anatomy and our RP model in colors can be noted, as well as the accuracy of the cut coinciding with the 
blue osteotomy plane, which corresponds to the safe margin.
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By taking advantage of the retrospective RP model created, one important challenge was 
improving the amount of healthy bone preserved compared to that of conventionally per-
formed resections. This means reducing the healthy bone in the resected specimen and 
leaving a greater volume of healthy bone in the patient, while always maintaining a safe 
oncological margin. This objective was fulfilled thanks to the 3D control in 3D planning and 
the 3D control provided by the navigator during the execution of the cut, as it can be observed 
in the RP model with colors.

Surgical precision, understood as the correspondence between a target osteotomy and an 
executed osteotomy, is not the only factor to consider when evaluating navigation-assisted 
surgery. Some complications associated with intraoperative navigation, such as increased 
procedure time or uncompleted navigation due to technical problems, have shown to decrease 
as the surgeon team familiarizes with the technology (increasing their total amount of surger-
ies performed under navigation) [19]. On the contrary, the accuracy level in the registration 
process appears to be independent of the learning curve and not decreasing with user expe-
rience. Local tumor recurrence and non-oncological complications have also been used as 
parameters to evaluate the benefits of navigation-assisted surgery [20].

The experiment designed for this chapter shows how 3D printing can be applied to build 
experimental models, specifically for orthopedical oncology, that can be used for multiple 
applications. In the first place, these models are useful to test and characterize new surgical 
technologies such as image-based navigation. In the second place, these models can be used 
by the surgeons for training on particular procedures.

The potential of 3D printed models as surgical training tools for patient-specific procedures 
has been evidenced for ENT surgery. In a case report where transtemporal tumor drainage 
assisted with intraoperative navigation was determined as treatment, the preoperatively 
planned trajectory to access the tumor was executed under navigation first on a 3D model of 
the patient’s skull and then on the real patient. The mean distance between target trajectory 
and executed trajectory measured in the 3D model was reduced by 73.66% when measured 
in the real patient. This probes how 3D printed models are a promising method to increase 
accuracy in surgeries assisted with navigation [21].

3D-printed prototypes are currently gaining accessibility, as 3D printers become more massive 
and more economical. This manufacturing method is improving both its technical character-
istics (such as the speed of printing, resolution and the variety of materials available) and its 
cost. Therefore, it is reasonable to believe this method can be easily available in clinical practice, 
turning it into a promising option for the testing of new surgical technologies and procedures.

This work was the first validation experiment of the workflow proposed, which consists of pre-
operative planning and image-based navigation for orthopedic precision surgery. Subsequent 
validation and protocolization works have followed this experiment, finally building a rou-
tine that is implemented on a weekly basis at the department of computer-assisted surgery 
at our hospital (Unidad de Cirugía Asistida por Computadora, Hospital Italiano de Buenos 
Aires) [22].

3D Printing182

5. Conclusion

The ability to combine different emerging technologies gives important solutions in the field 
of surgery planning and preoperative surgical design. The 3D prototype as a way of repro-
ducing a surgery is a training model for surgeons interested in knowing the behavior of 3D 
planning and its reproduction through the navigation of osteotomies in orthopedic oncology. 
It is possible, in this way, to test surgeries from RP models manufactured from real cases. This 
method stands out as it is easy to implement and to understand, as well as technically simple 
and economical.

Likewise, other benefits of this conglomerate of technologies include multiplanar or difficult 
osteotomies in limb deformities, pre-cast in osteosynthesis plates using the RP models as a 
guide mold, controlling oncological margins to avoid errors of cut in real surgery and, above 
all, save surgical time with its cascade of beneficial effects for the surgeon and the patient.

In our hospital department, we were able to adopt computer-assisted surgery for oncologic 
orthopedics as a standard routine. This includes weekly meetings of specialized medical 
professionals who perform the preoperative planning for challenging surgical cases, which 
are then executed intraoperatively under navigation guidance. More than 250 patients have 
been treated to date following this working protocol, since its introduction 8 years ago. This 
is an example of how new technologies developed in silico can rapidly reach health care 
activities.
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