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ABSTRACT: Additive manufacturing gained popularity in the 2000s and is now considered a 
new or emerging technology of the 21st century. However, the origin of the process is much 
older and has existed for several decades, more precisely since the 20th century, when it ap-
peared in small science fiction novels. In addition to these layer-by-layer approaches, there are 
also additive tomographic or volumetric approaches that allow the 3D object to be printed in 
a single step. These approaches are not so popular and consequently not fully understood or 
utilised. Thus, the paper briefly outlines the history of the transition from classical 2.5D printing, 
to 3D or non-planar printing, to 4D printing (with smart materials), to 5D printing (on equipment 
with more than three degrees of freedom), to 6D printing (a combination of 4D and 5D printing) 
and finally to volumetric and tomographic printing. The future perspectives of this technology 
are briefly presented with some applications and examples.
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1. INTRODUCTION
According to various reports in 2022 (Ritchie & Roser, 2022; Organisation for 
Economic Co-operation and Development [OECD], 2022) global annual plastics 
production increased from two million tonnes in 1950 to 360.5 million tonnes in 
2018 and respectively 459.75 million tonnes in 2019. According to assessments by 
the European Environment Agency (EEA) and the European Commission, global 
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annual plastic production is expected to further increase by up to 1.2 billion tonnes by 
2050 (European Environment Agency [EEA], 2019; European Commission, 2020). 
The dependence on these products is also reflected in the value of the global plastics 
market, estimated at 593 billion USD in 2021 (Statista Research Department [SRD], 
2023) and 609.01 billion USD in 2021 (Grand View Research [GVR], 2022). By 
2030, growth is estimated to reach 824.46 billion USD, with a CAGR (Compound 
Annual Growth Rate) of 3.98 % (SRD, 2023; GVR, 2022).

High annual consumption is due to the transformation of plastics into a wide range 
of products using primary manufacturing technologies such as injection (accounted 
of the largest market share of over 43.38 % in 2022 (GRV, 2022)) and extrusion 
moulding. In comparison, additive manufacturing is mostly used in prototyping 
application and less widely in industry. Other processing technologies, namely 
extrusion, atomization, sputtering, grinding, centrifugal disintegration, electronic 
deposition, calendaring, crushing, and chemical reactions are required to produce 
the raw material for additives processes (Fraunhofer, 2023). The most common 
forms of these raw materials are filaments, powders, rods, sheets, plates, foils, gels, 
pastes, liquids and fibres. Thus, similar to thermoforming (Throne, 2008), additive 
manufacturing can be considered a secondary processing technology.

Even so, a 2019 study shows that the global 3D printing market was estimated 
at 12.1 billion USD (SRD, 2020) and 15.2 billion USD in 2021 (Valuates, 2022) 
with a 25 % year-on-year growth from 2014 to 2019 (Jemghili et al., 2021). Due to 
a CAGR of 21.6 % from 2023 to 2033, the global additive manufacturing market 
size is estimated to reach between 76.16 and 77.83 billion USD by 2030 (Persistence, 
2023; Strategic, 2021). This estimate includes revenues from 3D printing systems 
(equipment), software, materials, accessories, and services. 3D printing is one of 
the fundamental elements of the latest industrial revolution, known as Industry 
4.0 (Jemghili et al., 2021).

In the literature, a number of papers can be identified that show the connection 
and transition from 3D to 4D (Zhou et al., 2015; Mallakpour et al., 2021), nonplanar 
approach (Nayyeri et al., 2022; Nisja et al., 2021), 5D printing (Anas et al., 2022), 6D 
printing (Georgantzinos et al., 2021), transition from 3D to 6D printing (Vasiliadis 
et  al., 2022), volumetric 3D printing (Rodríguez-Pombo et  al., 222). Yet, none of 
these provides a complete overview of the history of additive manufacturing and the 
stages of the transition from an idea in a fiction novel to volumetric printing.

Therefore, in the following chapters a brief review of the transition from 2.5 to 
volumetric printing as well as a brief overview of the history of additive manufacturing 
is given.
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2. TRANSITION FROM 2.5D PRINTING TO VOLUMETRIC PRINTING
2.1 Short history of additive manufacturing

Additive Manufacturing (AM) is also known by other, more or less common names, 
such as 3D printing, Rapid Manufacturing, Rapid Prototyping or Rapid Tooling, Digital 
Manufacturing, Digital Fabrication or Desktop Manufacturing and Layered Manufacturing. 
Unlike the formative and subtractive approaches, the common characteristic of additive 
manufacturing processes is the formation of a three-dimensional solid object by depositing 
material or binder in successive layers until the desired final shape is obtained.

Based on a partnership agreement between ISO/TC261 (Additive Manufacturing) 
and ASTM Committee F42 (Additive Manufacturing Technologies), a common set of 
rules, classification and information on additive manufacturing has been created. Hence, 
based on the revised standard ISO/ASTM52900-2021 (Additive manufacturing - General 
principles – Fundamentals and vocabulary), the different 3D printing processes can be 
grouped into seven categories: Material Extrusion (ME), VAT Photopolymerisation, 
Binder Jetting (BJ), Material Jetting (MJ), Powder Bed Fusion (PBF), Directed Energy 
Deposition (DED) and Sheet Lamination (SL) (ISO/ASTM52900, 2021).

Long before this collaboration, Blanther J.E., Birdseye S.H. and Tyler M.C. (1956) 
proposed a manual method (Blanther, 1892) as well as an apparatus (Birdseye & Tyler, 1956) 
for producing topographic maps with three-dimensional graphics using a layering method.

Meanwhile additive manufacturing was just an imaginary technology in small 
science fiction novels. In the 1945s and 1950s, the science fiction authors Murray Leinster 
(in the short story “Things Pass By”) and Raymond F. Jones (in the work “Tools of the 
Trade”) described a fictional but similar manufacturing technology to the concept of 3D 
printing (Haines, 2022; McIntosh, 2022). Murray Leinster (1945) describes a robotic 
arm capable of taking his 2D designs and using molten plastic to create 3D models and 
Raymon Jones calls his technology Molecular Spray (Historydraft, 2023). Only 26 years 
later, Johannes F. Gottwald is granted the right for patent US3596285A- Liquid metal 
recorder (Gottwald, 1969), the application originally filed on 11/07/1969. He envisioned 
a device like a normal desktop printer but printing 3D objects from molten metal rather 
than printing ink text on a page.

Starting from this point, a long series of papers has been published in the literature, 
and new equipment, materials, patents or ideas ensued, as follows:

	- The first attempt to create solid objects using photopolymers and a laser was made 
in the late 1960s at the Battelle Memorial Institute (Mouzakis, 2018). The ex-
periment aimed to polymerize a liquid resin by intersecting two laser beams of 
different wavelengths in the middle of a tank;

	- In 1968, based on a similar dual laser beam approach, Wyn K. Swainson of 
Denmark applied for a patent for his invention, entitled “Method of Producing a 
three-dimensional figure by Holography” (Swainson, 1968);
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	- In October 1974, David E.H. Jones (under the pseudonym Daedalus) pub-
lished a satirical article jokingly describing a single UV laser curing process 
(Daedalus, 1974) in an article in the New Scientist. Dr. Adrian Bowyer (future 
founder of the RepRap movement) later stated that Daedalus had jokingly invent-
ed what we now call stereolithography SLA;

	- Clyde O. Brown, Edward M. Breinan, Bernard H. Kear, as part of Raytheon 
Technologies Corp. (U.S.A.), filed an application for a patent entitled “Method 
for fabricating articles by sequential layer deposition” (Brown et  al., 1979) on 
29 November 1979. The rights to patent US4323756A are given on 6 April 1982 and 
contain information for the use of hundreds or thousands of layers of metal pow-
der and a laser energy source to fabricate a 3D object on a substrate acting as a 
base or printing plate. Also, in the late 1970s, Dynell Electronics Corp. (New York, 
USA) was awarded several patents for making 3D solid photographs. The method 
involves cutting cross-sections of plywood (using CNC equipment, a conventional 
milling machine or a laser) and stacking them to form the 3D object (Dariah, 2023);

	- In April 1980, Dr. Hideo Kodama of the Municipal Industrial Research Institute 
in Nagoya, Japan, describes the first layer-by-layer approach called by himself 
rapid prototyping. In 1981, he received the rights for the XYZ plotter patent 
(Kodama, 1981c) and published a series of papers in which he described the fab-
rication of three-dimensional objects from thermoset polymer (photo-sensitive 
resin/photo-polymers) by preferential solidification using a UV light source and a 
pattern acting as a mask or a scanning fibre transmitter (Kodama, 1981a; Kodama, 
1981b; McIntosh, 2022).

	- The patent “Pulsed droplet ejecting system” (Zoltan, 1970) of the inventor Steven I. 
Zoltan published in 1972 and the patent US4336544A - “Method and apparatus for 
drop-on-demand ink jet printing” (Donald et al., 1980) would form the basis for the 
development and refinement of 3D material-jet printers in the coming years.

	- In July 1984, American entrepreneur and engineer William Edward Masters 
applied for a patent describing his computer automated manufacturing process 
and system- US 4665492A (Masters, 1984). In the years that followed he was 
granted over 40 more patents of which the most important are US 5134569A- 
“System and method for computer automated manufacturing using fluent 
material” (Masters, 1989a) and US 5216616A- “System and method for com-
puter automated manufacture with reduced object shape distortion” (Masters, 
1989b). In July of the same year, Alain Le Mehaute, Olivier de Witte and Jean 
Claude André filed an application to patent the stereolithography process (FR 
2567668A1- “Dispositif pour réaliser un modèle de pièce industrielle”; André 
et  al., 1984) in which they used UV light to cure photopolymers. Similar to 
the earlier cases of Gottwald J. F. and Kodama H., the ideas and patents of the 
three French inventors were abandoned or expired due to lack of interest from 
the public or the companies they were working for and lack of any significant 
commercial potential. At the same time, three weeks later, in 1984, ‘Chuck’ Hull 
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filed his own patent for stereolithography and also described elements such as 
the STL file and the digital slicing/stratification approach (Hull, 1984). His con-
tributions form the basis of modern additive manufacturing technologies. Thirty 
years after 3D Systems (a company founded by Charles Hulls) kick-started the 
additive manufacturing industry with its SLA-1 equipment, it was declared a 
landmark in mechanical engineering by the American Society of Mechanical 
Engineers- ASME (ASME, 2016).

	- In 1986, Carl R. Deckard filed a patent (Deckard, 1986) for an additive technol-
ogy in which he replaced UV light with a beam of light from a laser to draw and 
solidify successive layers of powdered polymers (a technology known today as 
Selective Laser Sintering SLS);

	- Precision Optical Manufacturing, Inc. has revolutionized the field of additive 
manufacturing by developing Direct Metal Deposition- DMD (Dutta et al., 2011), 
a laser beam metal powder coating process used in the production and repair of 
three-dimensional parts;

	- In 1989, Steven Scott Crump patented the Fused Deposition Modeling FDM 
process, introduced Prodigy, a machine that produces ABS components 
(Crump, 1989; Haines, 2022) and together with his wife (Lisa Crump) founded 
Stratasys Ltd.;

	- On 04/08/1992, R. Helinski was granted the patent US5136515A (Helinski, 1989), 
which describes the method of fabricating a 3D object layer-by-layer by droplet-
by-droplet deposition and heat solidification of two materials (base material for 
the main component and the second one as a support);

	- In 1993, Soligen Technologies, Inc. (Texas, U.S.A.) began marketing a Direct 
Shell Production Casting- DSPC equipment (Soligen, 2023) used to manufac-
ture ceramic moulds or shells (alumina, silicon carbide, aluminium oxide, etc.). 
Z Corp. launches the Z402 3D printer which is based on a 2D inkjet printer but 
uses powdered materials (starch and gypsum based) and a water-based binder to 
print 3D objects (technology known today as Binder Jetting- BJ) (Masaeli, 2012);

	- In the mid-90s, new technologies such as SDM- Shape Deposition Manufacturing 
or Microcasting (Amon et al., 1998), Mold SDM and SSD- Spray Shape Deposition 
(Beck et al., 1992) were developed at Stanford University (California, USA) and 
Carnegie Mellon (Pittsburgh, USA) (Masaeli, 2012; Merz et al., 1994);

	- In 1995, German scientists at the Fraunhofer Institute (Fraunhofer-Gesellschaft 
zur Förderung der angewandten Forschung e. V.) began the development of a 
technology (DE19649865C1) for fusing thin layers of metal powders using a high-
power laser beam in an inert gas atmosphere (Meiners, 1996);

	- In 1996, Dr Behrokh Khoshnevis patented CC- Contour Crafting, one of his ideas 
to use large printing layers to make huge parts (aircraft engines, sand moulds, etc.) 
on an industrial scale (Henke et al., 2016; Khoshnevis, 2006);
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	- In 1997, the AeroMet company developed the additive process with high-power 
lasers and titanium alloys in powder form called Laser Additive Manufacturing 
LAM (Ding et  al., 2015; Wohlers & Gormet, 2015). During the same year the 
first manufacturer of EBM (Electron Beam Melting) 3D printers appeared 
(Markfoged, 2023) and used a stream of electrons guided by a magnetic field to 
melt successive layers of metal powders. Arcam AB (Mölndal, Sweden) devel-
oped Direct Energy Deposition- DED technology at Sandia National Laboratories, 
with equipment marketed by Optomec (New Mexico, USA) (Kumar, 2021). 
Although the operating principle is similar, diverse other variations of the process 
can be found under different names (Treutler & Wesling, 2021): EBAM- Electron 
Beam Additive Manufacturing (Sciaky Inc., USA), LENS- Laser Engineered Net 
Shaping (Optomec, Inc., New Mexico, USA), RPD- Rapid Plasma Deposition 
(Norsk Titanium AS Inc., Norway) or WAAM- Wire Arc Additive Manufacturing, 
CMT- Cold Metal Transfer (Fronius GmbH, Austria);

	- WAAM has its origins as far back as the 1920s’, thus making it the oldest additive 
technology (Dash et al., 2023; Twi, 2023) when R. Baker proposed to manufacture 
metal ornaments by using an electric arc as heat source and metal wire as base ma-
terial. The WAAM technique can also be divided (Binato et al., 2018; Northeastern 
University [NU], 2020) into GMAW- Gas Metal Arc Welding (Ding et al., 2011), 
GTAW- Gas Tungsten Arc Welding (Dickens et al., 1992) and PAW- Plasma Arc 
Welding (Spener et al., 1998), SAW- Submerged Arc Welding and SkAW- Skeleton 
Arc Welding (Treutler & Wesling, 2021);

	- In 1999 scientists at the Wake Forest Institute for Regenerative Medicine [WFIRM] 
successfully implanted a human bladder (WFIRM, 2023). The synthetic structure 
was made using a 3D printer and then coated with cells from the patient’s own tis-
sue to reduce the risk of the body rejecting the new organ. Three years, later they 
3D printed a miniature human kidney. Although it was not full-size, this was a key 
advance in 3D bio-printing, and later (in 2021) the institute received 2 awards in 
the NASA Vascular Tissue Challenge (WFIRM, 2023);

	- In 2000, Objet Geometries Ltd. (Rehovot, Israel, later to become one of the 
Stratasys brands) announced the launch of the Quadra, an inkjet 3D printer that 
deposits and cures photopolymers using 1536 nozzles and a UV light source, giv-
ing birth to PolyJet 3D printing technology (Wohlers & Gormet, 2015);

	- Dr. Behrokh Khoshnevis and his team at the University of Southern California de-
velops the Selective Inhibition Sintering- SIS process of a metal, plastic or ceramic 
material without the use of a laser beam (Torabi et al., 2014; Khoshnevis et al., 2003);

	- Since February 2004, a new revolution in the history of additive manufacturing 
has begun (Irwin et al., 2014), when Prof. Dr. Adrian Bowyer of the University of 
Bath, started an open initiative called RepRap (Replication Rapid Prototyper), of-
fering free access to 3D printing to the general public. Another major consequence 
was the emergence of Fused Filament Fabrication- FFF technology;
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	- In 2008, the Thingiverse website, launched by MakerBot Industries, LLC, start-
ed to provide an easy way for the online community (home/private/independent 
makers and businesses) to access and use thousands of easily 3D printed models 
for free. It reached the top 700 most popular websites in the U.S. in 2021, host-
ing over 2.5 million 3D models today (Lind & Bertasius, 2023);

	- In 2009, Scott Crump loses his patent for FDM technology and in 2014, the same 
happened to Carl Deckard’s patent for SLS technology. In both cases, the doors 
were opening for many companies to expand by bringing equipment and materi-
als to the market at much cheaper prices for independent users or companies. 
Thus, in January 2009 the BfB RapMan, the first affordable desktop 3D printer 
($700 USD) is launched on the market, followed in April by the Cupcake CNC 
($750 USD) of the much better known Makerbot brand (Kraft, 2009; Schneider, 
2009);

	- In 2011, KOR Ecologic produced the Urbee, the first hybrid car built using FDM 
technology (O’Neal, 2018) and Cornell University (U.S.) brought the first 3D 
printer for food manufacturing to public attention (Haines, 2022);

	- In June 2012, five years after the original SLA patent expired, the B9Creator 
(Digital Light Processing- DLP printer) and Form 1 (SLA printer), the first two 
affordable 3D printers, were launched (Ouajjani, 2018);

	- In 2013, Joseph and Philip DeSimone (from the Carbon® Company), inspired 
by the film Terminator 2 (Devlin, 2015), developed Continuous Liquid Interface 
Production- CLIP technology. Two years later, they announced the launch of 
revolutionary new printers (with print speeds up to 100 times faster than com-
petitors’ printers) that allow continuous printing of photopolymerizing resin 
objects. The new technology can be found today as Carbon DLS™ (Carbon 
Digital Light Synthesis™ (Carbon, 2023). Similarly, the company Nexa3D Inc. 
was developing and patenting (US20170129175A1) its own technology called 
LSPc®- Lubricant Sublayer Photocuring (Zitelli et al., 2015);

	- In 2014, Dr. Benjamin S. Cook and Dr. Manos M. Tentzeris developed the first 
multi-material integrated printed electronics additive manufacturing platform 
VIPRE (Vertical integration of inkjet-printed RF circuits and systems) at the 
Georgia Institute of Technology, which enables functional 3D printing of elec-
tronic components for radio frequency communication systems operating up to 
40 GHz (Stassen, 2014);

	- In 2015-2016, two new innovations emerge in the medical field when CELLINK, 
as part of the BICO Group (Sweden) announces the first commercially avail-
able bio-ink material used in human tissue 3D printing and Trinity College 
Dublin [TCD] announces the printing of human bone or cartilage (TCD, 2016; 
Haines, 2022);
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	- In 2016, Hewlett-Packard Company- HP, began commercializing 3D printers with 
its patented MJF- Multi Jet Fusion technology (Kauppila, 2023). The company has 
also made its first foray into 3D binder metal printing with the MJ- Metal Jet system;

	- Since 2016, the company Local Motors (Arizona, U.S.) has launched the first two 
3D printed autonomous vehicles, named Olli, running on the Sacramento State 
University campus (Boissonneault, 2018). Their printing was made possible with 
the help of Thermwood company (Indiana, U.S.A.) and Large Scale Additive 
Manufacturing- LSAM technology (Aysha, 2020), the world’s largest facility dedi-
cated to additive manufacturing;

	- In 2017, the first generation of FFF continuous belt printers (O’Connell, 2021) 
was launched with the release of Blackbelt 3D printer. Replacing the print bed 
capable of limited movement along the Z or X-Y axis with a belt capable of “in-
finite” movement (by continuously rotating it) and tilting the print head allows 
for an “infinite Z axis”. In the same year, Prof. John Hart and Jamison Go, from 
MIT, succeeded in developing a dedicated FastFFF equipment that achieves a 
volumetric printing rate of up to 282 cm3/h while conventional systems offer the 
possibility of printing at 10- 20 cm3/h (Go & Hart, 2017);

	- Over the period from 2016 to 2018, the use of 3D printers in civil construction 
became popular, materializing in the construction of artisanal structures, statues, 
bridges, houses and even some plans have been made for skyscrapers/office build-
ings in Dubai (Javelosa, 2017; Ramirez, 2020);

	- Using SLM technology, Orbex, a UK spaceflight company, 3D printed a one-
piece rocket on SLM 800 equipment (Davies, 2019). Similarly, Launcher Inc 
(California, USA) and AMCM GmbH (Additive Manufacturing Customized 
Machines, Starnberg, Germany), as part of the EOS GmbH group, have announced 
the successful production of a one-piece additively manufactured copper alloy liq-
uid propellant rocket. The Engine-2 liquid rocket engine chamber was created on 
an AM4M M4K 3D printer (O`Neal, 2019);

	- At the same time, additive manufacturing is already integrated into the U.S. Navy 
and Army supply chain (Metal, 2019; Suits, 2019) and in the production of five 
new warships for the Spanish Navy (Vialva, 2019).

	- In 2020, due to the growing interest in metal printing, Joule Printing™ technology 
emerged and parts are made by melting a metal wire and depositing it in succes-
sive layers (Digital, 2023);

	- In 2022, a manufacturing process patented by BCN3D, called Viscous Lithography 
Manufacturing- VLM™, enables the layer-by-layer production of 3D components 
by using a UV light and transparent films over which thin laminates of high-
viscosity resin are deposited (BCN3D, 2022). In order to develop Direct Sound 
Printing– DSP a group of researchers, from Concordia University (Montreal, 
Canada) have moved away from classical approaches in which energy sources, 
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such as light and heat, are used to chemically or physically transform the poly-
mers. The sono-chemiluminescence phenomenon, which underlies the technology, 
is utilized to create a hotspot (with high temperature and pressure) in cavitation 
bubbles directed into an enclosure containing a monomer (Habibi et al., 2022);

	- On 24 March 2023, Northann Corp (California, USA) was granted a European 
patent for DSE- Embossing Technology. They use a combined positive and nega-
tive embossing method for 3D printing decorative panels/plates (Keane, 2023a). 
The same month also sees the release of AMULIT (Additive Manufacturing at 
Ultra-Low Interfacial Tension) technology, developed by a team of researchers 
at the University of Florida (Madeleine, 2023; Keane, 2023b). They use silicone-
based elastomers, due to their biocompatibility and resistance (to heat, moisture 
and chemicals), in precise 3D printing of blood vessels (up to 4 µm in size) 
(Madeleine, 2023; Duraivel et al., 2023). In the same period but in the field of 
nanotechnology, researchers at the Chinese University of Hong Kong developed 
DH-TPL Digital Holography- based Two Photon Litography (Balena et al., 2023). 
This three-dimensional laser nanoprinting technology enables the fabrication of 
complex nano-sized structures at submicron resolution (Ouyang et al., 2023).

The latest research indicates a continuous development of the additive manufacturing 
industry not only through the development of new equipment dedicated to improve 
existing technologies but also through the emergence of new materials or 3D printing 
technologies. Thus, more than 75 (Boca et  al., 2022) layer-by-layer or volumetric 
approaches (described in later chapters) for macroscopic and microscopic 3D printing 
can be identified.

2.2 Misconceptions related to the actual 3D printing

Although it is ingrained and used globally in a strict sense, 3D printing is in reality 2.5D 
printing (Gebhardt, 2003) because 2D layers or contours are made strictly in one plane 
(in most cases X- Y plane) and movement along the Z-axis is gradual, with a height 
corresponding to the height of the layer. Also, in a more simplified way the slicing 
software (CAM software required for all additive technologies) converts the 3D model 
into 2D layers along the transverse axis Z (Georgantzinos et al., 2021).

One way to take advantage of the Z-axis in conjunction with the X- and 
Y-axes is a technique called non-planar printing (Ahlers, 2018), Curved Layer 
Fused Deposition Modeling- CLFDM/CLFFF or non-horizontal printing 
(Chakraborty et al., 2008; Singamneni et al., 2012; Llewellyn-Jones et al., 2016), active-z 
printing (Khurana et al., 2017) and ‘true 3D printing’ (O’Connell, 2021).

One of the first papers addressing the aspects of the transition from flat to slightly 
curved layers is that of Chakraborty and collaborators in 2008. They use 3-axis CNC 
equipment dedicated to the FDM process in which the control method of the movements 
(printing table and printhead) is converted from 2C,P (material deposition due to the 
movement along the X and Y axis and a point-by-point along the Z axis) to 2C,L (similar 
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X and Y axis control but a linear interpolation control of the Z axis). They and Huang 
& Singamneni (2015) also recommend alternating the printing direction, for the upper 
curved layers, to reduce intrinsic porosity between layers and to increase isotropy of the 
continuous material string.

In 2012, Singamneni et  al. presented research for the deposition of curved FDM 
printed ABS layers, for the fabrication of thin shell-shaped parts. Their CLFDM approach 
includes (Singamneni et al., 2012) the generation of surface points data using G&M code 
processing in a Computer Aided Manufacturing (CAM) module or through processing the 
part.stl file and subsequently, using of this point cloud data and an offsetting algorithm to 
generate curved layers. Two years, later Huang & Singamneni continue previous research 
focusing only on.stl file processing. They divide the FDM printed part domain into two 
distinct regions: adaptive curved layer on top and the flat layers at the bottom of the 
part. By using the mixed-layer approach (Huang & Singamneni, 2015), they obtained a 
scaled portion of an aircraft wing with improved surfaces and internal micro-structures 
and increased printing time compared to the classical flat-layer approach.

In 2016, Llewellyn-Jones et  al. use an automated method for the generation of 
concave and convex layer to produce 3D printed components, such as vehicle body 
panel, shoe insole and dished sandwich panel. Similar to the previous cases, using a 
script written in MATLAB, they take the.stl file of the part and generate separate G-code 
files for each component (Llewellyn-Jones et al., 2016) of the printed part (e.g., scaffold 
structure which is printed with conventional static z layers and upon which the curved 
layer (buffer layers, or model skins) model will be printed using dynamic z-values). The 
difference is that they use and recommend a Delta printer instead of a Cartesian printer to 
combat speed differences along the X and Y axis versus the Z axis.

In the same year, Micali & Dornfeld (2016) come up with a different approach to the 
ones presented above. Their work also focuses on eliminating the stair-stepping artifacts 
in FFF technology on standard 3-axis equipment. To do so, they generate an inverse 
toolpath offset that can follow wavy/free surfaces and predict collision. Thus, the nozzle 
geometry also allows entrance into narrower regions, steeper inclines and a smoother 
surface due to nozzle sliding on the printed perimeters.

In 2017, Khurana et al., use active z-printing to get stiffer and stronger parts. They 
use (Khurana et al., 2017) two STL files (one for the main part and another with curved 
profile) and the open-source Bread slicing software (Parker, 2018) to generate the 3d 
printhead paths. They use a script in MATLAB to eliminate some of the problems 
(e.g. unnecessary travel movements that increased printing time and caused collisions) 
caused by the early stage of Bread slicer software development.

A major contribution to this non-planar printing took place in 2018, in Daniel Ahlers’ 
master thesis from the University of Hamburg in Germany (Ahlers, 2018). The first step 
in achieving these curve profiles is to modify the FFF 3D printers to allow the print head 
to move freely up/down and right/left during material extrusion. Avoiding collision of 
the printing head components (nozzle, fans, air ducts, heating block, bed level sensor) 
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with existing printed sections can be achieved by using a longer hot end and/or a nozzle 
(Kupol, 2020) longer than conventional ones (the height of the outer cone is increased and 
its angle is reduced). Since active cooling of the printed raster is still required, the fans 
and air ducts must be readjusted. Ramírez-Gutiérrez et al (2020) propose even a unique 
adaptable base which brings advantages to the fabrication of curved-layered structures. It 
should be mentioned, however, that the printing is done using the 2.5D method to obtain 
a base and the first curved surface of the part (Ahlers, 2018; O’Connell, 2021). Therefore 
the stair-stepping effect is still to be expected. Only after that, the actual free printing 
on the previously obtained structure can begin. The second and equally important step 
is to generate the toolpath in the altered version of the Slic3r slicing software on Linux 
(O’Connell, 2021).

At the beginning of the process of creating collision-free nonplanar surfaces, 
information about the printer configuration (nozzle angle and the height of the printhead 
hardware) must be added, regardless of whether or not the printer has been modified. 
Since this entire project is public, all the information and files required are available 
online on the Github platform, under the name: Slic3r NonPlanar Slicing (Ebert, 2017).

Due to the open source nature of the project, all data can be used as is or modified 
as preferred. Some versions of the slicing software capable of non-planar printing for 
Windows have also been released due to the interest of some independent developers 
(Mbartlett, 2019). A similar phenomenon occurred with the introduction of the Creality 
CR-30 belt printer, also known as Naomi Wu’s 3DPrintMill (Sink 2021). First launched 
as a Kickstarter project in November 2020 (Creality, 2021), the design of the 3d printer 
was created as a result of collaboration between Shenzhen Creality 3D Technology Co, 
Ltd. and three online community members.

In all the above papers and few others (McCaw & Cuan-Urquizo, 2018; 
Nisja et al., 2021), this printing method is available for 3-axis equipment dedicated to 
FFF/FDM technology. However, in the literature there is also a way to obtain curved 
layers using LOM technology. Klosterman et  al. (1999) named the Curved Layer 
Laminated Object Manufacturing- CLLOM process and use materials such as monolithic 
ceramic and ceramic matrix composites to create shell-type objects.

2.3 How materials and equipment brought three new dimensions in additive manufacturing

The first way to implement a new dimension in 3D printing is through the materials 
selection rather than the equipment. Three-dimensional models are thus printed on 
regular 2.5D printers and designed to change shape, property and functionality over 
time. 4D printing is characterized by the ability of the parts to self-transformation, self-
assembly (Tibbits & Cheung, 2012), self- sensing, self-adaptability (Khoo et al., 2015) or 
self-healing (Wang et al., 2018)/ self-regeneration. Shape changes manifest themselves 
through folding, expansion, shrinkage, twisting while self- healing through rebuilding of 
the polymer chains of the printed parts. Therefore, time is considered that the 4th dimension 
(Georgantzinos et al., 2021; González-Henríquez et al., 2019).
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These so-called smart materials (SMs) or stimulus-responsive material (SRM) 
(Tzo et al., 2004) are able to respond in a reversible way to external stimuli variations 
(Roy & Gupta, 2003; Leist & Zhou, 2016) such as temperature, light, humidity, pressure, 
pH, magnetic field, electrical current, electrostatic interaction, solvents, Ca2+, Mg2+, 
radiation (UV and IR), ultrasound, etc. SMs can be classified into (Maheswari et al., 2022; 
Kamila 2013) piezoelectric materials, shape memory materials (SMM), magnetostrictive 
and magnetorheological materials, electrorheological fluids, chromoactive materials, 
optical fibres and photoactive materials. The most popular and common SMs in additive 
manufacturing are those with shape memory. These SMM can be divided (González-
Henríquez et al., 2019), also, into shape memory alloy (SMA), polymer (SMP), hybrid 
(SMH), ceramic (SMC), gel (SMG) and of course, composite (SMc). Although SMPs 
first appeared in 1984 in Japan, they have experienced accelerated growth and increased 
interest from the research community. By using laminate form polymers, by combining 
two polymeric materials or combining the resulting polymer matrix with additive material, 
multiple controllable and reversible shape changes (Multi-Way Shape Memory Effects 
MW- SME or two way shape memory effects 2W- SME) can be achieved (Basit et al., 2013; 
Scalet, 2020). Due to the thorough design of the shape memory composition a dual shape 
changes or a response to multiple stimuli is enabled (Fu et al., 2018; Roy & Gupta, 2003). 
Dual-Stimuli-Sensitive Polymers can respond to a combination of stimuli such as light 
and temperature (Kurihara et al., 1998), pH and temperature (Gan et al., 2000), Ca2+ and 
acetonitrile or temperature.

Shape memory polymer blends typically (Kurahashi et al., 2012) consist of a network 
polymer containing physical or chemical crosslinks for the permanent phase, and the 
other amorphous or crystalline polymer playing the role of fixing the reversible/switching 
phase. In practice filaments such as Facilan™ PCL 100 Filament (3D4Makers, 2023) 
can be found on the market but it is more common to produce them. Such SMP blends 
are: polylactide PLA70/ thermoplastic poly(ether)urethane TPU30/CB (Qi et al., 2017), 
PLA85/poly(ether)urethane PU15/CB (Xiu et  al., 2016), poly(ethylene vinyl acetate) 
EVA60/ poly(ε-caprolactone) PCL40/CNT (Zhang et al., 2016), poly(propylene carbonate) 
PPC70/PLA30/MWCNTs and PPC50/PLA50/MWCNTs (Qi et al., 2016), Poly(methyl 
methacrylate) PMMA/ poly(ethylene glycol) PEG (Liu et al., 2005), poly(vinyl chloride) 
PVC+PCL/TPU (Jeong et al., 2001) etc. The most popular nano-fillers (Ni et al., 2007; 
Mather et  al., 2009) are carbon nanotubes (CNTs), carbon black (CB) nanoparticles, 
carbon nanofibers (CNFs), multiwalled carbon nanotubes (MWCNTs) but also nano-silica 
dioxide SiO2 (Yan et al., 2013), silicon carbide (SiC) nano-particles (Gall et al., 2004) and 
magnetite (Fe3O4) (Razzaq et al., 2007) can be used.

In order to achieve dynamic rather than static structures, 4D printing diverges from 
classical printing (2.5D or non-planar) through the mandatory use of multi-materials, 
external stimulus and mathematical models and/or finite element analysis FEA (González-
Henríquez et  al., 2019). SMs multi-materials are the fundamental element underlying 
the change in shape because the differences in the materials physical properties. The 
stimuli provide the energy needed to trigger phase/morphological/structures changes and 
the mathematical model predict the changes in the final part. Such a mathematical model 
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and FEA is presented by Ge et al. (2014) and Mao et al., (2015), and serves as guidance 
for the selection of process and design parameters required for 4D prototyping. They use 
it to print flat polymer sheet with active composite hinges and apply it for self-assemble 
active origami structures (e.g. a box, a pyramid, and three or five hinge airplanes). With 
thoughtful design, multi-material assemblies capable of responding to different sensors 
can be achieved. One such example is the artificial insect controlled by multi-stimulus 
(magnetic waves, light and electric field) of Khare et al (2017).

The concept of 4D printing was first introduced by Professor Skylar Tibbits (Founder 
and co-director of the Self-Assembly Lab at Massachusetts Institute of Technology- MIT) 
(Ly & Kim, 2017) in 2013. He initially worked with Stratasys Comp. to introduce two 
composite materials capable of changing shape when placed in water (one chain like 
object spelled MIT while the other morph into a wire frame cube).

Over time, this approach has been used in printing with electroactive polymers 
EAPs of dielectric elastomers or membrane actuators DEAs (Bar-Cohem, 2010; 
Rossiter et al., 2009) for soft-robots, printing of planar electronics that can electronically 
transform into nonplanar geometries at room temperature (Sundaram et al., 2017), 4D 
printing of SMPs self-interlocking components (Yu et al., 2015) which can react rapidly 
to a thermal stimulus and precisely change back the shape, 3D printing of piezoelectric 
device which can response to a finger-tap (Bodkhe et  al., 2017; Chen et  al., 2016), 
fabrication of parts able to mechanically (stretching, pressure) or chemically (pH) 
activate a chemical reaction which enable a colour change in the mechanochromic 
material (Peterson et al., 2015; Weder, 2011), smart valve able to respond to a hot/cold 
flow (Bakarich et al., 2015) or an acidic/basic flow (Nadgorny et al., 2016) proposed a 4D 
computed tomography approach which aim to reduce the exposure to radiation of patients, 
4D food printing (Ghazal et al., 2022), 4D bio-printing of vascular endoprosthesis (stents) 
implant (Zhou et al., 2021; Wang et al., 2022a) and tracheal stent with thermal responsive 
material (Zarek et  al. 2016), pH and thermosensitive medical device used for drug 
delivery (carrying and releasing) application (Gazzaniga et al., 2023; Sheikh et al., 2022).

The high interest in these applications is not only from the research community but 
also from companies and institutions such as (Reddy & Devi, 2018): U.S. Army Research 
Center, Stratasys, Ltd., Dassault Systemes S. A., NASA, Airbus SAS (France), Materialise 
NV, Massachusetts Institute of Technology, Hewlett-Packard, Inc., Briggs Automotive 
Company Ltd. (U.K.) and 3D Systems Corporation.

Unlike the non-planar approach and 4D printing, 5D or 5-axis printing is more 
related to the type of movements the equipment can make. The method was first proposed 
by William Yerazunis, Ph.D., Senior Principal Research Scientist at Mitsubishi Electric 
Research Labs- [MERL] (Haleem & Javaid, 2019). The aim of this project was to obtain 
stronger components (on the whole surface of the part or where it is necessary), with 
a more complex design (including obtaining curved surfaces) and all this with a lower 
material consumption compared to traditional approaches. All this was achieved by 
adding two additional movements (rotations) of the printing platform of a FFF dedicated 
3D printer.
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Therefore, usually in addition to the three linear movements around the X- Y- Z-axis, 
a rotation A around the X and a rotation B around the Y-axis is also possible. These 
rotations make it possible to print curved layers more easily and without the need for or 
with a minimum amount of support structures (printing over an already printed surface can 
be facilitated considerably). At the same time, by using interwoven layers and eliminating 
the printing of flat layers, it is possible to obtain parts that are stronger (especially in 
the case of tensile forces with directions perpendicular to the printing direction), more 
aesthetic (with complex shapes and intricate geometries) and with reduced material 
consumption.

Similar to the configuration of conventional equipment and in the case of 5D printing, 
different approaches of displacements and rotations can be considered: either the printing 
platform is “fixed” and the print head performs the Z-axis displacement and the A and B 
rotations or the print head is “fixed” and the printing table (implicitly the printed part) 
rotates around the X and Y axis.

This technology is expected to bring new innovations and new users from dentistry 
(dental implants, crows, aligners, orthodontic braces and models) (Haleem & Javaid, 2019; 
Haleem et al., 2018), aerospace industry and medicine (surgical aids, gauges and implants) 
(Vshaper, 2023a).

Objects with steep overhangs can be printed (without the need of support structure) 
using multi-direction toolpath planning (Ahlers, 2018) or multi-axis material extrusion 
by curved layer slicing CLS (Kubalak et al., 2017). Such multi-direction slicing of CAD 
models were generated by Ding et al. (2015) for a five-axis robotic wire-feed additive 
manufacturing. The strategies presented in their study (volume decomposition and sub-
volume regrouping) were implemented by programs written in Matlab.

Other algorithms capable of automatically slicing 3D models in multi-direction layers 
(without or with min. support structure and collision-free) for Layered Manufacturing 
technologies are: silhouette edge projection and offset slicing (concepts implemented 
in C++) (Singh & Dutta, 2001; Singh & Dutta, 2008), Multi-Orientational Deposition 
MOD algorithm (implemented using C++) (Yang et al., 2003), centroid axis computation 
(implemented in VC++ using and ACIS geometry kernel) (Ruan et  al., 2006), 
normal marching algorithm (for 5 axis Laser Aided Manufacturing Process- LAMP) 
(Zhang & Lio, 2001), skin generation algorithm (Kubalak et al., 2017), skeleton method 
(for Laser-Based Direct Metal Deposition) (Eiamsa et  al., 2001), adaptive spatial 
decomposition (enhance the performance of the centroidal axis method) (Ren et al., 2008) 
and adaptive slicing (for Hybrid Plasma Deposition and Milling- HPDM technology) 
(Xiangping et al., 2014).

In 2018, Ethereal Machines Halo, a 3D printer and milling machine that operates on 
5-axes, received a CES award for the Best of Innovation Honoree in the category of 3D 
printing (Haleem et al., 2018). Other 5 axis hybrid printer on the market are 5AxisMaker’s 
CNC (a desktop machine that offers both milling and 3D printing, launched on Kickstarter 
in 2014) (5AXISWORKS, 2023), CY1000 (robotic manufacturing cell for insulated wire 
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deposition, bare wire deposition, polymer deposition, printing of electronic components 
and pick and place operations) (Q5Technologies, 2023), 5AX Machine (5 axis industrial 
FFF printer with a rotary-tilt heated-vacuum- building platform, actively heated chamber 
and additional finishing and probing tool) (Vshaper, 2023b), University of Oslo’s 
Pentarod 5 axis FFF printer (a modified version of the RepRap Ormerod, developed by 
a master student named Øyvind Kallevik Grutle) (Grutle, 2015) and Opex5x (an open-
source project started by a team at Imperial College London, dedicated to converting the 
Prusa i3 3D printer into a 5-axis FFF printer) (Hog et al., 2022).

Still a domain waiting to be developed to its full potential, so far the only limitations 
of this technology are the extra cost of equipment (purchase, manufacturing, maintenance) 
and the need for skilled operators (Haleem & Javaid, 2019). W. Yerazunis stated in an 
interview that “5D printing does require a lot of analysis and it does require knowing how 
the part will be used. But when you can make a part that’s five times stronger, that really 
changes how you think about 3D printed parts.” (MERL, 2017).

As a natural next step in the evolution of additive manufacturing, the concepts of 4D 
and 5D printing are being combined into one, to take the advantages of both approaches. 
Georgantzinos et al. describe the idea of 6D printing for the first time (Vasiliadis et al., 2022) 
in 2021 and refers to it as “a child born from the marriage between a five-axis printer of 
FDM technology and SMs” (Georgantzinos et al., 2021).

Since 4D printing is performed on conventional 3-axis printers, some of the 
limitations of the layer-by-layer planar approach are inherited by the resulting intelligent 
components. However, the addition of two additional degrees of freedom (specific to 5D 
printing) allows the manufacture of SMs components with more complex shapes the use 
of less raw material, shorter processing/printing time and increased structural integrity, 
flexibility in design and part functionality.

The printing method also allows the use of intelligent raw materials with nano-
inclusions, nano-fillers and nano-reinforcements. These special composite materials 
(presented above, in the 4D section of this sub-chapter) already offer the possibility of 
obtaining parts with dual shape modifications. Due to the advantages of 5D printing and 
an optimal design, it is expected to manufacture SMs with the possibility of at least three 
shape transformations.

Involving smart materials into 6D printing, can lead to custom-made orthopedic casts 
that are capable of providing mechanical corrections of the arm or foot. There will be no 
need of weekly cast replacement because the smart material will change the shape over 
time, becoming tighter or looser according to the affected limb condition. As an example, 
the “smart cast” (Vasiliadis et al., 2022) can be a great solution for the most common 
congenital orthopedic foot deformity also known as clubfoot (Ganesan et al., 2017). By 
using this dual approach innovations will emerge in areas such as medicine (prosthetics, 
orthopedics, dental, custom-made implants) construction (pipes capable of changing their 
diameter and shape as a result of the introduction of a fluid), aerospace engineering, food 
sector and manufacturing.
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Similar to 5D and 6D printing can be achieved by introducing more degrees of 
freedom at the detriment of using smart materials. By using this approach, the printer 
head has the ability to move around from six different angles or less, and the additional 
moves an rotation, at defined angles, are done by the mobile printing platform (including 
the printed part).

To achieve the required 6 degrees of freedom, modifying a conventional 3-axis printer 
can be an arduous, costly and time-consuming problem (ZHAW, 2016), which is why 
6-axis CNCs or robotic arms and adapters for printing heads are preferred (e.g. Trumph 
1000W CW laser and a coaxial powder head mounted on Kuba robot (Pinkerton, 2010) 
and 6- axis robotic-end effector and KUKA robot arm for ABS printing (Shi, 2014)). 
Especially, robotic arms have the benefits of speed, agility and flexibility in printing 
(Ding et al., 2015; Vasiliadis et al., 2022; Kubalak et al., 2018) and their control is already 
known before the advent of 3-, 5- or 6D printing concepts.

In practice (at industrial level) technologies such as Direct Metal Deposition 
DMD™, Laser Engineered Net Shaping LENS™, Laser Powder Fusion LPF™, AREVO 
polymer Directed Enerrgy Deposition DED, Continous Fiber Coextrusion CFC system 
are performed on 5 or 6-axis systems (with or without an additional rotary axis for 
the printing platform), and with the help of a 6-axis comprehensive CAM software 
(Dutta et al., 2011; Aero, 2023; Anisoprint, 2023). Such examples of printing systems 
are the DMD 105D/505D (5-axis equipment on CNC platform), DMD 44R/66R and 
DMD IC106 (6-axis industrial robot), LENS® 860 (rugged CNC platform with til-
rotate printing platform), LENS 850R (5-axis gantry system coupled with a tilt-rotate 
platform), HP- 115 and HP- 205 (fully automated 5-axis powder deposition systems), 
AREVO® AQUA System (6-axis robotic arm), Anisoprint PROM PT (a 6-axis robot arm 
Continuous Carbon Fiber- CCF Printing system in development) etc.

2.4 Elimination of the layer-by-layer approach

The necessity to overcome the problems associated with the layer-by-layer approach led 
the scientific communities, along with some companies to develop new concepts, namely 
volumetric (holographic printing or multi-beam AM) (Rodríguez-Pombo et al., 2022) and 
tomographic printing. These new approaches allow the fabrication of macro-, mico- or 
nano- scale 3D components in a much shorter time by free deposition and/or dispensing 
of droplets or strands/ribbon of liquid/paste/ink material, (Parupelli & Desai, 2019) or by 
projecting a hologram, patterns or several laser beams inside an enclosure or VAT with 
photosensitive material. The first methods referring to the sequential manufacture of a 
product by direct deposition (Direct Writing DW) of material are presented below. Later 
new concepts emerge into volumetric and tomographic additive methods, which allowed 
parts to be produced “at once” (Hoeben, 2022), namely by selectively solidifying/
curing voxels (the 3D equivalent of a 2D pixel) (Kety, 2021) inside a vat filled with 
photosensitive resin.
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Early means of rapidly manufacturing components:

	- Matrix Assisted Pulsed Laser Evaporation-MAPLE DW: A pulsed laser is induced 
through a ribbon (double layer material made of a laser transparent material coated 
with a viscous material of interest/ink) to eject/transfer the ink onto the substrate 
(Piqué et al., 2003). Also, micro-machining is possible by allowing a direct inter-
action between the laser and the substrate) (Parupelli & Desai, 2019);

	- Laser Chemical Vapor Deposition LCVD: A guided laser beam is used to induce 
a chemical reaction in a reactant in order to deposit thin films of various materials 
(metals, ceramics, insulators, semi-conductor etc.) on the surface of a substrate 
(Elliott, 1995). Three-dimensional parts can be obtained in two ways, depend-
ing on the mechanism that triggers the chemical reaction. Consequently LCVD 
technology can be separated into two categories, namely (Duty et al., 2001; Piqué 
& Christey, 2001) pyrolytic (thermal energy of the laser beam is used to heat the 
substrate surface to the temperature necessary to initiate the chemical reaction) 
and photolytic (photons from the laser beam are used to break the chemical bond 
within the reactant gas).

	- Dip-pen Nanolithography DPN: is the first macroscopic DW- SPL (Scanning 
probe Lithography) technology involving the use of an atomic force mi-
croscopy mechanism to deposit molecular patterns (from certain inks, e.g. 
alkanethiols, biological molecules like DNA, viruses, and proteins, polymers, 
and nanoparticles) on the surface of a substrate (Krivoshapkina et  al., 2016; 
Piner et al, 1999). Other variations of SPL technologies are 3D nanoprinting Atomic 
Force Microscopy AFM or AFM Nanolithography (Ventrici de Souza et al., 2018; 
Obermair et  al., 2011), 3D nanoprinting Scanning Tunneling Microscopy STM 
(Liu et al., 2016; Plank et al., 2020), 3D nanoprinting Scanning Probe Microscopy 
SPM (Garcia, 2020; Dietrich et  al., 2019), 3D nanoprinting Focused Electron 
Bean Induced Deposition 3D-FEBID (Seewald et al., 2022; Plank et al., 2019), 
electrochemical probe microscopy SEPM (Oswald et  al., 2022), Fountain-pen 
Nanolithography FPL (Lewis et al., 1999; Kkim et al., 2005), Fluidic- Enhanced 
Molecular Transfer Operation FEMTO (Vengasandra et al., 2005), thermochemi-
cal Nanolithography TCNL (Szoszkiewicz et al., 2007), Polymer-Pen Lithgrophy 
PPL (Huang et al., 2010; Huo et al., 2008);

	- Solvent-Cast Direct Writing SC- DW: being a method based on Direct Writing 
extrusion principle, the thermoplastic material is extruded through a nozzle and 
deposited on a substrate. The major difference between this technology and those 
presented above is that the base material is mixed with a evaporable solvent which 
allows the ink to solidify quickly (Balani et al., 2021). Thus it is possible to print 
parts without the need for a support structure for bone and tissue engineering 
(Dong et  al., 2020; Omidia-Anarkoli et  al., 2019), from PLA for Isotropic thin 
film fabrication (Singh et al., 2019), from and for intelligent materials applications 
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(Wan et al., 2019), polycaprolactone PCL based ink for biomedical and prosthesis 
applications (Camacho et al., 2019; Geisendorfer & Shah, 2019) and for electronic 
or electric applications (Hardin et al., 2019).

A new printing concept, developed by researchers at North Carolina State University, 
emerged in 2013 in the field of micro-component manufacturing called Direct-Write 
3D Liquid Metal- DW 3D LM (Ladd et  al., 2013a; Neumann & Dickey, 2020). In 
contrast to Laser based Direct Writing- LDW (Arnold et al., 2011; Schiele et al., 2010), 
manufacturing is carried out at room temperature and does not require auxiliary systems 
or laser sources to melt the metal. DW 3D LM enable the formation of stable structures 
(using a syringe) in a liquid medium due to the passive oxide layer/film (~1 nm thick) on 
the surface of the low-viscosity liquid metal (gallium alloy). Thus wires with a diameter 
of 270 μm and a height of 8 mm can be obtained as well as complex or free-standing 
shapes with a size ranging up to 10 μm (cylinders, 3D drop arrays, arcs, spheres, etc.) 
(Ladd et al, 2013b).

Both before and after, variations of direct printing with liquid metal has proven to 
be an effective method in various applications such as: printing of wireless wearable 
flexible microfluidic device (Koh et  al., 2016) capable of capturing, measuring and 
storing quantitative values for sweat rate, total sweat loss and colorimetric readouts 
(pH, concentration of lactate, glucose, chloride and hydronium ions), epidermal 
heat flux sensors for continous noninvasive measurement of core body temperature, 
electronic skins e-skins (Wang et  al., 2015) with liquid metal circuits- LMCs (Guo 
et al., 2018a) (wearable electrocardiogram ECG for physiological signals monitoring), 
omnidirectional printing of flexible, stretchable and spanning silver (silver nanoparticle 
ink) microelectrodes for electronic and optoelectronic devices (Ahn et al., 2009), multi-
layer highly-stretchable strain sensors with integrated readout liquid metal paste circuitry 
(Votzke e tal., 2019), wireless wearable healthcare monitors (puls wave measurement) 
using directly-printed Ni-GaIn amalgams (Guo et  al., 2018b), multylayer microstrip 
patch antenna (Hayes et  al., 2012) ( multilayer liquid eutectic gallium-indium- Ega-
In encased in an elastomer), conformal printed hemispherical small antennas (tapered 
liquid silver meander line affixed to patterned cooper feed lines on a low-loss laminate 
substrate) (Adams et al., 2011), and many other flexible/stretchable wearable electronics 
(Lin et al., 2023; Bao et al., 2016; Gao et al., 2012; Boley et al., 2014).

Later, truer and more complex volumetric and tomographic technologies emerge on 
the market and between the research community. In 2017, as a result of the collaboration 
between MIT (MIT’s Self-Assembly Lab) and Steelcase Inc. (Michigan, U.S.A.), a new 
process of rapid additive manufacturing in liquid/gel environment was born, named 
RLP Rapid Liquid Printing (Charbauski, 2023; Rapid, 2023). It is used to produce 
components (especially furniture parts) on a large scale (“with a large enough tank, the 
process can create objects of any size”- Simon-Lewis, 2017) with high precision, with 
quality industrial materials in minutes (Rapid, 2023). The major difference between 
classical additive manufacturing technologies and RLP (is that the part is produced in 
a liquid suspension (gel with the consistency of a hand sanitizer or hair gel) by direct 
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extrusion/injection of the material (plastic, metal, ceramic, elastic materials, etc.) to 
form composites rather than the classical layer-by-layer approach (Simon-Lewis, 2017; 
Hajash et al., 2017).

However, the technologies that are best known or have attracted the most attention 
are Readily3D S.A.’s 3D tomographic printing and Xolo3D’s volumetric printing called 
Xolography. Emerged in 2017 and developed by researchers from the Ecole Polytechnique 
Fédérale de Lausanne (the future founders of Readily3D S.A.) the tomographic approach 
allows 3D photo-polymerization (using shaped light beams from multiple angle) for 
direct printing of a desired part. Simultaneous illumination of the entire building volume 
allows for build times in the order of seconds and parts as small as a few centimetres 
(Readily, 2023; Hoeben, 2022) without the need for support structures. Xolography 
or linear volumetric 3D printing (Regehly et  al., 2020), originally developed in 2019, 
allows a material with photoswichable molecules, to be accurately solidified at the 
intersection of two light rays of different colours. The difference between this technology 
and conventional ones such as SLA/DLP/LCD is that the planar printing area is moved 
continuously and at speed inside a vat of material as opposed to the slow movement of 
material inside the tank followed by the exposure of layers (Kety, 2021).

Other volumetric, toographic and DW technologies available on the market or 
under development are: Computed Axial Lithography (University of California) 
(Kelly et  al. 2019; Wang et  al., 2022b), Stanford 3D printing (developed at Stanford 
University and Harvard University) (Sanders, 2022), Ultrafast volumetric 3D bioprinting 
(University Medical Center Ultrecht and École polytechnique fédérale de Lausanne) 
(Bernal et al., 2019), FluidForm’s FRESH™ 3D bioprinting (Fluidform, 2022), Scaffold- 
free 3D bioprinting (University of Illinois at Chicago) (Jeon et  al., 2019), FabRx 
Volumetric printing system with DLP projector (colaboration between University College 
London, University of Santiago de Compostela, MERLN Institute for Technology-
Inspired Regenerative Medicine, and pharmaceutical 3D printing specialist FabRx Ltd.) 
(Rodríguez-Pombo et al., 2022), micro-CAL (Lawrence Livermore National Laboratory 
and University of California) (Toombs et  al., 2022), tomographic volumetric additive 
manufacturing (Madrid-Wolf et  al., 2022), Continous Inkjet CJ- DW manufacturing 
process (Desai & Lovell, 2012), Aerosol Jet DW (Rosker et  al., 2020), Digital 
Holography- based TPL- Two Photon Litography or Ultrafast 3D nanofabrication via 
digital holography (Ouyang et  al., 2023), Two-Photon-Polymerization Direct Laser 
Writing TPP- DLW (Gissibl et al., 2016), Micropen by Exxelia (Exxelia, 2023) and Beam 
Based DW- Focused Ion Beam FIB (Edinger, 2002).

3. CONCLUSION
In the present paper, a short review of AM techniques has been conducted, along 
with applications and materials specific to some of them. Since its origin, additive 
manufacturing has undergone an accelerated evolution from short stories in science 
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fiction novels or timid and unsuccessful attempt to create a three-dimensional object, 
to development of over 75 technologies, to being part of the latest industrial revolution, 
known as Industry 4.0.

The production and global market value of plastics has reached its peak in recent 
years and is expected to grow exponentially in the coming decades. Although injection 
moulding holds the largest market share (43.38% in 2022, followed by extrusion 
moulding) of plastics processing techniques, 3D printing is also growing with increasing 
interest from companies. As opposed to classical technologies, due to the low cost of 
equipment and materials dedicated to additive technologies, both the research community 
and independent/home/hobbyist users have come up with their own ideas and ways of 
improvement that have massively contributed to the growth and development of 3D 
printing (e.g. Creality CR-30 belt printer with “infinite X-axis”, thousands of free 3D 
models ready to print on dedicated websites, non-planar printing, RepRap open source 
initiative etc.).

Although it is ingrained and used globally in a strict sense, 3D printing is in reality 
2.5D printing, since the slicing software converts the 3D model into 2D layers along the 
transverse axis Z (hence the name layer-by-layer). Approaches that can benefit from all 
3 axes are called ‘true 3D printing’, non-planar printing, Curved Layer Fused Deposition 
Modelling- CLFDM/CLFFF, non-horizontal printing and active-z printing. Such 
applications can be achieved by using a 3-axis CNC machine and converting the Z-axis 
point-to-point movements into linear movements either by using special algorithms 
designed to separate the part into individually sliced components, or by using CAM 
software capable of allowing planar slicing of the part followed by a non-planar coating 
of the upper surfaces.

Unlike non-planar printing, 4D printing with smart materials (especially shape 
memory material) received a huge interest from the research community and is used for a 
multitude of applications in different field. In many of these cases the actuation or shape 
change triggering is done without any additional equipment such as wires, batteries, 
or electric motors. In addition to components capable of transforming themselves in 
response to external stimuli, adding new dimensions to 3D printing is achieved using 
multi-axis equipment. This has resulted in 5D printing and, as a final evolution, 6D 
printing (which can also result from combining 5D and 4D printing).

The problems (high printing times, surface quality, structural integrity and mechanical 
properties) associated with the deposition of material or adhesives layer by layer associated 
with conventional printing can be overcome with the help of direct writing concepts and 
in particular by implementing volumetric or tomographic approaches. They allow the 
fabrication of components all-at-once by projecting a hologram, patterns or several laser 
beams inside an enclosure or VAT with photosensitive material or by free deposition and/
or dispensing of droplets or strands/ribbon of liquid/paste/ink material.



� 2023, Editorial Universitat Politècnica de València | 33

Short foray into the stages of conversion from 2.5D to volumetric printing

Given the rapid developments and changing trends (increased interest in plastics 
followed by an increase in additive manufacturing methods with metallic materials, 
printing with smart materials, development of bioprinting, increasing sustainability of 
processes) over the years it is hard to predict what will happen to 3D printing or what 
form it will take in 10, 5 or even a year. Despite these advances, there are still some 
challenges to be overcome but it is clear that: 3D printing which started as a means of 
prototyping has become a tool for either mass production or for unique or customized 
products, new faster and more reliable equipment, materials and accessories will come 
onto the market, multi-dimensional printing will gain popularity due to the high levels 
of flexibility in design, efficiency and structural integrity of components, implementation 
in even more biomedical applications (manufacturing of stretchable-flexible-wearable 
medical devices and tissue deposition for organs printing) etc.
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