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Abstract: This paper aims to establish six-dimensional (6D) printing as a new branch of additive
manufacturing investigating its benefits, advantages as well as possible limitations concerning the
design and manufacturing of effective smart structures. The concept of 6D printing, to the authors’
best knowledge, is introduced for the first time. The new method combines the four-dimensional
(4D) and five-dimensional (5D) printing techniques. This means that the printing process is going to
use five degrees of freedom for creating the final object while the final produced material component
will be a smart/intelligent one (i.e., will be capable of changing its shape or properties due to its
interaction with an environmental stimulus). A 6D printed structure can be stronger and more
effective than a corresponding 4D printed structure, can be manufactured using less material, can
perform movements by being exposed to an external stimulus through an interaction mechanism,
and it may learn how to reconfigure itself suitably, based on predictions via mathematical modeling
and simulations.

Keywords: additive manufacturing; 6D printing; 4D printing; 3D printing; smart materials; nanocom-
posites

1. Introduction

Additive manufacturing (AM) or 3D printing, discovered in the 1980s as a rapid
prototyping method and is now considered as a manufacturing process, practically in the
same way as the conventional manufacturing processes. AM has generated an impact
in all industry areas, including aerospace [1,2], automobile [3], construction [4], medical
and military [5]. It offers flexibility in the product design process, a considerable reduc-
tion in material consumption, as well as makes product personalization affordable [6].
ASTM International categorizes AM processes in seven groups [7] (i.e., material extrusion
(e.g., fused deposition modeling—FDM), powder bed fusion, vat photopolymerization
(stereolithography—SLA), material jetting (e.g., PolyJet), sheet lamination, directed energy
deposition, and binder jetting), each typified by the principle according to which matter is
formed.

In terms of advances in technologies and applications concerning 3D printing, one
of the extraordinary reported developments so far is 4D printing in which 3D printing
technology is combined with smart materials (SMs) to produce structures that change
shape over time [8-10]. More specifically, in 4D printing, the developed 3D object can
self-transform or respond to external stimuli over time [11]. In other words, time could be
considered as the 4th printing dimension. Here, time is not utilized to describe for how long
the object is printed but expresses the fact that it can continue to evolve [12,13] after being
printed or even the ability to self-regenerate [14]. 4D printing is expected to play a crucial
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role in future designs due to its obvious advantages. For instance, 4D printing may allow
scientists to develop, micro/nano-actuators and/or smart devices, without additional
equipment, i.e., wires, motors, and batteries. Applications of 4D printing have been already
referred to in several fields. Characteristically, 4D printing has already been successfully
applied for manufacturing various products including structures with multi-directional
properties [15], soft actuators [16], and others.

The production of products with material intelligence (i.e., SMs), via the 4D printing
technique, requires the achievement of the self-transformation skill. The final printed
smart objects should possess expandable, adaptable, and/or deformable characteristics
in response to an employed stimulus (i.e., temperature, humidity, or solvents), as well
as pH or light [17]. The materials utilized for structure evolution exhibit an abundance
of properties (i.e., self-healing [18], self-assembly [19], self-sensing, decision making, and
self-adaptability) [20]. Shape morphing following printing is the key feature of 4D printing.
Shape changes in 4D printed structures can be caused by various external stimuli, to
produce folding, expansion, or shrinkage of the printed objects. These evolutions are
characterized by different behaviors for objects comprised of one SM and bilayer structures
with different properties and inhomogeneity [21,22].

If a 3D printed object, beyond its morphing into a new shape (4D printing), can further
change its function, this transformation could be called, also as 5D printing. Nevertheless,
a comprehensive definition of 4D printing is more appropriate to include the evolution of
the 3D printed structure concerning changes in shape, property, as well as in functionality.
On the other hand, “5D printing” is more commonly referred to as a name for five-axis
AM [23,24]. The term “5D” is used to describe the five-axis printing method, firstly
proposed by Mitsubishi Electric Research Laboratories (MERL), which is accomplished by
the utilization of a print bed that rocks back and forth on two-axis, creating the fourth and
fifth processing axis [23]. The competitive advantage of 5D printing compared with 3D
printing is that it can produce stronger objects using less material [24].

Here, to our best knowledge, an attempt will be made for the first time in the open
literature to introduce the concept of 6D printing followed by the necessary theoretical
background, potential areas of application, and possible arisen benefits. The idea is simple,
novel, worth researching, and can easily be described as follows: A 6D printed structure
could be regarded as a child born from the marriage between a five-axis printer of FDM
technology and SMs. It can be stronger than a corresponding 4D printed structure, can be
manufactured using less material, can change shape due to an external stimulus via an
interaction mechanism, while its structural quality and intelligence may be improved by
introducing computational optimization methods and simulations.

2. The Ground Idea

Today, the benefits of 3D printing are well established: Design freedom, part consol-
idation, no tooling necessary, just-in-time inventory, faster production, easily accessible,
tangible design, cost-effectiveness, creative designs, unlimited shapes and geometry, va-
riety of raw materials, less waste production, risk reduction and others [25]. From an
engineer’s point of view, the list of practical advantages is boundless. Taking into account
all of these benefits, one would consider that 3D printing would be a very common manu-
facturing procedure in our times. However, this is not true: The industry is struggling to
incorporate efficient technology into its production. However, AM is still less than 2% of
the entire manufacturing market. This is due to the fact that some challenges do not allow
the extensive adoption of the specific AM. Common problems associated with 3D printing
are imperfections in the final product, post-processing requirements, longer production
timelines, limitation to ordinary material components, etc.

Any current limitation associated with the 3D printing process is inevitably transferred
to the 4D Printing technology. The 4D restrictions may be divided into two main categories.
The first category is related to the manufacturing process itself, while the second one has
to do with the functionality, characteristics, and capabilities of the final smart structure.
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Regarding the manufacturing limitations, the need for supporting material as well as the
post-process requirement for its removal should be highlighted. In addition, the lack of
additional printing degrees of freedom, evidently, leads to the need for extended processing
routes and, thus, to longer processing times, while the achievable structural complexity and
coherence, that governs the SM strength, is rather restricted. Finally, analogous limitations
arise regarding the SM stimulus-response capabilities due to the lack of the extra printing
directions. It should be noted that despite the fact the 4D printing may allow the production
of SM components with a complex orientation by using more convoluted programming,
does not have the high manufacturing flexibility regarding the layer-by-layer orientation
that is offered by the 6D printing method.

To improve and optimize some features and aspects of the AM, a novel concept
is proposed here. The main objective of the idea is the scientific establishment of the
six-dimensional (6D) printing concept, which is schematically explained in Figure 1.

Two rotational degrees One dimension of Effective
of freedom time smart structure

ﬂ+®=p\*

2D 1D 6D Printing

Figure 1. The 6D Printing method: Dimensionality clarification.

The 4D and 5D printing concepts should be clarified beforehand in order to enlighten
the aim of the current exploration.

The 4D printing technology [26] is grounded on the 3D one, nonetheless, additionally
requires the use of stimulus and stimulus-responsive raw materials. Thus, such a man-
ufacturing process leads to the production of the famous SMs [27]. In other words, the
alteration of the 4th dimension of the part is indirectly achieved via a stimulus condition
which is applied after its printing finalization. On the other hand, the 5D technology [26]
refers to common, non-intelligent final material component products, which; however, are
manufactured by the use of a five-axis printing technique, instead of the three-axis one
used in 3D printing, a fact that enables the process of objects in multiple dimensions.

The concept of 6D printing, to the authors’ best knowledge, is introduced for the first
time. The new method combines the 4D and the 5D printing techniques. This means that
the printing process is going to use five degrees of freedom for creating the final object
while the final produced material component will be a smart/intelligent one (i.e., will be
capable of changing its shape due to its interaction with an environmental stimulus).

The expected arisen benefit due to the realization of such a novel manufacturing
process is, first and above all, the capability of printing structures that exhibit intelligent
behavior that has unique “response to stimulus” characteristics due to the arisen distinctive
structural features. The new multi-axis printing capabilities are expected to lead to a
new family of SMs which will also be more easily manufactured to tighter tolerances and
specifications. Apart from achieving a unique material intelligence by incorporating two
more printing axis, the proposed technology is additionally expected to be highly capable
of producing stronger products, of better quality at minimized processing times.

Finally, yet importantly, the method may support effectively not only single-phase
polymers but also nano-reinforced polymers [28] as raw materials, in a more specialized
manner. The use of suitable nano-inclusions and nano-reinforcements [29] is expected to
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provide even more specialized final properties of the final 6D printed SM. The addition of
nanomaterials to the polymeric basic raw material increases the complexity of the method
design (i.e., the calibration for the printer and the whole printing setup as well as the
computational modeling and simulation predictions required for the proper design of the
whole manufacturing technique and final product) [30].

Overall, this work aims to highlight the benefits from the establishment of a new field
in prosthetic technology, which can give new possibilities and designs whereas it has not
yet been introduced in the literature. The presented concept needs to be distinguished
from existing available technologies, as it will not only offer more degrees of freedom
in construction and make manufacturing more efficient in terms of material use and
production time but can give new designs and novel smart functionalities, which are
difficult to be realized via the existing additive technology. The capabilities which arise
from the idea of the 6D Printing method are inherently based on the printing production
processes and its settings and not just on the properties of the material. According to the
proposed definition, the single intelligence or multiple intelligences of the SM products that
lead to the extra dimension (i.e., the multidirectional evolution or simultaneous change of
several material attributes in time due to excitation) are all integrated into one dimension,
avoiding, in this manner, any possible definition vagueness. To better differentiate each
category of additive manufacturing over the proposed one, Table 1 is presented which
contains the main aspects and characteristics of each relevant technique. Note that, on the
whole, the proposed idea aims at improving the quality, programmability, and adjustability
of the dynamic after-print multi-intelligent response of the SM object. The main advantage
of the method is the fact that enables the printing in more directions and along more
complicated or even curved paths, thus, leading to more well-designed products regarding
both the achieved structural integrity as well as the level of intelligence. Finally, the 6D
printing method accompanied with an appropriate setup may allow the use of less raw
material and may simultaneously provide shorter processing times due to its inherent
processing flexibility.

Table 1. Categories of additive manufacturing techniques with their basic features.

Addictive Manufacturing

Required Equipment Basic Characteristics Limitations

Layer by layer development Inflexibility on the layer

3D Printing 3D printers . . . orientationProduct with no
in the vertical axis . .
intelligence
Limits regarding the layer
3D printers . . orientation
4D Printing Raw material with Creation of Smart Materials Intelligences of restricted
. . (SM) Products .
intelligences programmability and strong
directivity
5D Printing 5D printers or robotic arms Layering in every d1rect19n Producfr with no intelligence
Less material and process time Higher setup cost
Layering in every direction
5D printers or robotic arms Less material and process Additional calibration and need
6D Printing Raw material with time Creation of SM Products for standardization
intelligences of flexible and adjustable Higher setup cost

programmability

The setup cost regarding the 6D printing process is expected to be high. However,
the positive economic influence of adopting the proposed method is highly dependent
on the production lot size and the level of integrated automation. The more massive the
production via 6D printing, the higher the overall cost reduction in comparison with the
4D printing method, due to the minimization of the raw material loss.



J. Compos. Sci. 2021, 5, 119

50f11

3. Methodology

The 6D printing process is briefly outlined diagrammatically in the flow chart of
Figure 2. Each basic step of this process corresponds to the objectives that are presented in
this section.
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Figure 2. The concept of 6D printing.

3.1. Database of SMs—Stimuli Interaction Mechanisms

One category of printing materials that is under the spotlight in the last years is the
SMs [31]. When a product is printed by using suitable raw materials, it may be transformed
into an alternative structure that is intelligently sensitive to the influence of external energy
that is input in the form of pressure, temperature, electric field, magnetic field, light, or
other environmental stimuli. As a first step, for the establishment of the proposed process,
an extended literature review is required regarding all the existing SMs and their properties,
stimuli, and interaction mechanisms in order to identify the most suitable SMs for the
application of the 6D AM.

Further investigations should be conducted to identify all the available polymers [32]
as well as nano-reinforced polymers [33] which could be successfully melted and processed
by the headed end of the 5D printer extruder, thus used as candidate printing raw materials.
The development of a database concerning the aforementioned relevant raw material
records may allow the development of simple and effective computational and analytical
methods, which are originally required for modeling and designing the final products as
well as finding the ideal manufacturing procedures.

3.2. Multi-Scale Modeling and Analysis of SMs and Structures

The final structure of the investigated printed SMs will be accomplished (a) after
depositing small drops of melted polymeric media, which on occasion will be nano-
reinforced, layer-by-layer; and (b) after cooling the printed smart component at room
temperature. Furthermore, it is evident that the response of the SMs by a stimulus, such
as environmental temperature, stress, strain, electrical current, magnetic field, etc., is
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strongly dependent not only on the final formation and molecular structure of the involved
polymeric chains but also by the position and physical properties of the nano-reinforcement
alone. Moreover, the investigation and accurate representation of the molecular kinetics, the
relevant glass transition phenomena, the interphase interactions, the electrostatic and vdW
forces is of high importance for developing the necessary stimulus interaction mechanisms
and; therefore, for selecting the after-print SM proper design.

At the stage of the product and process optimal design, extensive comparisons be-
tween the novel 6D and the 4D printing techniques should initially be made at a theoretical
level, to reach rigid conclusions about the superiority of the proposed process. Given the
nanoscale significant effects governing the adopted smart materials, special formulations
based on the combination of the molecular dynamics (MD) [34] and the finite element
method (FEM) [35,36] must be developed to simulate the final printed material components,
in an effort evaluate, control and characterize the design aspects and parameters of the
investigated products. Generally, the effects at the nanoscale of both the polymeric chains
as well as the involved nano-fillers under the stimulus conditions require the combination
of both atomistic as well as continuum numerical techniques. Thus, appropriate MD,
FEM, as well as combined multi-scale computational methods [37] should be introduced,
developed, validated, and parametrically applied in order to capture the SM behavior at
the nano, micro, and physical scale. The aim is the efficient modeling and simulation of
the final printed products under the stimulus conditions, with low computational cost and
high accuracy.

3.3. Optimal Paths of 5D Printed Smart Structures

In 5D printing, the printed part moves and rotates while the printer head is printing, so
as for the printing to undertake the curve path of the part being printed rather than moving
through a flat layer as in the case of 3D printers. This is expected to provide stronger
structures using less material [35] in comparison with classical 3D printing. Besides that,
both 3D and 5D printing techniques use the same technologies such as the input of 3D
CAD files and the same printing materials.

The evaluation and calibration of the process require extensive experimental investiga-
tion. Numerous parts using different arrangements and printing paths should be produced
and then tested. The experimental examination should be realized by using both standard
3D printing equipment as well as a five-axis printer capable of processing a variety of pure
and nano-reinforced raw materials at different temperature levels.

In the conventional 3D printing process, between the CAD model that expresses the
final design of the structure and the 3D printer, there is the 3D printing slicing software
(slicer) essentially acting as the middleman. This software slices the 3D CAD model into
2.5D layers along the transverse axis (z-axis), generating the optimal paths of the extruder in
the FDM technology through g-code. Settings in parameters like infill pattern, infill density,
layer height, etc. can affect the behavior of the printed structure. Given that the printing
process in a 5D printer can be performed in more axes, the presence of more parameters
and combinations of parameters is inevitable. For example, the infill pattern and density
as well as the presence of multiple materials can be developed in more directions than
in 3D printing. The relations between the printing parameters and the resulting physical
properties (mass, tensile strength, glass temperature, electrical conductivity, etc.) may in-
fluence the SM behavior, and, thus, should be systematically examined using standardized
samples and a bottom-up approach, starting from simple to more complex geometries. The
behaviors must be recorded, and semi-analytical equations may be extracted performing
appropriate regression analysis. By determining the optimization problem, defining the
objective function, variables, constraints, etc., as well as using multi-criteria analysis and/or
artificial intelligence algorithms, optimum solutions could be obtained. The goal is to find
the best process parameters that lead to increased SM quality as well as high productivity.
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3.4. Efficient Smart Structures in Action

At the final stage, the assessment of the 6D printing method should focus on the
achieved intelligence of the printed objects. Firstly, the experimental measurements should
be conducted in order to determine the response of the 6D printed part under the action of
static stimulus conditions. The efficiency and accuracy of the intelligent 6D printed objects
in changing shape or/and properties under the corresponding stimulus is to be evaluated.
Obviously, the accurate response and quick reaction to the stimulus are strongly dependent
on the structural quality of the final part and, consequently, related to the followed 6D
printing process. Thus, carefully designed after-print experiments and measurements
may give valuable information for further improvements. After validating the proposed
manufacturing procedure for producing SMs with an excellent response under a static
interaction with the environment, the investigation should proceed to the characterization
of the dynamic stimuli-response of the 6D printed SMs.

4. Potential Benchmarks

For convenience, the performance of the 6D concept should initially be examined
through simple problems and applications, some of which are proposed in this section.

The investigation may focus on specific component geometries and material con-
stituents. In order to evaluate the benefits of the 6D printing over the 4D one, an exper-
imental investigation may be performed regarding the overall strength, surface quality,
stimulus-response, and production efficiency of the final produced SM components (parts).
The final specimens should be manufactured via both 6D and 4D methods and the pro-
cessing times as well as the achieved physical properties may be set into contrast through
statistical methods in order to reach confident conclusions.

The expected superiority of the 6D printing may be demonstrated via the indicative
example and graphical comparison illustrated in Figure 3. The left and right material
component is manufactured by using the 4D and the proposed 6D printing method,
respectively, via the use of a combination of layers made of different polymer media, for
example, Polylactic acid (PLA) layers [9,10] may be combined in an alternating manner with
a different polymeric medium such as thermoplastic polyurethane (TPU). Here, the glass
transition temperature (Tg) difference, causing internal residual stress mismatches, will
be the key. Both flat specimens are expected to bend into a U-shape when environmental
temperatures become higher than Tg. It should be mentioned that some or all of the plastic
layers may be reinforced with nanomaterials such as graphene nanoribbons [29], using
appropriate row material available in the international market.

4D PRINTING 6D PRINTING

Horizontal layering

Inclined V-type layering

SAME
HEAT
STIMULI

HEAT
STIMULI

Layef made of polymer based material | Layef made of polymer based material J

Figure 3. An indicative comparison between 4D and 6D printing: Bending deformation of a printed
component is increased due to a heat stimulus when the proposed 6D printing process is utilized
instead of the 4D one.

Since both investigated 4D and 6D printed SMs are composed of alternating layers
of two different polymeric materials, they evidently will obtain bending deformations
under the stimulus of heat/temperature [9]. The left specimen which is manufactured via
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3D printing only consists of flat polymeric layers. In contrast, the right product contains
V-type layering which is possible only by the use of 6D printing. Thus, it becomes evident
that for this specimen, a more intensive, efficient, and controllable self-bending behavior is
expected. Furthermore, utilizing the proper processing parameters, the 6D printing may
require less material, lower manufacturing time for similar results.

Another potential application may be inspired by the field of magneto-sensitive smart
materials, also known as magnetorheological materials. Such materials are a class of smart
composites prepared by dispersing nanometer- or micrometer-sized ferromagnetic fillers
into different matrix phases [38]. Their rheological properties and deformations may be
effectively controlled by an external magnetic field. A possible relevant 6D printed product
is illustrated in Figure 4. As depicted, the specimen has a complex structure consisting of
inclined layers made of pure polymer and nanoreinforced polymer. Each nanocomposite
layer is constituted by a polymer matrix material filled with magnetic nanoparticles. Due
to the application of a strong magnetic field and because of the aforementioned structural
attributes achieved via 6D printing, the specimen becomes highly stretched along its one
direction because of the arisen common orientation of the nanoparticles as well as the
shape of layering. In addition, taking into advantage the two extra available fabrication
axes, it is expected that the intelligence of the final products, apart from enhanced will also
be more controllable to meet the requirements of the manufacturer. Finally, the process
setup may be adjusted to produce more deformable but simultaneously stronger smart
material components.

LACK OF EXTERNAL MAGENTIC FIELD

Polymer filled with magnetic nanoparticles Pure polymer

EXTERNALLY APPLIED MAGNETIC FIELD STIMULI

Figure 4. An indicative application of 6D printing. The inclined complex layering by using combina-
tions of pure and nano-reinforced polymeric layers allows intensive response under the action of a
magnetic stimulus.

5. The Technological Impact

As it was already mentioned, the proposed manufacturing procedure combines the 5D
printing concept (which involves the motion of the printing head along with the rotation of
the print bed at defined angles) with the 4DP (which leads to SMs modified with respect to
the time) into a new concept called 6D printing. Evidently, the developed AM process will
lead to the creation of a new generation of advanced SMs that can also contain nanoparticles
in their structure. It is evident, that such a development in the field of multi-dimensional
printing technology will drastically boost the whole societal impact of AM [30].
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First of all, the new method is expected to provide solutions that will increase the
efficiency and reduce the material cost and lead time of additive manufacturing procedures,
thus leading to lighter and stronger parts, having a higher sensitivity to the relevant stimuli.

The 6D printing concept, due to its advantages, is expected to be quickly adopted
by the industry which is involved in manufacturing the relevant materials and printing
equipment and by other end-users that use AM. The use of 6D printing may be introduced
in the same technological and manufacturing SM application field of 3D printing. However,
due to the expected higher processing accuracy, new structural and functional capabilities
of the proposed method, its application would be more effective in areas where precision is
crucial, such as in the aerospace industry, in medical devices and electronics, in operational
components for energy applications, etc. More analytically, in the future, 6D printing
technology could create disruptive innovation in several fields such as:

e  Medical field: Concerning the production of medical parts for prosthetics, orthopedics,
or dental implants with better properties and reduced cost. Bones are not flat but have
a curved surface, thus the rotation of the bed in order to follow the curve is crucial and,
additionally, the created SMs could be used for smart medical implants for complex
medical cases [24].

e  Constructions: The proposed technique could be easily customized in order to be
suitable for the construction of concrete-based structures such as buildings and other
infrastructures [39] where the additional printing degrees of freedom would offer
a distinct benefit. Used for self-repair and self-adapting systems and products, for
example, piping that could dynamically change its diameter and properties in response
to the water pressure using smart materials and follow the curves of the pipe using
five-axis printing.

e  Aerospace engineering: Aimed at the production of curved materials that can reshape
according to the temperature.

e  Manufacturing industry: For the manufacturing of advanced on-demand products
with reduced raw material usage and energy consumption in comparison to previous
printing techniques (thus contributing to environmental sustainability and reduced
environmental impact).

The proposed AM technique may allow the development of complex products that
would be difficult to be manufactured by using standard 3D printing. For example, the 6D
printing could permit the production of self-folding furniture that could be printed on flat
boards, easily transferred and transported, and then curl up into the final shape after being
heated or getting wet. In addition, five-axis movement could allow the creation of objects
with curved surfaces that may change properties or geometry according to the weather or
other environmental conditions.

6. Conclusions

In summary, a novel AM technique is proposed here named 6D printing. The main
idea is to combine the 5D printing concept, which involves the motion of the printing
head along with the rotation of the print bed at defined angles, with the 4D printing
one, which leads to SMs modified with respect to the time, into a new concept called 6D
printing. The realization of the proposed manufacturing procedure is expected to lead to
new developments that will increase the efficiency and reduce the material cost and lead
time of AM procedures, thus providing lighter and stronger parts, which also have a higher
sensitivity to the relevant stimuli. The procedure requires further validation via extensive
numerical and experimental investigations and for this reason, some realistic and simple
benchmark applications have been also proposed. The rigid establishment of the method
only requires the exploration of the SMs recent technological achievements, some previous
experience on 3D printing, a five-axis printing machine, and common raw materials. In
the near future, relevant research on the optimization of the proposed manufacturing
technique is to be announced.
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