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Abstract: Extrusion-based 3D concrete printing (E3DCP) has been appreciated by academia and
industry as the most plausible candidate for prospective concrete constructions. Considerable re-
search efforts are dedicated to the material design to improve the extrudability of fresh concrete.
However, at the time of writing this paper, there is still a lack of a review paper that highlights the
significance of the mechanical design of the E3DCP system. This paper provides a comprehensive
review of the mechanical design of the E3DCP extruder system in terms of the extruder system,
positioning system and advanced fittings, and their effects on the extrudability are also discussed
by relating to the extrusion driving forces and extrusion resistive forces which may include chamber
wall shear force, shaping force, nozzle wall shear force, dead zone shear force and layer pressing
force. Moreover, a classification framework of the E3DCP system as an extension of the DFC classi-
fication framework was proposed. The authors reckoned that such a classification framework could
assist a more systematic E3DCP system design.
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The traditional formwork-casting method inherited from the ancient Romans under-
pins the foundation of modern concrete construction. However, the shortcomings of the
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According to [1], any DFC technology can involve a complex process chain within
which a single principal process (i.e., shaping or assembly) and a series of sub-processes
(i.e., an indispensable process that occurs while executing the principal process) can be
identified. In the case of E3DCP, the principal process is the shaping, which consists of the
extrusion and deposition processes. However, the sub-processes of E3DCP are more dif-
ficult to generalize, as various customizable fittings can be adapted to the E3DCP mechan-
ical system. Based on the sub-processes outlined by [9] and extensive reviews of the liter-
ature, the authors have recognized two categories of sub-process for E3DCP: (1) basic sub-
processes: those inherited from the traditional formwork-casting process, including the
mix proportioning, primary mixing, transport/pumping and curing processes; and (2) ad-
vanced sub-processes: those requiring advanced fittings to improve the printing quality
or augment the functionality of E3DCP, including the secondary mixing, setting-/fluid-
on-demand, in-process reinforcement, interlayer bonding enhancement, finishing, sup-
port placement and monitoring and feedback processes.

While the concrete research relating to the basic sub-processes is abundant, the re-
search relating to the principal process and the advanced sub-processes is scarce due to
the fact that they are rarely applied to traditional concrete construction projects [10]. With
the advent of E3DCP, more research interest has been paid to these two topics in this re-
cent decade. Considerable research efforts are dedicated to the material design (e.g., wa-
ter-to-cement ratio) of E3DCP, and there have been several prominent review papers [11-
14] that summarize the insights in this regard. However, at the time of writing this paper,
there is still a lack of a review paper that highlights the significance of the mechanical
design (e.g., nozzle shape, nozzle diameter) of E3DCP.

The complex process chain of E3DCP inevitably entails sophisticated mechanical sys-
tems, as shown in Table 1. The purpose of this paper is to provide a comprehensive review
of the mechanical systems of the principal process and advanced sub-processes for E3BDCP
applications. The mechanical systems of basic sub-processes are not included since they
are well-established in the concrete industry through decades of practice. Therefore, this
paper only concerns the printing system (for the principal process) and advanced fittings
(for the advanced sub-processes). The printing system consists of two components: (1) the
extruder system, also known as the printhead or manipulator, which performs the extru-
sion action.; and (2) the positioning system, which enables the deposition action (i.e., ex-
truder movement). Advanced fittings can be added to the printing system to introduce
additional advanced sub-processes into the E3DCP process chain.

The rest of the paper is arranged as follows: Section 2 presents the extrusion process
and the mechanical design of the extruder system ; Section 3 presents the deposition pro-
cess and the mechanical design of the positioning system; Section 4 presents the advanced
sub-processes and the respective advanced fittings; Section 5 analyzed the process chain
of E3DCP systems and outlined an E3DCP classification framework as an extension to the
classification framework of [1] based on Sections 2-3; and Section 6 presents the conclu-
sion.

Table 1. E3ADCP mechanical system.

Mechanical System
- . - Extruder system
Principal shaping process Printing system T
Positioning system
Mix proportioning system
Primary mixing system
Basic sub-process Basic fittings Y ] 85
Pumping system
Curing system
Secondary mixing system
Advanced sub-process Advanced fittings Setting-/Fluid-on-demand system

In-process reinforcement system
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Figure 1. The process classification framework of DFC technologies proposed by [1].
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2. Extrusion Process and Extruder System

The extrusion process is a crucial process of E3DCP wherein the concrete undergoes
plastic deformation by passing through an outlet to obtain the desired cross-section pro-
file [15]. To ensure a successful extrusion process, the process requirement of extrusion
(i.e., extrudability, which describes the capability of fresh cementitious paste (FCP) to be
extruded smoothly throughout the outlet without considerable cross-sectional defor-
mation and with an acceptable degree of splitting/tearing of filament [12,16]) has to be
fulfilled.

Depending on the material design, mechanical design (i.e., extruder system design),
and operational design, different extrusion behaviors can be observed. A general extruder
system is shown in Figure 2, which consists of (1) a piston (ram extrusion mechanism); (2)
an axis-symmetric chamber with a diameter of Dc and a length of L; and (3) a nozzle
(outlet) with a diameter of Dn and a length of La. The studies [17-20] allow the authors to
generalize the extrusion behavior of FCP using such a ram extruder system. To enable a
successful extrusion, the extrusion driving force, Fe (in this case, ram extrusion force,
Fram), has to overcome extrusion resistive forces that are responsible for the extrusion
pressure drop [21-23], which may include: (1) the chamber wall shear force Fet (or friction
force) in the billet zone; (2) the shaping force Fp1 in the shaping zone, also known as the
die entry pressure, which is responsible for the plastic deformation of FCP between the
chamber and outlet; (3) the nozzle wall shear force Fns (or friction force) in the shaping
zone, also known as die land pressure; (4) the dead zone shear force Fa (or friction force)
in the dead zone; and (5) the layer pressing force, Fip needs to be taken into account when
the layer pressing extrusion mode is adopted.
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Figure 2. The printhead of a typical ram extrusion for E3DCP.
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The presence and magnitude of these extrusion forces, which are dependent on the
material design, mechanical design, and operational design of the extruder system, can
affect the extrusion behavior (e.g., shearing, consolidation and phase separation and dead
zone formation), thereby determining the extrusion pressure and the fulfillment of the
extrudability requirements [24]. The following section presents the effects of general ex-
truder design, chamber design and outlet design on extrudability.

2.1. General Extruder System Design
2.1.1. Extrusion Mechanism

The extrusion mechanism provides extrusion driving forces for concrete extrusion. It
describes how FCP is extruded from the extruder entry towards the outlet exit [10]. There
are three types of extruder mechanisms: (1) primary motivation [24]; (2) ram extrusion;
and (3) screw extrusion, see Figure 3 and Table 2. With the current state-of-the-art of
E3DCP, the most common mechanism is the primary motivation, which relies on the
pumping and gravity force, Fpg to drive the FCP extrudate. Although this approach obvi-
ates the installation of additional hardware, thus reducing the associated cost, one of its
drawbacks is that the extrusion process is not decoupled from the pumping process. In
other words, the extrusion and pumping processes are controlled via identical operational
parameters (i.e,, pumping pressure/flow rate/extrusion pressure/extrusion rate) so that
one does not have specific control over the extrusion process. In addition, due to the low
user controllability, the primary motivation cannot provide effective flow regulation
when a discontinuous printing path is required (e.g., in the case of support placement).
Consequently, the inertia is likely to induce over-extrusion at stop positions as concrete
material is “pulled’ from the extruder system by gravity.

A substitutive mechanism is the ram extrusion, which relies on repetitive piston
movements (driven by Fram) to expel the FCP extrudate [25]. The adoption of this mecha-
nism is fairly limited for E3DCP, partially due to the fact that the discontinuity of the ram
extrusion could lead to material heterogeneity and defects at the later-on deposition stage
[26]. Nonetheless, this mechanism indeed allows higher controllability using the piston
descending speed. For printing without accelerator addition at the printhead (so-called
1K approach [9]), the ram extrusion can be adopted to control the timeline from material
preparation to material extrusion. Additionally, the ram extrusion mechanism facilitates
extrudability characterization, as currently the most-used characterization test (i.e., the
ram extrusion test [27]) has identical working principles, which allow for more accurate
data acquisition. However, the ram-extrusion process has high-pressure gradients be-
tween the ram and the die, so it is more likely to induce consolidation and heterogeneity,
especially for high-yield stress fluids [28]. This approach has been adopted by [29,30], and
the former has successfully constructed a large-scale power distribution substation with
dimensions (1 x w x h) of 12.1 x 4.6 x 4.6 m.

The screw extrusion mechanism relies on the use of a screw to impose a screw extru-
sion force, Fscrew to continuously convey the FCP towards the outlet [31]. It not only en-
hances the controllability of the extrusion process (e.g., screw speed control) but also pro-
vides some extent of FCP homogenization within the extruder and inhibits the formation
of the dead zone [21,32]. Moreover, in this system, the repartition of the extrusion effort
along the screw length reduces the risk of consolidation. The screw mechanism is perva-
sive in the polymer extrusion industry and has started to gain popularity in FDM 3D
printing. Multitudinous pioneering FDM 3D printer prototypes integrated with the screw
mechanism have been proposed to aid the polymer extrusion process, including the auger
screw for multi-material extrusion [33], the conical screw for better extrusion and mixing
efficiency [34] and the air-compaction screw [35]. Additionally, some innovative dynamic
mixers have also been proposed in other fields, which can be also introduced into E3DCP
extruders. For instance, Ishida [36] introduced a mixing blade that could be heated up
through electric coils to aid the mixing of high-viscosity solutions. Such a system is
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particularly relevant for E3DCP as it is well-admitted that the temperature change could
prominently affect the FCP hydration progress, thereby altering its extrudability [37].

Nonetheless, due to the nascency of E3DCP, the compatibility of these extrusion
mechanisms with different concrete materials (e.g., fiber-reinforced concrete) has not been
profoundly explored. For example, most 3D concrete printers with screw mechanisms
[38-41] did not investigate the effects of different screw design options (screw speed,
screw type and flight width) on the extrudability [42]. To the authors’ knowledge, the
studies [43,44] are the only literature that investigates the screw design for E3DCP appli-
cations wherein the effects of screw rotation speed on the buildability of printed concrete
specimens were investigated. It was found that too high a rotation speed could induce
excessive friction heat and lead to lower fluidity and impaired buildability. In addition,
different extrusion mechanisms should be investigated from the energy consumption
standpoint, which is necessary for large-scale commercialization. Additionally, although
the numerical modeling of concrete extrusion through primary motivation has recently
gained profound development [45,46], it remains difficult to model the competition be-
tween Fswew and the extrusion resistive forces aforementioned for concrete extrusion
through screw extrusion. In this case, assessing the environmental impact of the process
itself can be required in order to compare it to the material impact [47].

Primary Motivation Ram Extrusion Screw Extrusion

J 1 J 1 J 1

Figure 3. The schematic sketches of extruder mechanisms: primary motivation, ram extrusion and
screw extrusion.

Table 2. The effects of extruder mechanisms on the extrusion forces, extrusion behaviors, extruda-
bility and economic aspects and technical complexity based on the same material design and oper-
ational design.

Primary Motivation Ram Extrusion Screw Extrusion

Primary ex-
trusion driv- i Fpg ® Fram ® Focrew
ing forces
e Fpi
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Extrusion forces oF
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Extrusion re-
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2.1.2. Extruder Wall Roughness

The extruder material largely determines the wall roughness, which in turn affects
the friction value at the chamber wall (i.e., Fcf) and at the nozzle wall (i.e., Fxf), see Table 3
[10]. However, rarely do E3DCP articles mention this aspect, thus overlooking the
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significance of wall roughness. A preliminary work carried out by [48] investigated the
impacts of extruder walls with different surface roughnesses, Ra, on the friction stress. As
expected, a rougher surface is associated with a higher dynamic friction coefficient value.
The dynamic friction coefficients were found to be 0.49, 0.59 and 0.87, respectively, for
extruder walls with Ra of 0.52 pm, 2.77 pum and 100 pm. Syahrullail et al. [49] studied the
polishing effects on the extrusion process of metal. Two extruders are subjected to polish-
ing at different regions: extruder 1 is subjected to polishing at the whole extruder wall
surface to achieve Ra of 0.05 um, and extruder 2 is only subjected to polishing at the nozzle
wall surface to achieve Ra of 0.05 um. It was found that extruders 1 and 2 are associated
with extrusion loads of 48 kN and 57 kN, respectively. One can expect that a lower F« is
associated with a lower extrusion pressure, which reduces the risk of phase separation
and is also beneficial from the economic point of view.

To improve the surface roughness and reduce F«, apart from using different materi-
als or polishing, one can apply lubricants onto the surface, which is akin to the application
of priming in assisting concrete pumps [50]. For example, Syahrullail et al. [51] applied
vegetable oil to improve the surface roughness of metal extruder walls. Therefore, it is
promising to investigate the compatible priming materials to realize a smoother E3DCP
extrusion process of high-viscosity FCP. Further studies are necessary to investigate the
coupling effects of wall roughness (e.g., by using different wall materials or applying pol-
ishing) and different concrete materials (e.g., low- and high-viscosity) on the extrusion
phenomena (e.g., consolidation) and extrudability.

Table 3. The effects of extruder wall roughness on the extrusion forces, extrusion behaviors, extrud-
ability and economic aspects and technical complexity based on the same material design and op-
erational design.

High Surface Roughness (Ra) Low Surface Roughness (Ra)
Extrusion resistive forces * Higher Fef and Fue ® Lower Fct and Fre
¢ Higher shearing * Lower shearing
e Increase the consolidation ® Reduce the consolidation and
and phase separation and dead phase separation and dead

Extrusion behaviors zone formation zone formation
* Higher risk of blockage * Lower risk of blockage
¢ Higher extrusion pressure re- ® Lower extrusion pressure re-
quired quired
¢ Less smooth extrusion * More smooth extrusion
Extrudability * Lower extrudate homogene- ¢ Higher extrudate homogene-
ity ity

* Lower energy consumption
* Higher capital costs if polish-
Economic aspects and  ® Higher energy consumption ing and lubrication are applied.
technical complexity to overcome F The lubrication may be associ-
ated with higher maintenance
cost.

2.2. Chamber Design
2.2.1. Chamber Number

The extruder chamber, sometimes referred to as the extruder barrel or hopper, is
where the pumped FCP arrives during the extrusion [10]. In general, most E3DCP ex-
truder systems are equipped with a single chamber, but there are extruder systems with
no chamber to reduce the equipment cost [52] or with double chambers [29], see Figure
4a. An extruder system without a chamber, when combined with primary motivation, is
particularly unfavorable for flow regulation, as there is no buffering of the “gravity
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pulling” of concrete materials. Ji et al. [29] adopted the double chamber to resolve the
discontinuity issue of the ram extrusion mechanism that could unnecessarily increase the
printing duration. In this manner, while one chamber is ram-extruding FCP, the other
chamber is closed for the preparation of FCP, which can be ready when the first chamber
finishes extrusion, thereby achieving uninterrupted ram-extrusion [29]. Additionally, the
double chamber could realize the possibility of multi-material extrusion, thereby realizing
the functionally graded material as suggested by [53]. Moreover, a variation of the double
chamber called Y-shaped chamber was recently proposed [54]. The approach enables sim-
ultaneous pumping of two fluid materials in two separate chambers and intermixing in a
final extrusion chamber, leading to a fast-setting material. Nonetheless, except in the case
of functionally graded materials, the homogeneity of concrete material is always a crucial
concern for E3DCP. This means that adopting more than one chamber for extrusion re-
quires the rigorous controls of the mix consistency and the time-lapse of extrusion from
different chambers to ensure minimal variations of material rheological properties.

a) b)

Single Chamber Double Chamber No Chamber Without Tapering With Tapering

1 | A R

Figure 4. The schematic sketches of (a) chamber number: single chamber, double chamber and no
chamber; and (b) chamber tapering: without tapering and with tapering.

2.2.2. Chamber Diameter and Length

There have been fairly limited studies concerning the effects of Lc and Dc on the ex-
trudability of FCP. Vallurupalli et al. [31] reported that Dc influences the shear rate im-
posed on FCP, which in turn affects the extrusion behavior of FCP. A larger D. corre-
sponds to a lower shear rate and a lower Fpi according to the Benbow and Bridgewater
model [55], which likely induces an extrusion mode close to infinite extrusion mode, while
a smaller D. likely leads to a free flow extrusion mode [31]. Nonetheless, the clear origin
of the increased shear rate in terms of extrusion forces requires more investigation. Val-
lurupealli et al. [31] also reported that a greater L. favors the shear-induced particle migra-
tion phenomenon and formation of the lubrication layer. Investigation of the correlation
between the extrusion mode with D¢, L. and concrete mix designs (e.g., solid concentra-
tions, fiber reinforcements) and the establishment of a standard guideline can aid the me-
chanical engineers to decide the initial chamber dimensions based on the desired extru-
sion mode and pre-specified concrete mix designs. Furthermore, the chamber dimensions
may also influence the fiber alignment effect [56], therefore, follow-up research is also
necessary in this topic in light of the increasing popularity of fiber-reinforced concrete and
engineering cementitious materials for E3DCP applications.

2.2.3. Chamber Tapering

The chamber tapering describes how the chamber is connected to the outlet: (1) with-
out tapering: abrupt contraction with an outlet entry angle, 8 of 90°; and (2) with tapering:
progressive contraction with a 6. less than 90°, see Figure 4b and Table 4. The work carried
out by O’'Neill et al. [57] on the extrusion of calcium phosphate paste (non-Newtonian
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fluid) can provide a reference for the chamber tapering effects during concrete extrusion.
The study investigated the relationship between the outlet entry angle and the extent of
phase separation (reflected by the liquid powder ratio (LPR) of the extrudate). Extruders
with 6. of 90° (without tapering), 55° and 45° are used for extrusion tests, and the LPRs of
the extrudate are 0.492, 0.449 and 0.434, respectively. The results demonstrated that an
acute 6. (45°) can effectively reduce the required LPR value and mitigate phase separation.
The authors ascribed the mitigation partially to the low extrusion pressure due to the
lower Fp1 associated with the tapered chamber [17]. Similar results were obtained by [58].
However, Nienhaus et al. [59] found that although a small 6. of 28° indeed induces rela-
tively low extrusion force (around 20.5 N) compared to those of 45° (around 22.7 N) and
70.5° (around 23 N), a too small 6. (i.e., 15.5°) does not necessarily lead to a further de-
crease in extrusion force (around 21.7 N). This is because the increase in the tapering sur-
face area due to low 6. can lead to a higher F«, thereby raising the extrusion force. This
hypothesis still needs more experimental validation. Additionally, another merit of the
tapered chamber is that its geometric nature could avoid the formation of dead zones near
the outlet, which in turn reduces the blockage risk and improves the extrusion quality
[57]. More studies should be conducted to investigate the coupling effects of entry angle
and concrete materials of different viscosity and solid concentrations on the extrusion
phenomena (e.g., phase separation), from which one can draw the guidelines of entry an-
gles for different concrete materials.

Table 4. The effects of chamber tapering on the extrusion forces, extrusion behaviors, extrudability
and economic aspects and technical complexity based on the same material design and operational
design.

High Outlet Entry Angle  Moderate Outlet Entry Angle
Extrusion resistive forces » Higher Fp e Lower Fp
* Higher shearing * Lower shearing
¢ Increase the consolidation ® Reduce the consolidation and
and phase separation and dead phase separation and dead

Extrusion behaviors zone formation zone formation
¢ Higher risk of blockage * Lower risk of blockage
¢ Higher extrusion pressure re- ® Lower extrusion pressure re-
quired quired
¢ Less smooth extrusion * More smooth extrusion
Extrudability * Lower extrudate homogene- ¢ Higher extrudate homogene-
ity ity

¢ Higher energy consumption ¢ Lower energy consumption
compared to moderate tapering compared to high tapering

Economic aspects and e Higher capital costs com- * Higher capital costs com-
technical complexity pared to no tapering pared to no tapering
¢ Additional technical com- e Additional technical com-
plexity plexity

2.3. Outlet Design
2.3.1. Outlet Form

The outlet of the extruder system imposes its shape on the FCP during extrusion. It
can be in the form of an orifice or a nozzle, as shown in Figure 5a. Although orifice outlet
is rarely seen in E3DCP applications, its benefits have been highlighted by [22]. Nair et al.
[22] investigated E3DCP extruder systems with orifice and nozzle forms, and it was found
that the nozzle increases the required extrusion pressure due to the presence of nozzle
wall friction (Fxf). This result suggests that the extrusion through a nozzle has a slightly
higher phase separation than that of the orifice. The study of O’Neill et al. [57] showed
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that a nozzle outlet could slightly reduce the phase separation; the conclusion contradicts
that of [22]. A plausible explanation lies within the difference in the rheological properties
of FCP and calcium phosphate paste used in the two studies—the nozzle effect may be

more conspicuous when a high-viscosity paste is used.

(a)

Orifice Nozzle

In some cases, multiple nozzles are employed for the E3DCP application. For exam-
ple, contour crafting [60] customized a multi-nozzle extruder to simultaneously create the
outer contours and the inner skeletons, which enables a more massive deposition process.
The Huashang Tengda company also uses a dual nozzle system that can encase a pre-
placed reinforcement grid [61].

(b)
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Figure 5. The schematic sketch of (a) outlet form: orifice and nozzle; (b) outlet orientation: vertical,

horizontal and tilted; and (c) outlet tapering; without tapering and with tapering.

2.3.2. Outlet Orientation

When the outlet is in the form of a nozzle (which is usually the case for E3DCP),
outlet orientation can be vertical, horizontal [62], or tilted [30,63], see Figure 5b. Since in-
vestigations regarding the effect of outlet orientation on extrudability are fairly scarce, no
conclusive statements could be made. The vertical orientation is the default option for
most E3DCP extruder systems. It is also a reasonable option to implement the layer press-
ing strategy where the printhead perpendicular to the concrete layers can directly apply
the nozzle pressure to control the layer thickness [64]. By inspection of the study by [62],
it is logical to hypothesize that the horizontal outlet orientation particularly suits the infi-
nite brick extrusion mode because the horizontal forming process that ensues the gravita-
tional fall of FCP could improve the geometry accuracy. Ramakrishnan et al. [63] experi-
mented with tilted nozzles with angles of 45°, 60° and 90° between the nozzle and the
print bed for hollow-filament extrusion, and it was found that tilted angles of 45° provided
the optimum extrudability and buildability. The titled nozzle is also of interest for printing
complex shapes with cantilevers inspired by the old masonry [65], in which case a more
complex six-axis robotic system is required [66].

2.3.3. Outlet Tapering

sion pressure originates from the shearing in the nozzle.

In the case of the nozzle, the outlet tapering has also to be notified as it has consider-
able effects on the extrusion pressure [22]. It basically describes the change in nozzle inner
diameters from entry to exit: (1) without tapering: uniform nozzle where the nozzle entry
diameter, Dentry and nozzle exit diameter, Dexit are the same; and (2) with tapering—non-
uniform nozzle —where Dentry and Dexit are different, as shown in Figure 5c. Nair et al. [22]
demonstrated that the tapered nozzle N10-4 (i.e., nozzle diameter of 10 mm tapering to 4
mm) requires a higher extrusion pressure compared to the uniform nozzle N10-10. This is
partially due to the higher surface area of the tapered nozzle, which generates a higher
shear force, Fnt. This finding is in line with the claim of [31], that for an extruder with
complex nozzle geometry, such as the tapered nozzle, a considerable portion of the extru-
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2.3.4. Outlet Cross-Section Shape

From the extrusion mode standpoint, a rectilinear nozzle is more suitable for stiff
FCP extrusion, as the extrudate from the circular nozzle will be subjected to a considerable
deformation before reaching equilibrium [67,68]. Some studies have affirmed the merits
of rectilinear cross-shapes for the mechanical properties of FCP extrudate after extrusion.
For instance, Kwon et al. [69] utilized the finite element analysis method to examine the
deposition mechanisms of the E3DCP process and revealed that a square cross-section can
create an excellent surface profile and favors interlayer bonding. Shakor et al. [70] also
confirmed that the square/rectangular cross-sections produce filaments with a higher sur-
face area, which allows the vertical forces to be more distributed, thereby increasing the
failure layers.

Liu et al. [71] have investigated the flow behavior during extrusion and deposition at
corners using rotational rectangular nozzles with different aspect ratios. A mass distribu-
tion ratio, ® is proposed to characterize the flow of FCP extrudate at corners, which is
essentially the ratio of the inner side cross-section area, Si to the outer side cross-section
area of the FCP extrudate, So as shown in Figure 6. It was shown that a rectangular nozzle
can lead to non-uniform mass distribution at corners due to different deposition rates at
the inner and outer radius. The result further reveals that, by decreasing the aspect ratio
of the rectangular nozzle, ® decreases, corresponding to a more uniform mass distribu-
tion. Accordingly, one can recognize that the circular cross-section more likely induces a
free flow extrusion mode, whereas the rectilinear cross-section more likely induces an in-
finite brick extrusion mode.

In consideration of the cost and technical complexity, a circular cross-section is ben-
eficial as it obviates the rotation mechanism, which would be otherwise necessary for a
rectilinear cross-section as an extra degree of freedom to control the facing direction of the
outlet [67].

Apart from the relatively simple regular circular and recti-linear cross-sections, more
sophisticated geometries, although associated with higher capital costs and technical com-
plexity, have been introduced to realize more complex structures. Ramakrishnan et al. [63]
proposed hollow-core and U-shape cross-sections to extrude hollow filaments for printing
lightweight structures. Lao et al. [72] established a machine learning-based artificial neu-
ral network model (MLANN) based on various process parameters (including the outlet
cross-section shape) to predict the extrudate geometry, and the high correspondence be-
tween the predicted and experimental extrudate geometry allowed the authors to use the
trained model to optimize the outlet cross-section shape, thereby improving the printing
quality of printed parts. In continuation, the same group [73] developed a flexible nozzle
that could vary the cross-section shape to dynamically control the extrudate geometry
during E3DCP to eliminate the staircase effect, thereby improving the surface finish of the
FCP extrudate. Concretely, according to the designated CAD model, the MLANN model
can predict the suitable nozzle cross-section shape for each layer, based on which the flex-
ible nozzle can dynamically respond and produce an extrudate of the desired geometry.
This extruder design resonates with the initiative of [62], who devised an extruder system
that can extrude FCP with different aspect ratios using a replaceable modular nozzle or
an adjustable-geometry nozzle. The former requires manual replacement during extru-
sion, while the latter allows for a more automated extrusion.
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Figure 6. The illustration of the mass distribution ratio [71].

2.3.5. Outlet Size

Duballet et al. [74] used the layer height to characterize the extrusion scale of an
E3DCP system. However, the outlet size may be a better option, because different layer
heights can be achieved with the same outlet size through layer pressing, as shown by
[75]. The outlet size can be represented as outlet entry size, Dentry and outlet exit size, Dexit
(Dentry = Dexit for orifice and non-tapered nozzle and Dentry > Dexit for non-tapered nozzle),
see Figure 7. For a square/rectangular cross-section, the width (i.e., width) is adopted,
whereas, for a circular cross-section, the diameter is considered.
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Figure 7. Outlets of different forms (orifice and nozzle), outlet tapering and cross-section shapes:
(a—c) square, rectangular and circular orifices; (d—f) square, rectangular and circular non-tapered
nozzles; and (g-i) square, rectangular and circular tapered nozzles.

Studies relating to calcium phosphate extrusion are excellent references to infer the
effects of outlet size on the properties of FCP extrudate. For example, Burguera et al. [76]
found an inverse relationship between the extrusion force of calcium phosphate and the
nozzle cross-section area. The finding is reasonable according to the Poiseuille equation
[77] and justifies the claim that a smaller nozzle cross-section corresponds to enhanced
shaping force, Fpi and nozzle wall shear force Fri. Nair et al. [22,78] observed a similar
proportional relationship between the extrusion pressure and outlet size for the extrusion
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of cement paste. The study of O’'Neill et al. [57] reached a seemingly contradictory conclu-
sion with the previous literature that varying the outlet size has a marginal effect on the
extent of phase separation. It is pointed out by the authors that the contradiction arises
from the difference in viscosities of the pastes used in the studies. By comparing the results
of [22] with [57], one can infer that the effect of outlet size on the extrusion quality is more
pronounced in high-viscosity materials (for example, the FCP for E3DCP). Nonetheless,
more experimental studies are required to justify the hypothesis.

Outlet size also influences the likelihood of blockage. Concretely, the selection of the
outlet size should take account of the solid particle size within the concrete mix. As can
be seen in Table 5, most E3DCP studies adopted a Bk (i.e., ratio of Dexit to maximum
aggregate size [79]) above 5. According to [80], the maximum aggregate size should be
smaller than 1/3 of the Dexit to prevent outlet blockage. Cheikh et al. [79] suggested that
Be should be greater than 4.25. Similarly, if the concrete mix incorporates fiber as rein-
forcement, it is important to consider the compatibility in terms of the minimum Dex. This
criterion could be used in conjunction with the maximum Dexit suggested by [56] if fibers
are incorporated as the reinforcement. Arunothayan et al. [56] found that a smaller nozzle
diameter (in this case <20 mm for the range of 10, 15, 20, 30, 40 mm) could induce more
effective elongation flow and favor the fiber alignment parallel to the extrusion direction
during the extrusion process, thereby enhancing the mechanical properties, such as the
modulus of rupture and flexural strength in Z and Y directions. The study confirmed the
presence of an upper bound on the ratio of nozzle diameter to fiber length above which
the fiber alignment effect during extrusion becomes independent of the nozzle diameter
[56].

Having acknowledged the pronounced influence of Dext on various aspects of
E3DCP, the concept of the variable-size nozzle has been designed to add an extra degree
of freedom to fully exploit the geometric freedom of E3DCP. While Mechtcherine et al.
[62] suggest a modular approach, Xu et al. [81] have developed an extruder system with
a variable-size square nozzle. Such an approach could increase the adaptability of the con-
crete printers and allow the printing of designs with high geometrical complexity. Two
curved prototypes were printed, based upon which the authors recognized that a rectan-
gular cross-section nozzle equipped with a trowel system could further boost the geomet-
rical accuracy of such a variable-size nozzle.

Overall, choosing an outlet size is a manifold task that must consider the extrudabil-
ity, economic and aesthetic demands. It is well-admitted that, while a large outlet size
enables a massive extrusion and shortens the printing duration of the structure, it sacri-
fices the structure resolution, which is crucial for aesthetic [82]. One also has to keep in
mind that outlet size is closely related to the ratio of the printing velocity to the flow rate,
which in turn affects the material tearing and over-extrusion [45,83]. The consequences of
the outlet size on the extrusion are summarized in Table 6.

Table 5. Examples of maximum aggregate size, fiber length and Dexit adopted in E3DCP literature.

Maximum _, Outlet Exit Standoff  Extrusion
Fiber Length . . .
Reference Aggregate (L x D mm) Size Bk Distance  Velocity
Size (mm) (D/L X W mm) (mm) (mm/s)

] 2 - 28 x 18 9 - -
85] 4.75 - 25 5.26 - -
|

o)
N

[

[

[ 1.18 - 30 x 15 12.71 - -
[87] 1.20 - 30 x 15 12.50 - -
[

[

[

[

88] 4 - 25 6.25 - -
89] 1.15 - 15%7 6.09 - 476.19
90] 1 - 40x10,25%x25 10,25 10,25 -
91] 2 - 20 10 - -
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[92] 1.18 12 x 0.0014 13 %30 11.02 - -
[93] 2 - 19 9.50 10 -
[37] 1 6 25x 15 15 15 -
[94] 1.2 - 30 x 15 12.50 15 66.6
[95] 0.9 - 30 33.33 0-10 28.29
[96] 1.15 - - - 0,2, 4 -
[22] - - 4,10 - - 31.83,5.10
[25] - - 45 - - 50-120
[97] 0.5 - 20 - 10 47.22
[83] - - 20 - 820 43.19
[81] 1.2 - 1024 x10-24 - - -
[98] - - 30 x 15 - - -
[80] 10 - 30 - - 35.37
[99] 95 - 29.2 3.07 - 422.60

[100] 2 12 x 0.04 30 x 20 10 - 44
[68] - - 20 - - -
[101] - - 20%20,30x10 - - -
[102] 05 6 25 50 - -
[29] - : : : : :
[38] 1 9% 0.023 8 x 30 8 - -
[103] 0.5 - 25 50 7.5-17.5 40
[104] 2 - - - - -

Studies have also been conducted to examine the effects of Ln on extrusion pressure.
Burguera et al. [76] and Fatimi et al. [105] found that a greater Ln could increase the re-
quired extrusion pressure of calcium phosphate paste, thereby increasing Frt and the risk
of phase separation. Nienhaus et al. [59] demonstrated that a longer nozzle (or a greater
nozzle length-to-nozzle diameter ratio) induces a significantly higher extrusion force dur-
ing the extrusion of plastic filament. Nair et al. [22,78] obtained a similar conclusion that
the extrusion pressure is dependent on the nozzle length-to-diameter ratio.

Table 6. The effects of outlet size on the extrusion forces, extrusion behaviors, extrudability and
economic aspects and technical complexity based on the same material design and operational de-
sign.

Small Outlet Size
® Higher Fpiand Fxe
¢ Higher shearing
e Reduce the consolidation and e Increase the consolidation

Large Outlet Size
e Lower Fpiand Fnt

Extrusion resistive forces

¢ Lower shearing

phase separation and dead and phase separation and dead

Extrusion behaviors zone formation zone formation
¢ Lower risk of blockage * Higher risk of blockage
* Lower extrusion pressure re- ® Higher extrusion pressure re-
quired quired
Extrudability * More smooth extrusion * Less smooth extrusion

. * Lower energy consumption ¢ Higher energy consumption
Economic aspects and o . e .
. . * No additional technical com- ® No additional technical com-
technical complexity . .
plexity plexity
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3. Deposition Process and Positioning System

Deposition is an additive process where a material is layered onto another layer of
the material. During the E3DCP deposition process, the most important property is the
buildability, which is defined as the ability of the deposited concrete filament to self-sup-
port and resist deformation without formworks [12,106]. The buildability stipulates that
the concrete filament should provide sufficient resistance against plastic material failure,
elastic buckling failure as well as excessive deformation [107]. However, the mechanical
design of the positioning system has a relatively insignificant impact on the buildability
compared to the material design. Therefore, the following section presents the mechanical
design of the positioning system from a more practical perspective.

Four types of E3DCP positioning systems can be identified: gantry system, robotic
arm system, delta system, and swarm system. Each category is characterized by a different
degree of freedom and build volume.

The gantry system is the most common positioning system for E3DCP applications
due to its ease of operational and cost-effectiveness. A gantry system is generally charac-
terized by three DOFs of translational movements in x, y, z directions (Cartesian coordi-
nate), but sometimes an additional rotational DOF can be added at the extruder to have
four DOFs [108,109]. The build volume of the gantry system is constrained by the physical
dimensions of the supporting frames in x, y and z directions, and it could range from
desktop-scale for laboratory purpose to industrial-scale for construction purposes, see Ta-
ble 7. To overcome the limited dimension of the gantry system, COBOD [3] has developed
a flexible-dimension gantry concrete printer, BOD2, which could be assembled from mul-
tiple modular units of 2.5 x 2.5 x 2.5 to fit different construction scenarios. The contour
crafting company [60] and IconBuild [110] retrofitted the gantry concrete printer with slid-
ing rails to expand the workspace in one horizontal direction. From a practical standpoint,
the robustness of the gantry system can sustain the on-site harsh conditions, however, it
could be associated with considerable manual works in assembly and disassembly [62].
Additionally, the accuracy and repeatability of gantry printers are sufficient to complete
large-scale E3DCP projects but they are not comparable to the robotic arm system.

The robotic arm system printer generally consists of multiple links connecting alto-
gether at rotary joints, which provides the system with more DOFs (six or more) and al-
lows it to print more sophisticated designs. For example, Lim et al. [111] have pointed out
that the staircase effect that typically associates with the extrusion-based 3DCP can be
mitigated by adopting the curved-layer printing strategy instead of flat-layer printing.
Concretely, in this approach, the extruder nozzle is positioned perpendicular to the target
surface throughout the extrusion process so that the surface roughness and geometric ac-
curacy can be improved. To fully exploit the potential of this approach, a position system
with four or more DOFs is essential. Similarly, Gosselin et al. [112] recommended utilizing
a six-axis robotic arm to realize the tangential continuity method for toolpath planning,
which could produce non-planar layers with locally varying thicknesses, thereby unleash-
ing the geometrical freedom of E3DCP to a greater extent. The approach has been used to
3D print multifunctional structures such as the thermal insulation wall and acoustic
damping wall. Motamedi et al. [113] utilized a six-axis ABB robotic arm to print an over-
hang structure without support, which is only possible with the capability of the robotic
arm to adjust the angle between the nozzle and printing surface.

However, most industrial robotic arms (e.g., Kuka, ABB and Fanuc) have limited
workspace. Once set-up, they can only print structures within a pie-shaped zone formed
by the arm reach (generally less than 5 m), which will not suffice for conducting large-
scale 3DCP projects. There have been various strategies proposed to extend the reach of
the robotic arm: (1) installation of the extension arm at the extruder end [114]; (2) lifting
of the robotic arms: the construction company Apis Cor [115] employed a crane to lift the
pillar-like robotic arm printer after finishing printing tasks at one point; (3) provision of
mobility to the robotic arm: the construction company Cybe [116] and the research team
from NanYang Technical University [117] have both installed a mobile base underneath
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the robotic arm to enable theoretically infinite workspace in horizontal direction, and the
research team from TU Dresden conceptualized the adaptation of a truck-mounted pump
for E3DCP. However, such an approach imposes more strict requirements on the spatial
localization of robotic arm, site conditions (e.g., flatness) as well as the weather conditions
(e.g., low wind); (4) carrier system: ETH Zurich researchers [104] installed a six-axis ABB
IRB 4600 robotic arm on a Giidel 3-axis gantry at ceiling to increase both the horizontal
and vertical workspace, and the team from TsingHua University [118] provided an eleva-
tor platform to extend the workspace; and (5) multiple robotic arms: Zhang et al. [119]
employed two mobile robotic arms to print structure simultaneously. Such an approach
requires complex robotic path planning as well as collision checks before printing. Despite
the multitudinous benefits of robotic arms, compared to the robustness of the gantry sys-
tem, the delicacy of the robotic arm system has raised the suspicion of its suitability for
rough on-site conditions, which explains why the majority of robotic arm printers are used
under off-site conditions [62].

Apart from the mainstream gantry and robotic arm systems, there have been some
innovative systems developed for E3DCP applications. For example, the construction
company WASP [4] has customized a Delta 3D concrete printer called BigDelta with a
dimension of 7 x 7 x 12 m. The printer consists of three cable-arms connected to joints at
frame supports, and each arm could move independently in the y-direction, forming a
navigation based on the polar coordinate. The German Fraunhofer Institute [120] also de-
veloped a similar delta 3D concrete printer based on eight cable arms. The delta system
also has dimension constraints within the frame, and it also suffers from a higher risk of
collision with the already printed parts compared to the gantry system [62]. The Institute
for Advanced Architecture of Catalonia [121] has designed three swarm 3D concrete print-
ers that could work collaboratively to produce structures: (1) the base robot, which depos-
its the first ten layers of concrete filaments to create a foundation; (2) the grip robot, which
rests on the previously bult foundation and continues deposition to finish the structure;
and (3) the vacuum robot, which climbs on the surface of the finished structure and de-
posits concrete filaments in z-direction. Theoretically, without considering the layer cycle
time, such a swarm system can be used to construct large-scale concrete structures with-
out dimensional limitation, especially in horizontal directions. Nonetheless, the technol-
ogy remains relatively nascent and needs more exploration.

Table 7. Some examples of 3D concrete printers in terms of position system, build volume, horizon-
tal printing speed, layer height and layer width.

Reference Positioning System Degree of Freedom Bmllfll l?}l;l::}:]z;)w %
[29] Gantry 3-axis 20x 18 x 18
[94] Gantry 3-axis 1.2x1.2x1.0
[38] Gantry 3-axis 0.5x0.39 x1.1

. 6-axis Fanuc R-
[103] Robotic arm 2000iC/165F -
[92] Gantry 3-axis -
[95] Gantry 3-axis 3.0x3.0x3.0
[25] Robotic arm 6-axis KUKA KR60 HA -
[80] Gantry 3-axis 1.8x1.8x15
[90] Gantry 4-axis 9x45x28
[93] Gantry 3-axis 0.15x0.15x0.12
[89] Robotic arm 6-axis Denso -

. 6-axis FANUC R-
[97] Robotic arm 2000iC/165F -

[83] Gantry 3-axis -
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6-axis ABB IRB 4600 ro-

[104] Robotic arm and gantry botic arm hanging on a -

Giidel 3-axis gantry
[99] Gantry 3-axis 10.36 x 2.74 x 3.05
[100] Gantry 3-axis 0.40 x 0.30 x 0.30
[101] Gantry 4-axis -
[108] Gantry 4-axis -

[3] Gantry 3-axis Infinite x 14.6 x 8.1
[110] Gantry 3-axis Infinite x 8.53 x 2.59
[116] Robotic arm 6-axis 2.65-3.50
[116] Robotic arm 7-axis Infinite X Infinite x ~3
[120] Delta system - 17 x12 x5

[4] Delta system - 7X7x12m

4. Advanced Sub-Processes and Advanced Fittings

According to the literature the authors have reviewed, the advanced fittings can be
classified as the secondary mixing, setting-/fluid-on-demand, in-process reinforcement,
interlayer bonding enhancement, finishing, support placement and monitoring, and feed-
back processes. The inclusions of the advanced sub-processes within the printing system
generally increase the energy, machine and maintenance costs (in the passive systems, the
energy increase may be insignificant). Additionally, they may increase the energy and
material costs as well as the technical complexity of the overall system, as shown in Table
8.

Table 8. The material costs and technical complexity of the advanced fittings.

Advanced Fittings Material Cost Technical Complexity *
* The compatibility of differ-
* Low ent static mixers with differ-

Static e Higher (addi-

mixer tives .
) ent concrete materials.

Secondary mixing sys-  The optimization of me-
tem (with secondary chanical parameters, opera-
dosage) Dynamic e Higher (addi- tional parameters, concrete

. . ¢ Medium/High
mixer tives)

material property, chemical
admixture type and dosage
and printing path.
¢ Thermal gradients that can
lead to non-uniform modifi-
Thermal o Low/Me- cations of co.ncrete proper-
heating * Non dium/High * . ties. .
* Numerical modelling of the
thermal effects during con-
Setting/Fluid on de- crete extrusion.
¢ Compatibility of magnetic

mand system

Elec- Highe te ticles with concrete mate
igher mate- articles wi ncr ate-

tro/per- . & . ® Medium/High P .

rial (magnetic . rials.

manent . 31

particles) ¢ The guidelines for opera-
magnet .
tional parameter control.

Vibration « Non . Medilim/High ® Impacts of vibration on the

material extrudability.
* The control of the feed-in
speed of the reinforcement

In-process reinforce-  Entrain- e Higher (rein- ¢ Medium/High

ment system ment forcements) * materials
ials.
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Placing
between
layers

Cross-
layer en-
casement

Cross-
layer pen-
etration

¢ The correct alignment of
the reinforcement with re-
spect to the concrete layer
cross-sectional centroid to
prevent anisotropic proper-
ties and ensure uniform cov-
ering

* Concrete materials with ap-

propriate rheological proper-

ties to seal the horizontal

weak interface which would

¢ High/High * be otherwise susceptible for
moisture and chemical inva-

sions.
* Precise positionings of the
reinforcement

* Concrete materials with ap-
propriate rheological proper-
ties to seal both the vertical
 High/High * and horizontal weak inter-
faces
* Precise positionings of the
reinforcement in terms of the

centerline alignments.

* Precise positionings of the
reinforcement in terms of the
spacing and centerline align-

ments.

* High/High *

Bonding ¢ Higher (bond-

t i t
Interlayer bonding en- agents ing agents)

¢ Compatibility of the bond-
ing agents with the concrete
materials.

* Medium

hancement system
Physical * Non

¢ The implementations of the
* Medium/High physical means without af-
fecting the extrusion process.

Finishing system * Non

« High ° M(?re precise p?ec.ision ac-
cording to the printing path

* Higher (sup-

Support placement system ports)

* Precise positions of the
supports.
* The effects of pause on the
printing time and open time
of the concrete materials.

e High

Monitoring and feedback system * Non

¢ The monitoring itself is not
complex, however, the real-
* Medium/High time analysis, feedback and
adjustment can significantly
increase the complexity

Low, when the system is a passive system; medium, when the system is automated but independent
of the printing path and programming; high, when the system needs to be integrated and pro-
gramed with the printing path definition to perform its intended task; high *, when the system could
be coupled with the printing path to achieve functional-graded materials.

4.1. Secondary Mixing Sub-Process and System

In general, the secondary mixing is an optional set-up to remove the pump-induced
heterogeneity after primary mixing, and it is particularly essential when the setting-on-
demand by secondary dosage [104,122,123] is adopted. The secondary dosage relies on
the addition of chemical admixtures and/or sometimes water, cement, and aggregate at
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the extruder to control the FCP rheology during the extrusion process. As suggested by
[124], for a 30 cm long extruder and an average extrusion velocity of 5 cm/s, the admix-
tures introduced at the extruder experience a residence time of 6 s, which is not sufficient
for the effective penetration of additive particles into the FCP according to the Stokes—
Einstein equation. The non-uniform distribution of admixtures could adversely affect the
rheological as well as mechanical properties of concrete [124]. Therefore, it is essential to
implement secondary mixing (e.g., static mixer and dynamic mixer) to shear FCP so that
the admixtures particles can be uniformly distributed within a short residence time. This
is referred to as the 2K approach by [9] as opposed to the 1K approach (i.e., no secondary
mixing).

Static mixers rely on the configuration of stationary blades to alter the flow path of
FCP, thereby generating turbulences that could disperse the additive particles. The effec-
tiveness of this approach depends on the blade configuration. While this approach is ap-
praised for its cost-effectiveness, it is also associated with some drawbacks. For instance,
the installation of static mixers within a confined extruder could increase the risk of block-
age, which is particularly of concern for high viscosity FCP and limits the aggregate size.
Ghanem et al. [125] emphasized that static mixers should be chosen according to the con-
sidered material. Thakur et al. [126] have summarized the applicability of different static
mixers. For example, the Kenics static mixer is suitable for high-viscosity liquid [127].
Nonetheless, static mixers are currently seldom applied for E3DCP scenarios, so their fea-
sibility needs to be further investigated. To the authors” knowledge, only a few examples
of static mixer applications in E3DCP are reported in the literature [52]. Tao et al. [54,128]
report that the use of a helicoidal static mixer can lead to unperfect mixing resulting in
striation-shaped heterogeneities that require a careful on-purpose design of the static
mixer shape and length.

Dynamic mixers rely on the strong shearing generated by the motor-driven blades to
achieve dispersion [124]. In comparison to the static mixers, their higher complexity allow
better controllability over the dispersion process by controlling the rotation speed. Wan-
gler et al. [9] outlined the mechanical design of dynamic mixer in terms of the reactor
sizing, impeller geometry, motor power and inlet location, which can be used to ensure
an appropriate resident time window of chemical admixtures. The most commonly seen
dynamic mixer is the screw mixer, which has been implemented across various industrial
and academic research bodies [29,38,52,81]. Notice that, although the screw mixer is usu-
ally implemented coinciding with the screw extrusion mechanism, there are circum-
stances where two screws are used separately for extrusion and secondary mixing such
asin [29].

The secondary mixing coupled with secondary dosage prevails over the all-in-one
mixing (i.e., additives mixed with other concrete constituents simultaneously before
pumping) because the latter may associate with additional pumping pressure. In addition,
the all-in-one mixing is not favorable for the buildability of FCP, as reported by [129], the
reshearing of FCP with pre-mixed additive will significantly reduce its yield stress. The
secondary mixing/dosage strategy also allows the possibility of multi-material extrusion
[130]. To realize this approach, one typically has to modify the extruder to accommodate
additional pipe and pump for feeding secondary materials. Additionally, one also needs
to select appropriate types and dosages of chemical additives based on the desired rheo-
logical requirements and the pumping distance. Muthukrishnan et al. [124] and Marchon
et al. [131] provided a comprehensive summary of the additives that could be added and
efficiently dispersed at the extruder.

The secondary mixing coupled with secondary dosage is definitely associated with
higher material (additives), capital, and maintenance (inspection and cleaning) costs. The
calibration between mechanical parameters, operational parameters, concrete material
property, and chemical admixture type and dosage increases the technical complexity. An
even higher complexity of dynamic mixer-secondary dosage systems may be achieved in
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future works that enable extrusion of different materials at different positions and layers,
which is dependent on the printing path.

4.2. Setting/Fluid on Demand Sub-Processes and Systems Based on External Solicitations

An alternative effective solution to chemical activation (Section 4.1), resolving the
conflicts between the pumpability and extrudability with the buildability, is the imple-
mentation of the external actions inducing setting-/fluid-on-demand at the extruder.

In the case of setting-on-demand, one can modify the rheology of FCP at a specific
time to meet the rheological requirements by employing thermal heating and electro/per-
manent magnet. The principle of thermal heating rests on the interdependency between
the FCP reaction kinetics and temperature and strength development. There are several
approaches to heating the extruder chamber: pads and coils, microwave, direct electric
curing, ultrasonic pulse, and external heating (e.g., heat gun and lamp). Installing pads or
coils within the extruder system to heat concrete is cost-effective. However, from the tech-
nical perspective, such an approach is criticized for its [132,133] (1) low heat conduction,
which necessitates a large extruder to accommodate a large number of pads or coils and
(2) the temperature gradient, which may exacerbate the anisotropic mechanical proper-
ties. An alternative approach is microwave-assisted heating, which utilizes a high-energy
electromagnetic field to resonate the molecules within FCP to activate molecular vibra-
tion, thereby achieving uniform heating [134]. Muthukrishnan et al. [37] found that mi-
crowave-assisted heating can accelerate the geopolymer setting process and can improve
the stiffness and interlayer bonding strength at appropriate heating duration [135]. The
ultrasonic pulse [136] and direct electric curing [137-139] have similar working principles,
and their enhancements of strength development have been experimentally verified.
Lastly, external heating can be provided to FCP extrudate shortly after extrusion.
Kazemian et al. [140] found that attaching a heat gun to the extruder system to thermally
activate concrete shortly after extrusion can effectively reduce vertical deformation. Bos
et al. [141] revealed that the deployment of heat lamps can improve the mechanical prop-
erties of concrete after a long exposure time. One point worth noting, emphasized by [124],
is that if thermal heating is adopted to fulfill setting-on-demand, it is necessary to account
for the thermal effects in both analytical and numerical models for the extrusion process.

The electro/permanent magnet technique was first introduced by [142] for concrete
applications. The technique hinges on the principle of magnetorheological fluid (MF)
which is produced by incorporating magnetic particles (usually iron or iron-based) of mi-
cro-order into a carrier fluid (in this case, FCP). Upon imposition of an external magnetic
field by electro/permanent magnets, the magnetic particles within the cementitious MF
interact with the field through magnetic dipole alignment in a responsive manner. The
interest of this technique in the field of E3DCP is its capability to enhance the yield
strength by passing the FCP extrudate through a magnetic field perpendicular to the ex-
trusion direction. The interactions induce the formation of columnar structures that could
hinder the particle motion, thereby increasing the yield strength and attaining setting-on-
demand [143]. Additionally, a suitable choice of magnetic particles could also enhance the
mechanical properties of concrete [143].

An alternative to the setting-on-demand system is the fluid-on-demand system,
which reduces the yield stress through vibration. The vibration is a well-known compac-
tion process in the concrete industry to expel entrained air and render concrete with ex-
cellent filling and passing ability surrounding the reinforcements [144]. Depending on the
frequency, amplitude, vibration time, vibration distance between FCP and vibrator
(which depends on the installation location of the vibrator) and vibration volume, the vi-
bration effects can vary [144]. A consensus is that the vibration could reduce the yield
stress of FCP and consequently the extrusion pressure, which is particularly of interest for
applications in the infinite brick extrusion [24,145]. Sanjayan et al. [146] investigated the
hardened concrete properties after vibration. Increases in compressive strengths in all
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directions and flexural strength were observed for all concrete specimens, which may be
due to the pore reduction and refinement from the vibration.

According to [145-148], some rules of thumb for vibration can be outlined: (1) the
vibration frequency should be high enough to reduce the yield stress and prevent the
phase separation but not be too high to disturb the shape retention ability of concrete and
aspect ratio of FCP extrudate. As highlighted by [146], one can take the critical peak ve-
locity as the reference parameter for determining a suitable frequency; (2) the vibration
source is recommended to be installed near the outlet to reduce the vibration distance as
the region nearby the outlet is highly prone to blockage and phase separation; (3) an ap-
propriate vibration volume of concrete should be selected, as a large vibration volume of
FCP increases the vibration distance and potentially lead to non-uniform vibration; and
(4) since the vibration can reduce the FCP yield stress, it is recommended to apply vibra-
tion as a set-on-demand method for highly thixotropic material that requires aid during
extrusion and can recover strength rapidly after extrusion.

4.3. In-Process Reinforcement Sub-Process and System

Considering the well-recognized relatively low tensile strength of concrete, the rein-
forcement becomes particularly necessary to improve the tensile strength and inhibit the
formation of cracks. However, the reinforcement strategies for E3DCP are one of the most
critical challenges that hinder its scalability. An effective reinforcement strategy outlined
by [61] includes automation potential, fast implementation and wide applicability in dif-
ferent E3DCP scenarios. E3DCP reinforcement can be classified according to the moment
of application of reinforcement as pre-process (i.e., reinforcement occurs during the mix-
ing sub-process), single-step process (i.e., in-process reinforcement which occurs during
the principal shaping process), and two-step process (i.e., an additional principal rein-
forcement process takes place either prior to (pre-installed reinforcement) or after (post-
installed reinforcement) the principal shaping process) [61]. In Figure 8, a special focus is
given to in-process reinforcement methods that have an impact on the extruder system
design.

In our case, the advanced fittings of E3DCP system are only limited to the single-step
process because (1) the pre-process is not associate with an additional reinforcement sub-
process because the reinforcement material (i.e., fiber) is added during the mixing sub-
process and (2) the scope of the advanced fittings is only limited to those fittings that bring
an additional advanced sub-process into the E3DCP process chain, so pre-installed or
post-installed reinforcements—which occur as an additional principal process—are out of
scope of the E3DCP advanced fittings. This section will present the advanced fittings of
existing or potential reinforcement strategies that can be integrated into the E3DCP system
to allow in-process reinforcement based on the E3DCP reinforcement classification frame-
work proposed by [61].

The in-process reinforcement can take one of the following forms [61]: (1) bars; (2)
grids, meshes and cages; (3) pre-stressing strands; (4) cables and yarns; (5) textiles; (6)
short fibers; and (7) pin and screw). They can be integrated into concrete by entrainment,
placing between layers, cross-layer encasement and cross-layer penetration, as shown in
Figure 9.

The entrainment of cable/yarn, mesh/textile and short fiber within concrete filament
has proven to be an effective reinforcement strategy, see Figure 9a,b. For instance, Bos et
al. [149,150] have customized an extruder with a hybrid down/back-flow nozzle that could
deposit metal cable-embedded FCP extrudate. This is similar to the continuous fiber-fila-
ment for FDM 3D printers [151]. Although the pull-out test and four-point bending test
have revealed the inferior mechanical properties of metal-cable-reinforced concrete spec-
imens compared to the conventional bar-reinforced concrete specimens, the concept is
proven to be valid as an automated reinforcement strategy. Lim et al. [92] designed an
extruder system to embed metal cables within a fiber-reinforced geopolymer composite,
enabling a hybrid-reinforcement approach. The result reveals that the hybrid-
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reinforcement enhances the flexural strength of printed geopolymer specimens by 290%
in comparison to printed plain geopolymer specimens. Similar extruder systems have
been developed by Neef et al. [152] to embed multiple mineral-impregnated carbon-fiber
(MCF) yarns into concrete filament and Li et al. [153] to embed micro-cables in order to
create an anisotropic material that can be very efficient in tension and under bending

In-process — reinforcement strategies with implications on extruder design

~ v N -~ B
Entrainments by Placing between Cross-layers Cross-layer
Methods . :
material flow layers encasement penetration
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Additional placing tool required in the extruder system ‘

Figure 8. In-process reinforcement methods with implications on the extruder systems according to
the process classification framework for integration of reinforcement into DFC technologies (PC4IR-

DRC) [61].

Placing (pre-bent) steel bar [156,157], cable/yarn [158], mesh/textile [29,159] and short
fiber between consecutive concrete layers, either manually or automatically, is a common
practice in reinforcing E3DCP concrete structure, see Figure 9c,d. Most literature studies
or industrial works adopt manual placement in consideration of the cost-effectiveness and
ease of operation, which is inevitably associated with printing interruption and placement
uncertainty. While some studies [61] advocated the use of augmented reality to improve
the accuracy of manual placement, automatic placement could fundamentally circumvent
both issues. For instance, Hack et al. [160] and Mechtcherine et al. [161] realized the auto-
matic fabrication of steel bar/mesh/cage, from which one can foresee the prospect of inte-
grating in-situ steel bar/mesh/cage fabrication and placement with the E3DCP process.
Automatic placement of cable/yarn was actualized in the work of [158]. Essentially, an
MCF yarn is laid down by an auxiliary feeder before the deposition of concrete by the
extruder. Mechtcherine et al. [61] pointed out that this method eliminates the interdepend-
ency between the reinforcement strategy and design geometry.
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Figure 9. Cross-section view (left-top), side view (right-top) and plan view (left-bottom) of: (a) en-
trainment of cables/yarns; (b) entrainment of meshes/textiles; (c) placing of bars/cables/yarns; (d)
placing of meshes/textiles; (e) cross-layer encasement of bars/meshes/textiles; and (f) cross-layer
penetration of bars/screws/nails.

The cross-layer encasement entails the partial encasement of the pre-placed bar,
mesh/textile, and cage by the concrete filament, see Figure 9e. Mechtcherine et al. [162]
proposed to simultaneously deposit concrete layer and steel bar reinforcement using a 3D
concrete printer and a wire arc additive manufacturing 3D printer, respectively. Although
the authors did not fabricate the actual prototype that hybrids both functionalities, the
concept has been validated experimentally with positive feedback. Classen et al. [163] the-
orized an extruder system that combines the extruder concept from [162] with a fork-
shaped nozzle. The extruder consists of a fork-shaped nozzle and a welding unit that



Materials 2023, 16, 2661

25 of 39

enable simultaneous deposition of FCP and the welding of steel meshes in both vertical
and horizontal directions. In both cases of [162,163], it is important to coordinate the rela-
tively slow metal welding process with the relatively fast FCP deposition to prevent ex-
cessively long layer cycle time. Marchment and Sanjayan [164] proposed an extruder sys-
tem design that consists of a mesh roller and a fork-shaped nozzle. During printing, ver-
tical steel mesh can be placed at the center of the preceding concrete filament by the roller,
which is then partially encased by the concrete released from two directions. This two-
part concrete flow favors the formation of strong bonding between the mesh and concrete
[164].

As the name implies, cross-layer penetration entails the insert of bar/screw/nail into
multiple concrete layers to provide cross-layer reinforcement, see Figure 9f [61]. Some
proof-of-concept studies have been carried out. Marchment and Sajanyan [165] used a
guide tube to simulate the automated bar-driving process. By testing the produced rein-
forced specimens, it was shown that the penetration depth is a main factor of the bond
strength. The study by [166] suggested that different driving mechanisms affect the bond-
ing strength between the steel bar and concrete. More specifically, screwing the bar into
the printed concrete could create stronger bonding than the direct insertion. Wang et al.
[167] proposed an in-process U-nail reinforcement system that utilizes magnetic force to
insert U-nails vertically to connect just-deposited concrete layer with multiple previously-
deposited layers. The penetration of U-nails was shown to improve the interlayer bond
strength by 37.8-61.8%, depending on the horizontal spacing between U-nails, vertical
penetration depth and U-nail geometries. This type of reinforcement method is close to
the nail insertion proposed by Perrot et al. [168], screw insertion developed by Freund et
al. [166] or steel rebars penetration as proposed by Hass and Bos [169]. Mechtcherine et al.
[61] suggested that the penetration depth should be carefully determined to minimize the
disturbance of penetration to the printed layers.

Credit should also be given to fiber-reinforcement, which is the most commonly used
reinforcement strategy for E3DCP due to its ease of implementation and cost-effective-
ness. It does not require a separate reinforcement sub-process. Various studies have
proven its effectiveness in improving the mechanical properties of printed concrete struc-
tures, and one crucial determinant is the fiber alignment with the concrete filament after
deposition [56,70].

Although fiber-reinforcement is actually a pre-process reinforcement, some ad-
vanced fittings can enhance the fiber alignment. For example, Mu et al. [170] and
Abavisani et al. [171] presented the imposition of a magnetic electric field to assist the
alignment of steel fibers within the concrete, which can be potentially incorporated into
the E3DCP extruder system.

4.4. Interlayer Bonding Enhancement Sub-Process and System

The presence of interfaces with specific bonding strength is an intrinsic characteristic
of E3DCP that can greatly impact the overall bulk strength and durability of the E3DCP
structures that have been validated by various studies [96,172]. The latter motivates the
seeking of interlayer enhancement strategies that can guarantee minimal bonding
strength and mechanical properties. This is particularly necessary in the case of on-site
printing where the material undergoes outside air velocity and drying that can be the
origin of cold joint and material anisotropy [172].

Kruger and Zijl [173] epitomized some possible sources of interlayer bond weakness
including moisture loss, air entrapment, thixotropy and surface roughness. To minimize
the adverse effects of these sources, apart from manipulating the material design and op-
erational design (e.g., layer cycle time), a novel strategy is to deposit bonding agents be-
tween consecutive concrete layers to create an interface bonding layer. Studies have in-
vestigated different bonding agents, and they are typically cement paste/mortar consist-
ing of chemical additives [174], sulfur-black carbon [175], epoxy resin-based and chloro-
prene latex-based polymer [176], all of which show different extents of improvements in
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interlayer bond strength. Most of the studies have not realized the automation of bonding
agent deposition, but the associated technical barrier can be readily overcome. Weng et al.
[98] have devised an automated bonding agent deposition system alongside the extruder
system. During the deposition process, the bonding agent spray moves ahead of the print-
ing nozzle and covers the preceding concrete layer with the bonding agent, which is over-
layed by a new concrete layer shortly. Marchment et al. [174] and Verian et al. [52] adopted
a similar deposition method to minimize the interlayer porosity and enhance interlayer
bond strength.

Physical means are also effective in enhancing the interlayer bonding. Keita et al.
[172] highlighted the significant role of moisture loss in reducing the interlayer bonding
strength. The excessive moisture loss can induce a dry front with a thickness around sev-
eral hundreds of micrometers at top of a concrete layer. It was suggested the remixing of
this dry front with the other portions of the concrete layer can achieve rehomogenization
and cancel the adverse consequences of moisture loss, thereby inhibiting the formation of
weak interlayers [172]. Hence, the incorporation of mechanical remixing fittings within
the extruders can be promising. Several studies investigated a topological interlocking
strategy, which relies on creating grooves on the surface of the printed layers that are
expected to interlock layers and improve their adhesion and the mechanical behavior of
the printed structures [177-179]. It was shown that the incorporation of topological inter-
locking could improve the interlayer bonding strength by 26% [178]. Similar positive re-
sults have been reported by [179]. Nevertheless, the technical barrier still exists in the in-
corporation of relevant hardware for automation, as the studies mentioned before fabri-
cated the interlocking configurations using mold casting. Lastly, the aforementioned in-
terlayer reinforcement by penetration [167] can also enhance the interlayer bonding
strength.

4.5. Finishing Sub-Process and System

Due to the nature of the extrusion associated with the E3DCP process, the printed
structures are generally characterized by layer-by-layer patterns that can adversely affect
aesthetic aspects. A finishing system can be implemented during the principal process to
improve the pattern. In the contour crafting pioneered by [180,181], a trowel is added to
constrain the flow of concrete filament in the y-direction to improve the surface finish.
Souza et al. [182] advocated the combination of a side trowel for a circular nozzle to
smooth the rounded extrudate. The studies in this respect are essential as the structural
aspects of printed structures become more understood.

4.6. Support Placement Sub-Process and System

The support placement is required when an overhang exists in the printed structure
such as the holes for windows and doors. Hoffmann et al. [91] developed a printing sys-
tem that incorporates the grasping functionality, enabling automatic placement of support
structures during the 3DCP process. When the extruder moves to the position where sup-
port is needed, the concrete extrusion pauses and the grasping device is activated to place
a lintel at the designated position, after which the concrete extrusion and deposition re-
sume. The merit of such an approach is still in question, as the coupling of concrete extru-
sion and grasping necessitates a temporary pause of one task to allow the performance of
the other task, which is not favorable for creating a seamless 3DCP process. Additionally,
in large-scale projects where the placement of supports could take a long time, the inter-
layer bonding between concrete layers can be adversely affected. One can resolve such
concerns using a team of robots [119].

4.7. Monitoring and Feedback Sub-Process and System

The inclusion of a monitoring and feedback system in the printing system can im-
prove the robustness of E3DCP. For instance, it is well-known that pumping can lead to
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process-induced variations of concrete rheology. To address the issue, Ji et al. [29] custom-
ized an extruder equipped with a servo motor that can measure the torque resistance of
FCP during the extrusion process, thereby allowing inline real-time rheology characteri-
zation. The study suggested that a suitable printable concrete mix design has a slump of
120-130 mm, which corresponds to the torque resistance values of 1.25-1.75 Nm of the
servo motor. If the FCP within the extruder falls out of this range, additional concrete
constituents are added through an additional feeding system within the chamber to adjust
the rheology. Additionally, apart from the motor loading, motor temperature and printing
speed are also monitored, and in the case of overloading, an emergency stop can be exe-
cuted to pause the printing process [29].

The study of [25] highlighted the adverse effect of material heterogeneity on the ex-
trusion rate consistency. It was suggested to install an extrusion rate sensor at the extruder
to provide real-time feedback and respective adjustment. The research team from Eind-
hoven University of Technology [183] emphasized that, during printing, the actual stand-
off distance (the distance between the bottom of the extruder and the printing surface) can
deviate from the prescribed values due to the positioning inaccuracy, printing surface un-
evenness as well as progressively increasing vertical deformation during the E3DCP pro-
cess, which potentially leads to impaired mechanical properties [82]. Accordingly, the
team developed a device attached to the extruder that could enable self-leveling of the
extruder. The actual standoff distance measured by the device is used to calculate the
height deviation in real-time, according to which the extruder position can be adjusted.

Kazemian et al. [184] developed a monitor that allows the detection of flow deposi-
tion rate. Essentially, the monitor consists of a high-resolution camera and a Raspberry Pi
3 model B microprocessor and, during the deposition, it could keep track of the layer
width in real-time and, in the case of over-extrusion or under-extrusions, the printing op-
erational parameters are adjusted automatically.

5. Discussion
5.1. Process Chain of E3DCP System

The choices of printing system, basic fittings and advanced fittings determine the
relations between the principal process and sub-processes (i.e., in series, simultaneous and
contiguous) [1] as well as the nature of the principal process and subprocess (i.e., contin-
uous or cyclic), as shown in Table 9. Buswell et al. [1] presented a method of pictorial
representation of the process chain of any DFC technology. Accordingly, one can produce
the process chain for any E3DCP system. Figure 10 illustrates the process chains of three
different E3DCP systems.

Table 9. The relation between and nature of the E3DCP principal process and sub-processes.
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The basic fittings are relatively well-understood through decades of practice in con-
crete construction and, with the rise of popularity of E3DCP in the recent decade, consid-
erable research attention has been paid to the printing system to understand the underly-
ing mechanisms and outline the design protocol. However, the understanding of each
advanced fitting is relatively poor, and most E3DCP systems so far can only integrate one
or two of the advanced fittings. The integration of advanced fittings into the E3DCP sys-
tem still face several bottlenecks: (1) the design standard of each advanced fittings needs
to take account of its compatibility with the principal process (e.g., support placement and
deposition) so that no or minimal adverse effects are induced; (2) the compatibility be-
tween different advanced fittings (e.g., finishing system and support placement, second-
ary mixing and in-process reinforcement) needs to be resolved; and (3) with more ad-
vanced fittings being integrated into the E3DCP system, it is difficult to find the optimal
sequence of advanced sub-processes due to increasing complexity of the process chain.
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Figure 10. The process chain of three different E3DCP systems of various process combinations ac-
cording to the pictorial representation method proposed by [1].

5.2. E3DCP Classification Framework

Based on Sections 2 and 3 and the notation classification framework of [74], this sec-
tion intends to propose a new notation classification framework specifically for E3BDCP as
an extension of the DFC classification framework by [1] (i.e., at the level of material extru-
sion). The classification framework consists of 12 parameters relating to the environment,
application use and principal process mechanical system as shown in Table 10. Table 11
summarizes some examples of E3DCP technologies based on this framework.
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Several remarks need to be made: (1) this framework is established based on the me-
chanical systems of E3DCP principal processes (i.e., the printing system of the extrusion
and deposition processes), therefore the sub-processes do not affect the classification,
which complies with the philosophy of [1]; (2) this framework excludes the smart dynamic
casting [7] that is classified as formative instead of additive by [1], even though it is in-
cluded in the classification framework of [74]; (3) the “environment” and “application
use” in Figure 1 are now part of the notation representation, see Table 10; (4) some param-
eter aforementioned in Section 2 (i.e., extruder wall roughness and chamber diameter and
length) are not included in this framework due to lack of specifications in the literature,
but it should not be neglected in the future work; (5) some parameters from [74] are still
adopted in this framework, but with a different notation: “object scale” Xo is replaced by
“outlet exit size” O, “extrusion scale” x is replaced by “outlet exit size” Py, “environ-
ment” e is replaced by “environment” E, “robotic complexity” Xo is replaced by “degree
of freedom” Pg; (6) the “assembly parameter” from [74] is not considered because it in-
volves a different principal assembly process other than the principal shaping process;
and (7) the “support parameter” from [74] is not considered because support placement
is an advanced sub-process which should not affect the classification [1].

Table 10. The classification framework of E3DCP based on 12 parameters relating to the environ-
ment, application use, principal process mechanical system.

Parameter Notation Division
O On-site/In-situ (direct print-
ing)
Environment E?l Part in mini-factory/lab
£? Part in prefabrication fac-
tory
Avplication use A° End use
ication u
PP Al Former
P One 3-axis robot (gantry)
p1 One 4-axis robot (gantry
a with a rotational DOF)
p2 One 6-axis robot (robotic
a arm)
P3 One 6-axis robot on a rail
" One 6-axis robot on a mobile
Pa
base
Degree of free- P; One delta robot
dom P One swarm robot
s 7 One 6-axis robot on a 3-axis
Positioning system P
Princinal b robot
rinepat pro P8 Multiple 6-axis robots
cess mechani- . ;
5 Multiple 6-axis robots on
cal system P .
rails
p10 Multiple 6-axis robots on
4 mobile bases
rH Multiple swarm robots
Py Dimension <1 m
P} 1 m <Dimension <4 m
Build volume
P? 5m < Dimension <10 m
P >10m
General GY Pumping pressure
eI Extruder mech- o PIng p ;
Extruder sys- extruder anism G Ram extrusion
tem design G2 Screw extrusion

ch One chamber
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Ca Multiple chambers

Chamb -
amber num No chamber (or uniform

2
Cgamber ber Cn with the outlet)
esign
8" Chamber taper- c? Without tapering
ing ct With tapering
o7 Orifice
Qutlet form 0f1 Single nozzle/die
0} Multiple nozzles/dies
) 0 Vertical
Outlet. orienta- 01 Horizontal
tion 2 .
0¢ Tilted
0! Without taperi
Outlet tapering & = o0 ap(?rmg
0; With tapering
0
Outlet de- Os Square/.Rectangular
. 0! Circular
sign -
Outlet cross- 02 Elliptical
sectional shape 03 Irregular (e.g., hollow-core,
3 U-shape)
o4 Adjustable
09 Size <8 mm
0} 8 mm < Size <5 cm
Outlet exit size 03 5 cm < Size < 30 cm
03 Size > 30 cm
0} Adjustable

Table 11. Some examples of E3DCP technologies based on this classification framework.

References Extruder
[89] E'A°PZPYGY,C2C204000,0009
[62] EOAOPC?PEG,?[C,?CPO}%lOEOSOOé
[38] E'A°PYPG2COCL 00000000}
[149,150] E°A°PIPEG,C2C2 040000030,
[81] ElePngG,%lC,?CPO}OSO?OSOOg

6. Conclusions

The paper provided a comprehensive review of the mechanical design of the E3DCP

principal shaping process (i.e., the extruder system which includes the general extruder
design, chamber design, outlet design, and the positioning system) and advanced sub-
process (i.e., advanced fittings). Accordingly, the following conclusions can be reached:

1.

The concrete extrusion process originates from the competition between the extru-
sion drive force, Fe and extrusion resistive forces, which may include chamber wall
shear force Fe, shaping force Fpi, nozzle wall shear force Fnt, dead zone shear force Fat
and layer pressing force, Fip;

The three possible extrusion mechanisms—primary motivation, ram extrusion and
screw extrusion—provide pumping and gravity force Fpg, ram extrusion force Fram
and screw extrusion force Fscrew, respectively;

A low extruder wall roughness can reduce Fct and Frs, thereby reducing the extrusion
pressure;

The chamber design needs to consider chamber number, chamber length and diam-
eter, and chamber tapering. A smaller chamber diameter increases Fpi; and the cham-
ber tapering can generally reduce Fpl and extrusion pressure;

The outlet design needs to consider outlet orientation, outlet form, outlet tapering,
outlet cross-section shape, and outlet exit size. The outlet form of the orifice is asso-
ciated with lower extrusion pressure whereas the outlet form of the nozzle has higher
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the rectilinear cross-section more likely induces an infinite brick extrusion mode; a
smaller outlet exit size corresponds to enhanced Fpi and Frs;
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ment, and monitoring and feedback processes. They are still at a nascent stage of
application in E3DCP systems, and the incorporation of advanced fittings could in-
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the respects of: (a) the compatibility between each advanced fitting and the printing
system; (b) the compatibility between different advanced fittings; and (c) the optimal
sequence of advanced sub-processes;

7. The most crucial aspect of the E3DCP extruder system is the understanding of how
the coupling between the mechanical designs, different concrete materials (e.g., low-
and high-viscosity, low- and high-solid concentration), and operational design (e.g.,
pumping pressure) can influence the extrusion forces and phenomena, from which
one can draw guidelines for the corresponding mechanical system and material com-
binations that can optimize the extrudability. As one can tell, considerable research
efforts are required to fully understand this chain effect: the coupling of mechanical
and material designs, the competition of extrusion forces, the occurrence of various
extrusion phenomena, and the extrudability of the overall setting.

In addition, this paper identifies the principal process, basic sub-processes, and ad-
vanced sub-processes of the E3DCP process chain, based upon which a notation classifi-
cation framework of the E3DCP system was proposed as an extension to the DFC classifi-
cation framework by [1]. The authors reckoned that such a classification framework could
assist a more systematic E3DCP printing system design. Considering the nascency of
E3DCP, some of the mechanical aspects (e.g., extruder wall roughness and chamber di-
ameter) have not yet been taken into account in the classification framework. The prospec-
tive E3DCP literature should provide specifications of the mechanical parameters (e.g.,
De¢, Dentry, Dexit and Ln) to establish a database for various forms of research such as machine
learning.

Author Contributions: Conceptualization, H.C. and N.L.; methodology, H.C.; software, H.C.; vali-
dation, H.C., D.Z. and N.L.; formal analysis, P.C.; investigation, H.C.; resources, H.C.; data curation,
H.C.; writing—original draft preparation, H.C.; writing —review and editing, A.P. and N.L.; visual-
ization, H.C.; supervision, A.P.; project administration, A.P.; funding acquisition, A.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sika Group. 2020. Available online: https://www.sika.com/en/knowledge-hub/3d-concrete-printing.html (accessed on 3 August

2022).



Materials 2023, 16, 2661 33 of 39

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Lowke, D.; Vandenberg, A.; Pierre, A.; Thomas, A.; Kloft, H.; Hack, N. Injection 3D concrete printing in a carrier liquid — Un-
derlying physics and applications to lightweight space frame structures. Cem. Concr. Compos. 2021, 124, 104169.
https://doi.org/10.1016/j.cemconcomp.2021.104169.

Lloret, E.; Shahab, A.R.; Linus, M.; Flatt, R.J.; Gramazio, F.; Kohler, M.; Langenberg, S. Complex concrete structures. Comput.
Des. 2015, 60, 40—49. https://doi.org/10.1016/j.cad.2014.02.011.

Hack, N.; Kloft, H. Shotcrete 3D Printing Technology for the Fabrication of Slender Fully Reinforced Freeform Concrete Ele-
ments with High Surface Quality: A Real-Scale Demonstrator. In DC 2020: Second RILEM International Conference on Concrete and
Digital Fabrication; Springer International Publishing: Berlin/Heidelberg, Germany, 2020; Volume 28, pp. 1128-1137.
https://doi.org/10.1007/978-3-030-49916-7_107.

Wangler, T.; Pileggi, R.; Giirel, S.; Flatt, R.J. A chemical process engineering look at digital concrete processes: Critical step
design, inline mixing, and scaleup. Cem. Concr. Res. 2022, 155, 106782. https://doi.org/10.1016/j.cemconres.2022.106782.

Perrot, A.; Rangeard, D.; Naidu, V.; Mechtcherine, V. Extrusion of cement—Based materials—An overview. RILEM Tech. Lett.
2019, 2018, 91-97.

Li, Z.; Hojati, M.; Wu, Z,; Piasente, J.; Ashrafi, N.; Duarte, ].P.; Nazarian, S.; Bilén, 5.G.; Memari, A.M.; Radlinska, A. Fresh and
Hardened Properties of Extrusion-Based 3D-printed Cementitious Materials: A Review. Sustainability 2020, 12, 5628.
https://doi.org/10.3390/su12145628.

Roussel, N. Rheological requirements for printable concretes. Cem. Concr. Res. 2018, 112, 76-85. https://doi.org/10.1016/j.cem-
conres.2018.04.005.

Zhang, C.; Nerella, V.N.; Krishna, A.; Wang, S.; Zhang, Y.; Mechtcherine, V.; Banthia, N. Mix design concepts for 3D printable
concrete: A review. Cem. Concr. Compos. 2021, 122, 104155. https://doi.org/10.1016/j.cemconcomp.2021.104155.

Lu, B.; Weng, Y.; Li, M;; Qian, Y.; Leong, K.F.; Tan, M.].; Qian, S. A systematical review of 3D printable cementitious materials.
Constr. Build. Mater. 2019, 207, 477-490. https://doi.org/10.1016/j.conbuildmat.2019.02.144.

Blackburn, S.; Szymiczek, M. Extrusion. In Encyclopedia of Materials: Technical Ceramics and Glasses; Pomeroy, M., Ed.; Elsevier:
Oxford, UK, 2021; pp. 162-178.

Buswell, R.A.; De Silva, W.R.L.; Jones, S.Z.; Dirrenberger, J. 3D printing using concrete extrusion: A roadmap for research. Cem.
Concr. Res. 2018, 112, 37-49. https://doi.org/10.1016/j.cemconres.2018.05.006.

Basterfield, R.; Lawrence, C.; Adams, M. On the interpretation of orifice extrusion data for viscoplastic materials. Chem. Eng. Sci.
2005, 60, 2599-2607. https://doi.org/10.1016/j.ces.2004.12.019.

Zhou, X. Characterization of rheology of fresh fiber reinforced cementitious composites through ram extrusion. Mater. Struct.
2004, 38, 17-24. https://doi.org/10.1617/14064.

Perrot, A.; Rangeard, D.; Mélinge, Y. Prediction of the ram extrusion force of cement-based materials. Appl. Rheol. 2014, 24, 34—
40. https://doi.org/10.3933/ APPLRHEOL-24-53320.

Perrot, A.; Lanos, C.; Estellé, P.; Melinge, Y. Ram extrusion force for a frictional plastic material: Model prediction and applica-
tion to cement paste. Rheol. Acta 2006, 45, 457-467. https://doi.org/10.1007/s00397-005-0074-y.

Nair, S.; Panda, S.; Tripathi, A.; Neithalath, N. Relating print velocity and extrusion characteristics of 3D-printable cementitious
binders: Implications towards testing methods. Addit. Manuf. 2021, 46, 102127. https://doi.org/10.1016/j.addma.2021.102127.
Nair, S.A.; Panda, S.; Santhanam, M.; Sant, G.; Neithalath, N. A critical examination of the influence of material characteristics
and extruder geometry on 3D printing of cementitious binders. Cem. Concr. Compos. 2020, 112, 103671.
https://doi.org/10.1016/j.cemconcomp.2020.103671.

Percoco, G.; Arleo, L.; Stano, G.; Bottiglione, F. Analytical model to predict the extrusion force as a function of the layer height,
in extrusion based 3D printing. Addit. Manuf. 2020, 38, 101791. https://doi.org/10.1016/j.addma.2020.101791.

Mechtcherine, V.; Bos, F.; Perrot, A.; da Silva, W.L.; Nerella, V.; Fataei, S.; Wolfs, R.; Sonebi, M.; Roussel, N. Extrusion-based
additive manufacturing with cement-based materials —Production steps, processes, and their underlying physics: A review.
Cem. Concr. Res. 2020, 132, 106037. https://doi.org/10.1016/j.cemconres.2020.106037.

Gomaa, M.; Jabi, W.; Veliz Reyes, A.; Soebarto, V. 3D printing system for earth-based construction: Case study of cob. Autom.
Constr. 2021, 124, 103577. https://doi.org/10.1016/j.autcon.2021.103577.

De Schutter, G.; Feys, D. Pumping of Fresh Concrete: Insights and Challenges. RILEM Tech. Lett. 2016, 1, 76-80.
https://doi.org/10.21809/rilemtechlett.2016.15.

Perrot, A.; Mélinge, Y.; Rangeard, D.; Micaelli, F.; Estellé, P.; Lanos, C. Use of ram extruder as a combined rheo-tribometer to
study the behaviour of high yield stress fluids at low strain rate. Rheol. Acta 2012, 51, 743-754. https://doi.org/10.1007/s00397-
012-0638-6.

Khelifi, H.; Perrot, A.; Lecompte, T.; Rangeard, D.; Ausias, G. Prediction of extrusion load and liquid phase filtration during ram
extrusion of high solid volume fraction pastes. Powder Technol. 2013, 249, 258-268. https://doi.org/10.1016/j.powtec.2013.08.023.
Ji, G.; Ding, T,; Xiao, J.; Du, S; Li, J.; Duan, Z. A 3D Printed Ready-Mixed Concrete Power Distribution Substation: Materials
and Construction Technology. Materials 2019, 12, 1540. https://doi.org/10.3390/ma12091540.

Sanjayan, J.G.; Nematollahi, B.; Xia, M.; Marchment, T. Effect of surface moisture on inter-layer strength of 3D printed concrete.
Constr. Build. Mater. 2018, 172, 468-475. https://doi.org/10.1016/j.conbuildmat.2018.03.232.

Vallurupalli, K.; Farzadnia, N.; Khayat, K.H. Effect of flow behavior and process-induced variations on shape stability of 3D
printed elements— A review. Cem. Concr. Compos. 2021, 118, 103952. https://doi.org/10.1016/j.cemconcomp.2021.103952.



Materials 2023, 16, 2661 34 of 39

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Netto, ].M.].; Idogava, H.T.; Santos, L.E.F.; Silveira, Z.D.C.; Romio, P.; Alves, J.L. Screw-assisted 3D printing with granulated
materials: A systematic review. Int. |. Adv. Manuf. Technol. 2021, 115, 2711-2727. https://doi.org/10.1007/s00170-021-07365-z.
Zhou, Z.; Salaoru, I.; Morris, P.; Gibbons, G.J. Development of a direct feed fused deposition modelling technology for multi-
material manufacturing. AIP Conf. Proc. 2016, 1769, 190004. https://doi.org/10.1063/1.4963614.

Leng, J.; Wu, J.; Chen, N.; Xu, X.; Zhang, J. The development of a conical screw-based extrusion deposition system and its
application in fused deposition modeling with thermoplastic polyurethane. Rapid Prototyp. ]. 2019, 26, 409-417.
https://doi.org/10.1108/rpj-05-2019-0139.

Reddy, B.V., Ghosh, A. Fused deposition modelling using direct extrusion. Virtual Phys. Prototyp. 2007, 2, 51-60.
https://doi.org/10.1080/17452750701336486.

Ishida, H.; Nakao, K.; Nakao, N.; Kimura, N. Efficient heating of mixer by induction heating of mixing blade and energy transfer
analysis for optimization. In Proceedings of the 2017 IEEE 6th International Conference on Renewable Energy Research and
Applications (ICRERA), San Diego, CA, USA, 5-8 November 2017; pp. 321-326. https://doi.org/10.1109/icrera.2017.8191287.
Muthukrishnan, S.; Ramakrishnan, S.; Sanjayan, J. Effect of microwave heating on interlayer bonding and buildability of geo-
polymer 3D concrete printing. Constr. Build. Mater. 2020, 265, 120786. https://doi.org/10.1016/j.conbuildmat.2020.120786.

Ma, G; Li, Z.; Wang, L. Printable properties of cementitious material containing copper tailings for extrusion based 3D printing.
Constr. Build. Mater. 2018, 162, 613-627. https://doi.org/10.1016/j.conbuildmat.2017.12.051.

Chen, M,; Li, L.; Wang, J.; Huang, Y.; Wang, S.; Zhao, P.; Lu, L.; Cheng, X. Rheological parameters and building time of 3D
printing sulphoaluminate cement paste modified by retarder and diatomite. Constr. Build. Mater. 2020, 234, 117391.
https://doi.org/10.1016/j.conbuildmat.2019.117391.

Jo, J.H.; Jo, BW.; Cho, W.; Kim, J.-H. Development of a 3D Printer for Concrete Structures: Laboratory Testing of Cementitious
Materials. Int. J. Concr. Struct. Mater. 2020, 14, 1-11. https://doi.org/10.1186/s40069-019-0388-2.

Albar, A.; Chougan, M.; Al Kheetan, M.].; Swash, M.R.; Ghaffar, S.H. Effective extrusion-based 3D printing system design for
cementitious-based materials. Results Eng. 2020, 6, 100135. https://doi.org/10.1016/j.rineng.2020.100135.

Hyvarinen, M.; Jabeen, R.; Karki, T. The Modelling of Extrusion Processes for Polymers—A Review. Polymers 2020, 12, 1306.
https://doi.org/10.3390/polym12061306.

Joh, C; Lee, J.; Bui, T.; Park, J.; Yang, I.-H. Buildability and Mechanical Properties of 3D Printed Concrete. Materials 2020, 13,
4919. https://doi.org/10.3390/ma13214919.

Henke, K.; Talke, D.; Winter, S. Multifunctional Concrete-Additive Manufacturing by the Use of Lightweight Concrete. In Pro-
ceedings of the IASS Annual Symposia, Hamburg, Germany, 25-28 September 2017.

Reinold, J.; Nerella, V.N.; Mechtcherine, V.; Meschke, G. Extrusion process simulation and layer shape prediction during 3D-
concrete-printing  using  the Particle Finite  Element Method. Aufom.  Constr. 2022, 136, 104173.
https://doi.org/10.1016/j.autcon.2022.104173.

Comminal, R.; da Silva, W.R.L.; Andersen, T.J.; Stang, H.; Spangenberg, J. Influence of Processing Parameters on the Layer
Geometry in 3D Concrete Printing: Experiments and Modelling. In DC 2020: Second RILEM International Conference on Concrete
and Digital ~Fabrication; Springer International Publishing: Berlin/Heidelberg, Germany, 2020; pp. 852-862.
https://doi.org/10.1007/978-3-030-49916-7_83.

Kuzmenko, K.; Ducoulombier, N.; Feraille, A.; Roussel, N. Environmental impact of extrusion-based additive manufacturing:
Generic model, power measurements and influence of printing resolution. Cem. Concr. Res. 2022, 157, 106807.
https://doi.org/10.1016/j.cemconres.2022.106807.

Mélinge, Y.; Hoang, V.H.; Rangeard, D.; Perrot, A.; Lanos, C. Study of tribological behaviour of fresh mortar against a rigid
plane wall. Eur. ]. Environ. Civ. Eng. 2013, 17, 419-429. https://doi.org/10.1080/19648189.2013.786242.

Syahrullai, S.; Azwadi, C.; Kadi, M.A.; Shafie, N. The Effect of Tool Surface Roughness in Cold Work Extrusion. J. Appl. Sci. 2011,
11, 367-372. https://doi.org/10.3923/jas.2011.367.372.

Liu, G.; Chen, L.; Cheng, W.; Huang, Y. Research on Pump Primers for Friction Reduction of Wet-Mix Shotcrete Based on
Precreating Lubricating Layer. Adv. Mater. Sci. Eng. 2017, 2017, 3462074. https://doi.org/10.1155/2017/3462074.

Syahrullail, S.; Zubil, B.; Azwadi, C.; Ridzuan, M. Experimental evaluation of palm oil as lubricant in cold forward extrusion
process. Int. |. Mech. Sci. 2011, 53, 549-555. https://doi.org/10.1016/j.ijmecsci.2011.05.002.

Verian, K. Research Development in 3DCP : Cured-on-Demand with Adhesion Enhancement Delivery System. November 2018.
https://doi.org/10.13140/RG.2.2.26245.60641. Cannot find more information on this website https://www.seman-
ticscholar.org/paper/Research-Development-in-3DCP%3A-Cured-on-Demand-with-Verian-
Carli/a003aa21e1950d0eeec42f4e212d55b031d30439

Craveiro, F.; Nazarian, S.; Bartolo, H.; Bartolo, P.; Duarte, J. An automated system for 3D printing functionally graded concrete-
based materials. Addit. Manuf. 2020, 33, 101146. https://doi.org/10.1016/j.addma.2020.101146.

Tao, Y.; Rahul, A.; Lesage, K.; Van Tittelboom, K.; Yuan, Y.; De Schutter, G. Mechanical and microstructural properties of 3D
printable concrete in the context of the twin-pipe pumping strategy. Cem. Concr. Compos. 2021, 125, 104324.
https://doi.org/10.1016/j.cemconcomp.2021.104324.

Benbow, J.; Bridgewater, J. Paste Flow and Extrusion; Oxford University Press: Oxford, UK, 1993; Volume 41.

Arunothayan, A.R.; Nematollahi, B.; Ranade, R.; Bong, S.H.; Sanjayan, J.G.; Khayat, K.H. Fiber orientation effects on ultra-high
performance concrete formed by 3D printing. Cem. Concr. Res. 2021, 143, 106384. https://doi.org/10.1016/j.cemconres.2021.106384.



Materials 2023, 16, 2661 35 of 39

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

O’Neill, R.; McCarthy, H.O.; Cunningham, E.; Montufar, E.; Ginebra, M.-P.; Wilson, D.I; Lennon, A.; Dunne, N. Extent and
mechanism of phase separation during the extrusion of calcium phosphate pastes. J. Mater. Sci. Mater. Med. 2015, 27, 1-13.
https://doi.org/10.1007/s10856-015-5615-z.

Zuan, AM.S,; Yong, S.Y.; Nurul, M.A,; Syahrullail, S.; Rahim, E.A. The effects of the die half angle of taper die on plane strain
extrusion. J. Teknol. 2016, 78, 9654. https://doi.org/10.11113/jt.v78.9654.

Nienhaus, V.; Smith, K.; Spiehl, D.; Dorsam, E. Investigations on nozzle geometry in fused filament fabrication. Addit. Manuf.
2019, 28, 711-718. https://doi.org/10.1016/j.addma.2019.06.019.

Contour Crafting. Offering Automated Construction of Various Types of Structures. Available online: http://contourcraft-
ing.com/building-construction (accessed on 6 August 2022).

Mechtcherine, V.; Buswell, R.; Kloft, H.; Bos, F.P.; Hack, N.; Wolfs, R.; Sanjayan, J.; Nematollahi, B.; Ivaniuk, E.; Neef, T. Inte-
grating reinforcement in digital fabrication with concrete: A review and classification framework. Cem. Concr. Compos. 2021, 119,
103964. https://doi.org/10.1016/j.cemconcomp.2021.103964.

Mechtcherine, V.; Nerella, V.N.; Will, F.; Nather, M.; Otto, J.; Krause, M. Large-scale digital concrete construction - CONPrint3D
concept for on-site, monolithic 3D-printing. Autom. Constr. 2019, 107, 102933, https://doi.org/10.1016/j.autcon.2019.102933.
Ramakrishnan, S.; Muthukrishnan, S.; Sanjayan, J.; Pasupathy, K. Concrete 3D printing of lightweight elements using hollow-
core extrusion of filaments. Cem. Concr. Compos. 2021, 123, 104220. https://doi.org/10.1016/j.cemconcomp.2021.104220.
Carneau, P.; Mesnil, R.; Baverel, O.; Roussel, N. Layer pressing in concrete extrusion-based 3D-printing: Experiments and anal-
ysis. Cem. Concr. Res. 2022, 155, 106741. https://doi.org/10.1016/j.cemconres.2022.106741.

Carneau, P.; Mesnil, R;; Roussel, N.; Baverel, O. An exploration of 3d printing design space inspired by masonry. In Proceedings
of the IASS Symposium 2019, FORM and FORCE, Barcelona, 7-10 October 2019; pp. 1247-1255.

Carneau, P.; Mesnil, R.; Roussel, N.; Baverel, O. Additive manufacturing of cantilever —From masonry to concrete 3D printing.
Autom. Constr. 2020, 116, 103184. https://doi.org/10.1016/j.autcon.2020.103184.

Lao, W.; Tay, YYW.D.; Quirin, D.; Tan, M.]. The effect of nozzle shapes on the compactness and strength of structures printed by
additive manufacturing of concrete. Proc. Int. Conf. Prog. Addit. Manuf. 2018, 2018, 80-86. https://doi.org/10.25341/D4V01X.
Panda, B.; Sonat, C.; Yang, E.-H.; Tan, M.].; Unluer, C. Use of magnesium-silicate-hydrate (M-S-H) cement mixes in 3D printing
applications. Cem. Concr. Compos. 2020, 117, 103901. https://doi.org/10.1016/j.cemconcomp.2020.103901.

Kwon, H.; Bukkapatnam, S.; Khoshnevis, B.; Saito, ]. Effects of orifice shape in contour crafting of ceramic materials. Rapid
Prototyp. ]. 2002, 8, 147-160. https://doi.org/10.1108/13552540210430988.

Shakor, P.; Nejadi, S.; Paul, G. A Study into the Effect of Different Nozzles Shapes and Fibre-Reinforcement in 3D Printed Mortar.
Materials 2019, 12, 1708. https://doi.org/10.3390/ma12101708.

Liu, Z; Li, M,; Tay, Y.W.D.; Weng, Y.; Wong, T.N.; Tan, M.]. Rotation nozzle and numerical simulation of mass distribution at
corners in 3D cementitious material printing. Addit. Manuf. 2020, 34, 101190. https://doi.org/10.1016/j.addma.2020.101190.

Lao, W.; Li, M.; Wong, T.N.; Tan, M.].; Tjahjowidodo, T. Improving surface finish quality in extrusion-based 3D concrete printing
using machine learning-based extrudate geometry control. Virtual Phys. Prototyp. 2020, 15, 178-193.
https://doi.org/10.1080/17452759.2020.1713580.

Lao, W.; Li, M.; Tjahjowidodo, T. Variable-geometry nozzle for surface quality enhancement in 3D concrete printing. Addit.
Manuf. 2020, 37, 101638. https://doi.org/10.1016/j.addma.2020.101638.

Duballet, R.; Baverel, O.; Dirrenberger, ]J. Classification of building systems for concrete 3D printing. Autom. Constr. 2017, 83,
247-258. https://doi.org/10.1016/j.autcon.2017.08.018.

Nair, S.A; Tripathi, A.; Neithalath, N. Examining layer height effects on the flexural and fracture response of plain and fiber-
reinforced 3D-printed beams. Cem. Concr. Compos. 2021, 124, 104254. https://doi.org/10.1016/j.cemconcomp.2021.104254.
Burguera, E.F.; Xu, HH.K,; Sun, L. Injectable calcium phosphate cement: Effects of powder-to-liquid ratio and needle size. J.
Biomed. Mater. Res. Part B Appl. Biomater. 2008, 84, 493-502. https://doi.org/10.1002/jbm.b.30896.

Vaezi, M.; Zhong, G.; Kalami, H.; Yang, S. Extrusion-Based 3D Printing Technologies for 3D Scaffold Engineering; Elsevier Ltd.:
Amsterdam, The Netherlands, 2018.

Nair, 5.A.O.; Alghamdi, H.; Arora, A.; Mehdipour, I; Sant, G.; Neithalath, N. Linking fresh paste microstructure, rheology and
extrusion characteristics of cementitious binders for 3D printing. . Am. Ceram. Soc. 2019, 102, 3951-3964.
https://doi.org/10.1111/jace.16305.

El Cheikh, K.; Rémond, S.; Khalil, N.; Aouad, G. Numerical and experimental studies of aggregate blocking in mortar extrusion.
Constr. Build. Mater. 2017, 145, 452—-463. https://doi.org/10.1016/j.conbuildmat.2017.04.032.

Bai, G.; Wang, L.; Ma, G.; Sanjayan, J.; Bai, M. 3D printing eco-friendly concrete containing under-utilised and waste solids as
aggregates. Cem. Concr. Compos. 2021, 120, 104037. https://doi.org/10.1016/j.cemconcomp.2021.104037.

Xu, J.; Ding, L.; Cai, L.; Zhang, L.; Luo, H.; Qin, W. Volume-forming 3D concrete printing using a variable-size square nozzle.
Autom. Constr. 2019, 104, 95-106. https://doi.org/10.1016/j.autcon.2019.03.008.

Wolfs, R.; Salet, T.; Roussel, N. Filament geometry control in extrusion-based additive manufacturing of concrete: The good, the
bad and the ugly. Cem. Concr. Res. 2021, 150, 106615. https://doi.org/10.1016/j.cemconres.2021.106615.

Carneau, P.; Mesnil, R.; Ducoulombier, N.; Roussel, N.; Baverel, O. Characterisation of the Layer Pressing Strategy for Concrete
3D Printing. In DC 2020: Second RILEM International Conference on Concrete and Digital Fabrication; Springer International Pub-
lishing: Berlin/Heidelberg, Germany, 2020; Volume 28, pp. 185-195. https://doi.org/10.1007/978-3-030-49916-7_19.



Materials 2023, 16, 2661 36 of 39

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Van Der Putten, J.; De Schutter, G.; Van Tittelboom, K. The effect of print parameters on the (micro) structure of 3D printed
cementitious materials. In DC 2018: First RILEM International Conference on Concrete and Digital Fabrication— Digital Concrete 2018;
Springer: Berlin/Heidelberg, Germany,2019; Volume 19, pp. 234-244. https://doi.org/10.1007/978-3-319-99519-9_22.

Kruger, J.; Zeranka, S.; van Zijl, G. An ab initio approach for thixotropy characterisation of (nanoparticle-infused) 3D printable
concrete. Constr. Build. Mater. 2019, 224, 372-386. https://doi.org/10.1016/j.conbuildmat.2019.07.078.

Panda, B.; Ruan, S.; Unluer, C.; Tan, M.]. Investigation of the properties of alkali-activated slag mixes involving the use of
nanoclay and nucleation seeds for 3D printing. Compos. Part B Eng. 2020, 186, 107826. https://doi.org/10.1016/j.compo-
sitesb.2020.107826.

Yuan, Q.; Li, Z,; Zhou, D.; Huang, T.; Huang, H.; Jiao, D.; Shi, C. A feasible method for measuring the buildability of fresh 3D
printing mortar. Constr. Build. Mater. 2019, 227, 116600. https://doi.org/10.1016/j.conbuildmat.2019.07.326.

Asprone, D.; Auricchio, F.; Menna, C.; Mercuri, V. 3D printing of reinforced concrete elements: Technology and design approach.
Constr. Build. Mater. 2018, 165, 218-231. https://doi.org/10.1016/j.conbuildmat.2018.01.018.

Panda, B.; Paul, S.C.; Hui, L.J.; Tay, Y.W.D.; Tan, M.]J. Additive manufacturing of geopolymer for sustainable built environment.
J. Clean. Prod. 2017, 167, 281-288. https://doi.org/10.1016/j.jclepro.2017.08.165.

Bos, F.; Wolfs, R.; Ahmed, Z.; Salet, T. Additive manufacturing of concrete in construction: Potentials and challenges of 3D
concrete printing. Virtual Phys. Prototyp. 2016, 11, 209-225. https://doi.org/10.1080/17452759.2016.1209867.

Hoffmann, M.; Skibicki, S.; Pankratow, P.; Zielinski, A.; Pajor, M.; Techman, M. Automation in the Construction of a 3D-Printed
Concrete Wall with the Use of a Lintel Gripper. Materials 2020, 13, 1800. https://doi.org/10.3390/ma13081800.

Lim, ].H.; Panda, B.; Pham, Q.-C. Improving flexural characteristics of 3D printed geopolymer composites with in-process steel
cable reinforcement. Constr. Build. Mater. 2018, 178, 32—-41. https://doi.org/10.1016/j.conbuildmat.2018.05.010.

Baz, B.; Aouad, G.; Kleib, ].; Bulteel, D.; Remond, S. Durability assessment and microstructural analysis of 3D printed concrete
exposed to sulfuric acid environments. Constr. Build. Mater. 2021, 290, 123220. https://doi.org/10.1016/j.conbuildmat.2021.123220.
Weng, Y.; Li, M,; Tan, M.].; Qian, S. Design 3D printing cementitious materials via Fuller Thompson theory and Marson-Percy
model. Constr. Build. Mater. 2018, 163, 600-610. https://doi.org/10.1016/j.conbuildmat.2017.12.112.

Ding, T.; Xiao, J.; Zou, S.; Wang, Y. Hardened properties of layered 3D printed concrete with recycled sand. Cem. Concr. Compos.
2020, 113, 103724. https://doi.org/10.1016/j.cemconcomp.2020.103724.

Panda, B.; Paul, S.C.; Mohamed, N.A.N_; Tay, Y.W.D.; Tan, M.]. Measurement of tensile bond strength of 3D printed geopolymer
mortar. Measurement 2018, 113, 108-116. https://doi.org/10.1016/j.measurement.2017.08.051.

Andersen, S.; Da Silva, W.R.L.; Paegle, I.; Nielsen, ].H. Numerical Model Describing the Early Age Behavior of 3D Printed Con-
cret—Work in Progress. In Second RILEM International Conference on Concrete and Digital Fabrication: Digital Concrete 2020;
Springer International Publishing: Berlin/Heidelberg, Germany, 2020; pp. 175-184. https://doi.org/10.1007/978-3-030-49916-7_18.
Weng, Y.; Li, M.; Wong, T.N.; Tan, M.]. Synchronized concrete and bonding agent deposition system for interlayer bond strength
enhancement in 3D concrete printing. Autom. Constr. 2021, 123, 103546. https://doi.org/10.1016/j.autcon.2020.103546.
Diggs-McGee, B.N.; Kreiger, E.L.; Kreiger, M.A.; Case, M.P. Print time vs. elapsed time: A temporal analysis of a continuous
printing operation for additive constructed concrete. Addit. Manuf. 2019, 28, 205-214.
https://doi.org/10.1016/j.addma.2019.04.008.

Bester, F.A.; Van Den Heever, M.; Kruger, P.].; Zeranka, S.; Van Zijl, G.P.A.G. Benchmark structures for 3D concrete printing. In
Proceedings of the Fib Symposium 2019: Concrete —Innovations in Materials, Design and Structures,Krakow, Poland,27-29 May
2019; pp. 305-312.

Panda, B.; Unluer, C.; Tan, M.]J. Extrusion and rheology characterization of geopolymer nanocomposites used in 3D printing.
Compos. Part B Eng. 2019, 176, 107290. https://doi.org/10.1016/j.compositesb.2019.107290.

Cho, S.; Kruger, J.; van Rooyen, A.; van Zijl, G. Rheology and application of buoyant foam concrete for digital fabrication. Compos.
Part B Eng. 2021, 215, 108800. https://doi.org/10.1016/j.compositesb.2021.108800.

Comminal, R.; da Silva, W.R.L.; Andersen, T.J.; Stang, H.; Spangenberg, ]. Modelling of 3D concrete printing based on compu-
tational fluid dynamics. Cem. Concr. Res. 2020, 138, 106256. https://doi.org/10.1016/j.cemconres.2020.106256.

Anton, A.; Reiter, L.; Wangler, T.; Frangez, V.; Flatt, R].; Dillenburger, B. A 3D concrete printing prefabrication platform for
bespoke columns. Autom. Constr. 2020, 122, 103467. https://doi.org/10.1016/j.autcon.2020.103467.

Fatimi, A.; Tassin, ].-F.; Bosco, J.; Deterre, R.; Axelos, M.A.V.; Weiss, P. Injection of calcium phosphate pastes: Prediction of
injection force and comparison with experiments. J. Mater. Sci. Mater. Med. 2012, 23, 1593-1603. https://doi.org/10.1007/s10856-
012-4640-4.

Perrot, A.; Rangeard, D.; Pierre, A. Structural built-up of cement-based materials used for 3D-printing extrusion techniques.
Mater. Struct. 2015, 49, 1213-1220. https://doi.org/10.1617/s11527-015-0571-0.

Kruger, J.; Zeranka, S.; van Zijl, G. 3D concrete printing: A lower bound analytical model for buildability performance quanti-
fication. Autom. Constr. 2019, 106, 102904. https://doi.org/10.1016/j.autcon.2019.102904.

Suiker, A.; Wolfs, R.; Lucas, S.; Salet, T. Elastic buckling and plastic collapse during 3D concrete printing. Cem. Concr. Res. 2020,
135, 106016. https://doi.org/10.1016/j.cemconres.2020.106016.

Wolfs, R.J.M.; Bos, F.P.; Salet, T.A.M. Hardened properties of 3D printed concrete: The influence of process parameters on in-
terlayer adhesion. Cem. Concr. Res. 2019, 119, 132-140. https://doi.org/10.1016/j.cemconres.2019.02.017.

IconBuild. 2020. Available: https://www.iconbuild.com/technology (accessed on 6 August 2022).



Materials 2023, 16, 2661 37 of 39

111.

112.

113.

114.

115.
116.
117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Lim, S.; Buswell, R.A,; Valentine, P.J.; Piker, D.; Austin, S.A.; De Kestelier, X. Modelling curved-layered printing paths for fab-
ricating large-scale construction components. Addit. Manuf. 2016, 12, 216-230. https://doi.org/10.1016/j.addma.2016.06.004.
Gosselin, C.; Duballet, R.; Roux, P.; Gaudilliere, N.; Dirrenberger, J.; Morel, P. Large-scale 3D printing of ultra-high performance
concrete—A  new  processing route for architects and builders. Mater. Des. 2016, 100, 102-109.
https://doi.org/10.1016/j.matdes.2016.03.097.

Motamedi, M.; Oval, R.; Carneau, P.; Baverel, O. Supportless 3D Printing of Shells: Adaptation of Ancient Vaulting Techniques
to Digital Fabrication. In DMSB 2019: Impact: Design with All Senses; Springer International Publishing: Berlin/Heidelberg, Ger-
many, 2020. https://doi.org/10.1007/978-3-030-29829-6.

Watson, N.D.; Meisel, N.A,; Bilén, S5.G.; Duarte, J.; Nazarian, S. Large-scale additive manufacturing of concrete using a 6-axis
robotic arm for autonomous habitat construction. In Solid Freeform Fabrication 2019: Proceedings of the 30th Annual International
Solid Freeform Fabrication Symposium—An Additive Manufacturing Conference, SFF, Austin, Texas, USA, 12-14 August 2019; pp.
1583-1595. Available online: https://www.scopus.com/inward/record.uri?eid=2-s2.0-85095963939&part-
nerID=40&md5=ec58c652b9bb4aafc527483{8c7d5c71 (accessed on 9 August 2022).

Apis cor. Available online: https://apis-cor.com/ (accessed on 25 March 2023).

Cybe Construction. Available online: https://cybe.eu/technology/3d-printers/(accessed on 6 August 2022).

Tiryaki, M.E.; Zhang, X.; Pham, Q.-C. Printing-while-moving: A new paradigm for large-scale robotic 3D Printing. In Proceed-
ings of the 2019 IEEE/RS] International Conference on Intelligent Robots and Systems (IROS), Macau, China, 3-8 November
2019; pp. 2286-2291. https://doi.org/10.1109/iros40897.2019.8967524.

Archdaily. 3D Printing Concrete House/Professor XU Weiguo’s Team from the Tsinghua University School of Architecture.
Available online: https://www.archdaily.com/949068/3d-printing-concrete-house-for-the-low-income-families-in-africa-profes-
sor-xu-weiguos-team-from-thad (accessed on 9 August 2022).

Zhang, X; Li, M,; Lim, J.H.; Weng, Y.; Tay, Y.W.D.; Pham, H.; Pham, Q.-C. Large-scale 3D printing by a team of mobile robots.
Autom. Constr. 2018, 95, 98-106. https://doi.org/10.1016/j.autcon.2018.08.004.

Fraunhofer. Paralleler Seilroboter zur Handhabung in Allen Groien (Parallel Cable Robot for Handling in Any Size); Data Sheet
300/354 02.2017. 2017. Available online: https://www.ipa.fraunhofer.de/content/dam/ipa/de/documents/Kompetenzen/Roboter-
-und-Assistenzsysteme/Produktblatt_Paralleler_Seilroboter.pdf (accessed on 9 August 2022).

Institute for Advanced Architecture of Catalonia. SMALL ROBOTS PRINTING LARGE-SCALE STRUCTURES. Available online:
https://iaac.net/project/minibuilders/(accessed on 9 August 2022).

ETH Zurich. Digital building Technology. Available online: https://dbt.arch.ethz.ch/(accessed on 9 August 2022).

Reiter, L.; Wangler, T.; Anton, A; Flatt, R.J. Setting on demand for digital concrete —Principles, measurements, chemistry, vali-
dation. Cem. Concr. Res. 2020, 132, 106047. https://doi.org/10.1016/j.cemconres.2020.106047.

Muthukrishnan, S.; Ramakrishnan, S.; Sanjayan, J. Technologies for improving buildability in 3D concrete printing. Cem. Concr.
Compos. 2021, 122, 104144. https://doi.org/10.1016/j.cemconcomp.2021.104144.

Ghanem, A.; Lemenand, T.; Della Valle, D.; Peerhossaini, H. Static mixers: Mechanisms, applications, and characterization meth-
ods—A review. Chem. Eng. Res. Des. 2014, 92, 205-228. https://doi.org/10.1016/j.cherd.2013.07.013.

Thakur, R.; Vial, C.; Nigam, K.; Nauman, E.; Djelveh, G. Static Mixers in the Process Industries— A Review. Chem. Eng. Res. Des.
2003, 81, 787-826. https://doi.org/10.1205/026387603322302968.

Haddadi, M.; Hosseini, S.; Rashtchian, D.; Olazar, M. Comparative analysis of different static mixers performance by CFD tech-
nique: An innovative mixer. Chin. |. Chem. Eng. 2019, 28, 672-684. https://doi.org/10.1016/j.cjche.2019.09.004.

Tao, Y.; Rahul, A.; Lesage, K.; Yuan, Y.; Van Tittelboom, K.; De Schutter, G. Stiffening control of cement-based materials using
accelerators in inline mixing processes: Possibilities and challenges. Cem. Concr. Compos. 2021, 119, 103972.
https://doi.org/10.1016/j.cemconcomp.2021.103972.

Bentz, D.P.; Jones, S.Z.; Bentz, L.R.; Peltz, M.A. Towards the Formulation of Robust and Sustainable Cementitious Binders for
3D Additive Construction by Extrusion. In 3D Concrete Printing Technology; B utterworth-Heinemann, Oxford, UK, 2019.
https://doi.org/10.1016/b978-0-12-815481-6.00015-4.

Rafiee, M.; Farahani, R.D.; Therriault, D. Multi-Material 3D and 4D Printing: A Survey. Adv. Sci. 2020, 7, 1902307.
https://doi.org/10.1002/advs.201902307.

Marchon, D.; Kawashima, S.; Bessaies-Bey, H.; Mantellato, S.; Ng, S. Hydration and rheology control of concrete for digital
fabrication: Potential admixtures and cement chemistry. Cem. Concr. Res. 2018, 112, 96-110. https://doi.org/10.1016/j.cemcon-
res.2018.05.014.

Leung, C.K.; Pheeraphan, T. Microwave curing of Portland cement concrete: Experimental results and feasibility for practical
applications. Constr. Build. Mater. 1995, 9, 67-73. https://doi.org/10.1016/0950-0618(94)00001-i.

Makul, N.; Keangin, P.; Rattanadecho, P.; Chatveera, B.; Agrawal, D.K. Microwave-assisted heating of cementitious materials:
Relative dielectric properties, mechanical property, and experimental and numerical heat transfer characteristics. Int. Commun.
Heat Mass Transf. 2010, 37, 1096-1105. https://doi.org/10.1016/j.icheatmasstransfer.2010.06.029.

Ohring, M. Electronic Devices: How They Operate and Are Fabricated. In Reliability and Failure of Electronic Materials and Devices;
Elsevier: Amsterdam, The Netherlands, 1998; pp. 37-104. https://doi.org/10.1016/b978-012524985-0/50003-9.

Muthukrishnan, S.; Ramakrishnan, S.; Sanjayan, J. Buildability of Geopolymer Concrete for 3D Printing with Microwave Heat-
ing. In DC 2020: Second RILEM International Conference on Concrete and Digital Fabrication; Springer International Publishing:
Berlin/Heidelberg, Germany, 2020; Volume 28, pp. 926-935. https://doi.org/10.1007/978-3-030-49916-7_90.



Materials 2023, 16, 2661 38 of 39

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Vaitkevicius, V.; Serelis, E.; KerSevicius, V. Effect of ultra-sonic activation on early hydration process in 3D concrete printing
technology. Constr. Build. Mater. 2018, 169, 354-363. https://doi.org/10.1016/j.conbuildmat.2018.03.007.

MclIntosh, J.D. Electrical curing of concrete. Mag. Concr. Res. 1949, 1, 21-28. https://doi.org/10.1680/macr.1959.1.1.21.

Kovtun, M.; Ziolkowski, M.; Shekhovtsova, J.; Kearsley, E. Direct electric curing of alkali-activated fly ash concretes: A tool for
wider utilization of fly ashes. J. Clean. Prod. 2016, 133, 220-227. https://doi.org/10.1016/j.jclepro.2016.05.098.

Heritage, L.; Khalaf, F.M.; Wilson, J.G. Thermal acceleration of portland cement concretes using direct electronic curing. Mater.
J. 2000, 97, 37-40. https://doi.org/10.14359/803.

Kazemian, A.; Yuan, X.; Meier, R.; Cochran, E.; Khoshnevis, B. Construction-scale 3D printing: Shape stability of fresh printing
concrete. In ASME 2017 12th International Manufacturing Science and Engineering Conference, MSEC 2017 collocated with the
JSME/ASME 2017 6th International Conference on Materials and Processing; American Society of Mechanical Engineers: California
USA 4-8 June 2017; Volume 2. https://doi.org/10.1115/MSEC2017-2823.

Bos, F.; Wolfs, R.; Ahmed, Z.; Hermens, L.; Salet, T. The influence of material temperature on the in-print strength and stability
of a 3D print mortar. In Advances in Engineering Materials, Structures and Systems: Innovations, Mechanics and Applications ; CRC
Press, Boka Raton, USA, : 2019; pp. 425-430. https://doi.org/10.1201/9780429426506-76.

Nair, S.D.; Ferron, R.D. Set-on-demand concrete. Cem. Concr. Res. 2014, 57, 13-27. https://doi.org/10.1016/j.cemcon-
res.2013.12.001.

Jiao, D.; Lesage, K.; Yardimci, M.Y.; EL Cheikh, K.; Shi, C.; De Schutter, G. Quantitative assessment of the influence of external
magnetic field on clustering of nano-Fe304 particles in cementitious paste. Cem. Concr. Res. 2021, 142, 106345.
https://doi.org/10.1016/j.cemconres.2020.106345.

Li, Z,; Cao, G. Rheological behaviors and model of fresh concrete in vibrated state. Cem. Concr. Res. 2019, 120, 217-226.
https://doi.org/10.1016/j.cemconres.2019.03.020.

Perrot, A.; Mélinge, Y.; Estellé, P.; Lanos, C. Vibro-extrusion: A new forming process for cement-based materials. Adv. Cem. Res.
2009, 21, 125-133. https://doi.org/10.1680/adcr.2008.00030.

Sanjayan, J.; Jayathilakage, R.; Rajeev, P. Vibration induced active rheology control for 3D concrete printing. Cem. Concr. Res.
2020, 140, 106293. https://doi.org/10.1016/j.cemconres.2020.106293.

Tattersall, G.H.; Baker, P.H. The effect of vibration on the rheological properties of fresh concrete. Mag. Concr. Res. 1988, 40, 79—
89. https://doi.org/10.1680/macr.1988.40.143.79.

Tattersall, G.H.; Baker, P.H. An investigation on the effect of vibration on the workability of fresh concrete using a vertical pipe
apparatus. Mag. Concr. Res. 1989, 41, 3-9. https://doi.org/10.1680/macr.1989.41.146.3.

Bos, F.P.; Ahmed, Z.Y.; Jutinov, E.R.; Salet, T.A.M. Experimental Exploration of Metal Cable as Reinforcement in 3D Printed
Concrete. Materials 2017, 10, 1314. https://doi.org/10.3390/mal10111314.

Salet, T.A.M.; Ahmed, Z.Y.; Bos, F.P.; Laagland, H.L.M. Design of a 3D printed concrete bridge by testing. Virtual Phys. Prototyp.
2018, 13, 222-236. https://doi.org/10.1080/17452759.2018.1476064.

Zhao, H.; Liu, X.; Zhao, W.; Wang, G.; Liu, B. An Overview of Research on FDM 3D Printing Process of Continuous Fiber
Reinforced Composites. |. Physics: Conf. Ser. 2019, 1213, 052037 . https://doi.org/10.1088/1742-6596/1213/5/052037.

Neef, T.; Miiller, S.; Mechtcherine, D.V. 3D-Druck mit Carbonbeton: Technologie und die ersten Untersuchungsergebnisse.
Beton-und Stahlbetonbau 2020, 115, 943-951. https://doi.org/10.1002/best.202000069.

Li, Z.; Wang, L.; Ma, G.; Sanjayan, J.; Feng, D. Strength and ductility enhancement of 3D printing structure reinforced by em-
bedding continuous micro-cables. Constr. Build. Mater. 2020, 264, 120196. https://doi.org/10.1016/j.conbuildmat.2020.120196.
Caron, J.-F.; Demont, L.; Ducoulombier, N.; Mesnil, R. 3D printing of mortar with continuous fibres: Principle, properties and
potential for application. Autom. Constr. 2021, 129, 103806. https://doi.org/10.1016/j.autcon.2021.103806.

Ducoulombier, N.; Demont, L.; Chateau, C.; Bornert, M.; Caron, J.-F. Additive Manufacturing of Anisotropic Concrete: A Flow-
Based Pultrusion of Continuous Fibers in a Cementitious Matrix. Procedia Manuf. 2020, 47, 1070-1077.
https://doi.org/10.1016/j.promfg.2020.04.117.

Baz, B.; Aouad, G.; Leblond, P.; Al-Mansouri, O.; D'Hondt, M.; Remond, S. Mechanical assessment of concrete—Steel bonding
in 3D printed elements. Constr. Build. Mater. 2020, 256, 119457. https://doi.org/10.1016/j.conbuildmat.2020.119457.

Doris. V2 Vesta Beton-3D-Drucker Baut Kleines Haus. 2016. Available online: https://3druck.com/drucker-und-produkte/v2-
vesta-beton-3d-drucker-baut-kleines-haus-2846225 (accessed on 3 November 2021).

Mechtcherine, V.; Michel, A.; Liebscher, M.; Schmeier, T. Extrusion-Based Additive Manufacturing with Carbon Reinforced
Concrete: Concept and Feasibility Study. Materials 2020, 13, 2568. https://doi.org/10.3390/ma13112568.

Wang, W.; Konstantinidis, N.; Austin, S.A.; Buswell, R.A.; Cavalaro, S.; Cecinia, D. Flexural Behaviour of AR-Glass Textile
Reinforced 3D Printed Concrete Beams. In DC 2020: Second RILEM International Conference on Concrete and Digital Fabrication;
Springer International Publishing: Berlin/Heidelberg, Germany, 2020; Volume 28, pp. 728-737. https://doi.org/10.1007/978-3-
030-49916-7_73.

Hack, N.; Dorfler, K.; Walzer, A.N.; Wangler, T.; Mata-Falcon, J.; Kumar, N.; Buchli, J.; Kaufmann, W.; Flatt, R.].; Gramazio, F.;
et al. Structural stay-in-place formwork for robotic in situ fabrication of non-standard concrete structures: A real scale architec-
tural demonstrator. Autom. Constr. 2020, 115, 103197. https://doi.org/10.1016/j.autcon.2020.103197.

Mechtcherine, V.; Michel, A.; Liebscher, M.; Schneider, K.; Groffmann, C. Mineral-impregnated carbon fiber composites as novel
reinforcement for concrete construction: Material and automation perspectives. Autom. Constr. 2020, 110, 103002.
https://doi.org/10.1016/j.autcon.2019.103002.



Materials 2023, 16, 2661 39 of 39

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Mechtcherine, V.; Grafe, J.; Nerella, V.N.; Spaniol, E.; Hertel, M.; Fiissel, U. 3D-printed steel reinforcement for digital concrete
construction—Manufacture, mechanical properties and bond behaviour. Constr. Build. Mater. 2018, 179, 125-137.
https://doi.org/10.1016/j.conbuildmat.2018.05.202.

Classen, M.; Ungermann, J.; Sharma, R. Additive Manufacturing of Reinforced Concrete —Development of a 3D Printing Tech-
nology for Cementitious Composites with Metallic Reinforcement. Appl. Sci. 2020, 10, 3791. https://doi.org/10.3390/app10113791.
Marchment, T.; Sanjayan, J. Mesh reinforcing method for 3D Concrete Printing. Autom. Constr. 2019, 109, 102992.
https://doi.org/10.1016/j.autcon.2019.102992.

Marchment, T.; Sanjayan, J. Bond properties of reinforcing bar penetrations in 3D concrete printing. Autom. Constr. 2020, 120,
103394. https://doi.org/10.1016/j.autcon.2020.103394.

Freund, N.; Dressler, I.; Lowke, D. Studying the Bond Properties of Vertical Integrated Short Reinforcement in the Shotcrete 3D
Printing Process. In DC 2020: Second RILEM International Conference on Concrete and Digital Fabrication; Springer International
Publishing: Berlin/Heidelberg, Germany, 2020; Volume 28, pp. 612-621. https://doi.org/10.1007/978-3-030-49916-7_62.

Wang, L.; Ma, G; Liu, T.; Buswell, R.; Li, Z. Interlayer reinforcement of 3D printed concrete by the in-process deposition of U-
nails. Cem. Concr. Res. 2021, 148, 106535. https://doi.org/10.1016/j.cemconres.2021.106535.

Perrot, A.; Jacquet, Y.; Rangeard, D.; Courteille, E.; Sonebi, M. Nailing of Layers: A Promising Way to Reinforce Concrete 3D
Printing Structures. Materials 2020, 13, 1518. https://doi.org/10.3390/ma13071518.

Hass, L.; Bos, F. Robotically Placed Reinforcement Using the Automated Screwing Device— An Application Perspective for 3D
Concrete Printing. In Third RILEM International Conference on Concrete and Digital Fabrication; Springer International Publishing:
Cham, Switzerland, 2022; pp. 417-423.

Mu, R; Li, H,; Qing, L; Lin, J.; Zhao, Q. Aligning steel fibers in cement mortar using electro-magnetic field. Constr. Build. Mater.
2017, 131, 309-316. https://doi.org/10.1016/j.conbuildmat.2016.11.081.

Abavisani, I; Rezaifar, O.; Kheyroddin, A. Alternating Magnetic Field Effect on Fine-aggregate Concrete Compressive Strength.
Constr. Build. Mater. 2017, 134, 83-90. https://doi.org/10.1016/j.conbuildmat.2016.12.109.

Keita, E.; Bessaies-Bey, H.; Zuo, W.; Belin, P.; Roussel, N. Weak bond strength between successive layers in extrusion-based
additive manufacturing: Measurement and physical origin. Cem. Concr. Res. 2019, 123, 105787. https://doi.org/10.1016/j.cemcon-
res.2019.105787.

Kruger, J.; van Zijl, G. A compendious review on lack-of-fusion in digital concrete fabrication. Addit. Manuf. 2020, 37, 101654.
https://doi.org/10.1016/j.addma.2020.101654.

Marchment, T.; Sanjayan, ].; Xia, M. Method of enhancing interlayer bond strength in construction scale 3D printing with mortar
by effective bond area amplification. Mater. Des. 2019, 169, 107684. https://doi.org/10.1016/j.matdes.2019.107684.

Hosseini, E.; Zakertabrizi, M.; Korayem, A.H.; Xu, G. A novel method to enhance the interlayer bonding of 3D printing concrete:
An experimental and computational investigation. Cem. Concr. Compos. 2019, 99, 112-119. https://doi.org/10.1016/j.cemcon-
comp.2019.03.008.

Wang, L.; Tian, Z.; Ma, G.; Zhang, M. Interlayer bonding improvement of 3D printed concrete with polymer modified mortar:
Experiments and molecular dynamics studies. Cem. Concr. Compos. 2020, 110, 103571. https://doi.org/10.1016/j.cemcon-
comp.2020.103571.

Estrin, Y.; Dyskin, A_; Pasternak, E. Topological interlocking as a material design concept. Mater. Sci. Eng. C 2011, 31, 1189-1194.
https://doi.org/10.1016/j.msec.2010.11.011.

Zareiyan, B.; Khoshnevis, B. Effects of interlocking on interlayer adhesion and strength of structures in 3D printing of concrete.
Autom. Constr. 2017, 83, 212-221. https://doi.org/10.1016/j.autcon.2017.08.019.

Van Der Putten, J.; De Schutter, G.; Van Tittelboom, K. Surface modification as a technique to improve inter-layer bonding
strength in 3D printed cementitious materials. RILEM Tech. Lett. 2019, 4, 33-38. https://doi.org/10.21809/rilemtechlett.2019.84.
Hwang, D.; Khoshnevis, B. An Innovative Construction Process-Contour Crafting (CC). In 22nd International Symposium on Au-
tomation — and  Robotics in  Construction  (Vol. 90111); ISARC: Ferrara, Italy, 11-14 September 2005.
https://doi.org/10.22260/isarc2005/0004.

Khoshnevis, B. Automated construction by contour crafting—Related robotics and information technologies. Autom. Constr.
2004, 13, 5-19. https://doi.org/10.1016/j.autcon.2003.08.012.

Souza, M.T.; Ferreira, LM.; de Moraes, E.G.; Senff, L.; de Oliveira, A.P.N. 3D printed concrete for large-scale buildings: An
overview of rheology, printing parameters, chemical admixtures, reinforcements, and economic and environmental prospects.
J. Build. Eng. 2020, 32, 101833. https://doi.org/10.1016/j.jobe.2020.101833.

Wolfs, R.J.M.; Bos, F.P.; van Strien, E.C.F.; Salet, T.A.M. A Real-Time Height Measurement and Feedback System for 3D Concrete
Printing. In High Tech Concrete: Where Technology and Engineering Meet, Proceedings of the 2017 Fib Symposium, Maastricht, The
Netherlands, 21-14 June 2017; Springer International Publishing: Berlin/Heidelberg, Germany, 2018; pp. 2474-2483.

Kazemian, A.; Yuan, X.; Davtalab, O.; Khoshnevis, B. Computer vision for real-time extrusion quality monitoring and control
in robotic construction. Autom. Constr. 2019, 101, 92-98. https://doi.org/10.1016/j.autcon.2019.01.022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



