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Abstract

Additive Manufacturing (AM) technologies are widely used in various fields of industry and research. Continual research has enabled AM technologies to be considered as a feasible substitute for certain applications in
the construction industry, particularly given the advances in the use of glass fibre reinforced mortar. An investigation of the resulting mechanical properties of various mortar mixes extruded using a robotic arm is presented.
The nozzle paths were projected via ‘spline’ interpolation to obtain the desired trajectory and deposition velocity in the reference frame of the manipulator. Along each path, various mortar mixes, with and without chopped
glass fibre, were deposited at different velocities. Tests were conducted to determine their mechanical performance when incorporated in printed structures with different layers (1, 2, 4 and 6 layers). The results are
compared with those of conventional cast-in-place mortar. In this study, the mixes consist of ordinary Portland cement, fine sand, chopped glass fibres (6 mm) and chemical admixtures, which are used to print prismatic- and
cubic-shaped specimens. Mechanical strength tests were performed on the printed specimens to evaluate the behaviour of the materials in the presence and absence of glass fibre. Robot end-effector velocity tests were
performed to examine the printability and extrudability of the mortar mixes. Finally, horizontal and vertical line printing tests were used to determine the workability, buildability and uniformity of the mortar mix and to

monitor the fibre flow directions in the printed specimens. The results show that printed specimens with glass fibre have enhanced compressive strength compared with specimens without glass fibre.
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1 Introduction

The construction industry continually faces financial challenges, placing pressure on productivity, profitability, and the integration of new technologies [1-3]. However, three-dimensional printing (3DP) is emerging in the
construction industry, challenging traditional construction methods. In its inception, the emphasis of 3DP was to quickly create scaled models for visualisation throughout product development. Advancements in technology have

improved the accuracy and quality of such models [4], and experimentation with novel materials and the scale of printed specimens continue to be active areas of research [5,6].[cite57

To address the construction of large-scale structures, various approaches to concrete 3DP have been reported in the literature, notably the concept of 2.5D printing realised by means of overhead cranes [6,7][cite 58] and, in
more recent years, the utilization of industrial manipulators [8]. The transition to industrial manipulators is seen to address certain limitations imposed by the aforementioned methods [9], in particular, the reduced degrees of freedom
limiting the systems’ ability to manoeuvre the printhead in various orientations [10]. Furthermore, manipulators possess larger possible build volumes and address the issue of portability when compared to their crane and gantry style

counterparts. Thus, research continues to explore the incorporation of industrial robotic arms in such systems to investigate and improve the ability to construct complex structures [8,11,12] and to determine the viability in the



construction industry [13,14].

The capability of a robot to print complex 3D structures is highly dependent upon the control methodology used for the robotic arm. A popular choice for the online control of robotic arms is differential kinematics, however, an
inherent problem associated with this technique are kinematic singularities. Singularities result in undesired motions such as oscillations at the end-effector causing uneven or discontinuous surfaces when printing mortar and concrete
members, or potentially erratic unpredictable motions of the robot arm. These consequences can be detrimental to both the printed structure and the robot’s surrounding environment. This behaviour is a well-understood problem of
robotic arms and, consequently, methods have been developed to ensure the safe and predictable operation of robotic arms near such configurations. Studies have documented the influence of Damped Least Squares (DLS) on the

robotic arm’s joint velocities to mitigate the effect of singularities when obtaining inverse kinematic solutions [15], during physical human-robot interaction [16] and in concrete 3DP [17].

The consideration of safe robot movements is only one facet of robot safety. Although safe robot movements were initially concerned with the safety of the robot and its environment, segregating robots from humans, the shift
towards collaborative workspaces has focused on the safety of humans working within the robot’s operational space [18]. Industry standards, such as [19,20], have since defined collaborative workspaces, suggesting various techniques
to be implemented for collaborative operations. Early research considered reduced end-effector speeds [21] based upon human reaction times; however, the robot’s potential capabilities are limited regardless of the presence of
humans. Consequently, improved sensing capabilities have enabled this strategy to be combined with human detection algorithms. In this way, a robot could be stopped or could continue to function with a different mode of operation
[23]. Some possible modes of operation include limited end-effector, joint speeds/torques based upon the presence of humans in a predefined zone surrounding the robot, or scaled based upon the separation distance between the

human and robot. Without the implementation of such safety strategies, industrial robots will continue to exist behind physical barriers.

The incorporation of digital fabrication into the construction industry introduces concerns surrounding the integrity and digital security of the printed specimen. As various data formats are susceptible to malicious
modifications, processes must be implemented to ensure that data has not been tampered with before commencing fabrication. Such modifications could foreseeably jeopardize the structural integrity of the specimen or could

endanger operators working within the robot workspace through unpredictable movements [22,23].

Although systems encompassing robotic arms are becoming prevalent, further investigation is still required to discern the effects of robot end-effector travel speed, trajectory shape, end-effector orientation and feed pump
properties on printed structures [24,5,25,26]. In particular, Xu, Ding, Cai, Zhang, Luo and Qin [27], explored the effect of the nozzle travel speed. In their study, a stable travel speed for the end-effector nozzle was assumed, whilst the
speed of the material delivery deposition and the size of the nozzle varied. With a similar hardware setup, [28] explored the effect of cement mortar filament output speeds. It was shown that both the nozzle travel speed and material
flow rate affect the setting time of the printed parts. Again, a limitation of [28] is in the utilization of a rigid gantry frame. However, printing using a 6-DOF robotic arm faces further challenges pertaining to the systems’ ability to track

a trajectory and the motion of the end-effector.

The delivery system is an integral component of the hardware setup that must be synchronised and tuned with the motion of the robot. It affects the outcome of the printed structure by influencing the shapeability and slump of
the concrete or mortar [1,29,30]. Pumps are the most common delivery system incorporated in concrete printing applications. There exists a range of pump types, each possessing physically varying structures and functions that affect
the delivery of material between the source and the extruder. Previous works have explored the implementation of various pumps for the purpose of printing mortar or concrete structures including, but not limited to, the progressive
cavity pump [31] see Fig. 1, peristaltic pump [8], pneumatic pump [13], and piston pump [32]. Each pump possesses inherent limitations such as pressure, flow rate, and loss of energy through heat. In addition, the transfer of heat
from the pump to the slurry affects the consistency of the mortar mix. This unintentional heat transfer can affect the mechanical behaviour of the printed element and the shapeability or microstructure of the printed mortar. However,
pneumatic, centrifugal and peristaltic pumps produce fewer cavities and air voids in the printed specimens than the progressive cavity pump. This is due to their ability to limit air entrainment, due to the working principle of the

turbine, and reduced abrasion [33].




Fig. 1 (a) Real-world concrete 3D printing setup with a 6-DOF robot arm. (b) Simulated MATLAB model of the robot arm showing the partially-complete and planned concrete print path.

alt-text: Fig. 1

A major factor influencing the choice of pump is the type of fibre-reinforced mix that needs to be transported. Earlier studies used polypropylene|(used a polypropylene) (PP) fibre-reinforced mix to demonstrate the viability of the
3D printing of fibre-reinforced mortar mixes. However, with PP fibre-reinforced mixes, it was observed that clogging occurred whilst pumping, meaning the combination of this delivery system and this material required further
refinement. For PP types of fibre, they can be delivered via a caulking gun and(Previous work has shown that polypropylene types of fibre can be delivered via a caulking gun and) a ¥ 50 mm [31] hose; however, when the nozzle and hose are
reduced to ¥20 mm, the PP fibre is unable to travel through the narrow hose at the end of the stator. An additional limitation, which is otherwise not considered in other studies, is that the dimension of PP fibre is 6 mm in length and

100 pm in diameter.

To reflect real-world construction applications, E-glass fibre has been incorporated for non-prestressed applications [34], where it was combined with the mortar mix to minimise instances of clogging and damage to the fibres.
It is noted that an alternative material that can be incorporated in 3D printed mortar is straight steel fibre, which has been demonstrated to increase the flexural strength of printed prisms [35]. Another study by [36], explored the
effect of glass fibre in geopolymer concrete using various strand length (3 mm, 6 mm, 8 mm). It was observed that an addition of 1_% glass fibre, for each respective strand length, improves the mechanical behaviour of the specimens.
Similar to paper [28,36] has also printed their small scale of specimens using 4-axis gantry. In addition to exploring the effect of fibre strand length on the mechanical behaviour of the specimens, the effect of alternative fibres such as

aramid, basalt and carbon, should be examined.

This paper demonstrates the effect of the deposition nozzle’s velocity on the width of the printed mortar and properties of the deposited slurry, whilst maintaining a constant pump setting. The resulting mechanical behaviour of

the printed structures in the presence and absence of chopped glass fibres is also presented.

2 Materials

The materials used in this paper comprised [(comprised ofjordinary Portland cement complying with Australian Standard (AS 3972) general-purpose cement, fine sand (150~425pm) (called Sydney sand) and chemical
admixtures such as superplasticizer (Sikaplast), a retarder (Retarder N) and accelerator (Sigunit L8OAF). Fig. 2 displays the particle size distributions of fine sand and ordinary Portland cement. The use of chemical admixtures such as

superplasticizer, retarder and accelerator dictate the open and setting time of the mortar [37,38].
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Fig. 2 The percentage passing of the ordinary Portland cement and fine sand versus particle size [31].
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This study tests the incorporation of various amounts of glass fibre, which is known as E6-glass fibre (high-performance E6 enhanced glass fibre). Table 1 summarises the physical properties of this glass fibre [39] with fibre
dosage used being 1 % by weight of cementitious powder. In addition to the environmental benefits of E6-glass fibre, this fibre improves temperature resistance, resistance to acid corrosion, elastic modulus, and mechanical properties
such as compressive and shear strength [40]. These properties have led to the selection of E6-glass fibre for printing applications. As mentioned earlier, it is known that PP fibre can be troublesome/(difficult to use) in the printing

process due to its tendency to clog within the delivery system. Thus, considerations have been made about suitable hardware to deliver the selected material.



Table 1 Physical properties of chopped E6-glass fibres.
alt-text: Table 1

Fibre type Length (mm) Diameter (pm) Filament diameter (mm) Specific gravity (g/cm3) Tensile strength (MPa) Tensile modulus (GPa) Expansion coefficient (10--6 K-1)

E6-Glass fibre (Trojan) 61 100 131 2.62-2.63 2500-2700 81 6

3 Methods
3.1 Physical and Meehanieal €Emechanical characterisation

The physical properties of the materials define the mechanical characterisation and strength of the specimen. Therefore, the proportion of materials present in the concrete mixture is crucial for improved shapeability and

buildability of the printed structures.

Several trials were previously conducted using varying material ratios to ascertain a combination capable of being printed from a nozzle and transported through a progressive cavity pump and delivery hose [31]. The trials
considered the slump and smooth flow of the cement mortar and aimed to minimise the air entrainment and material blockage. Table 2 presents the optimum mortar slurry that is capable of being transported through the pump and

delivery system.

Table 2 Optimal mortar mix design for a progressive cavity pump system.

alt-text: Table 2

Fine Sand (g) Cement (g) Sand/cement ratio Retarder (ml) Accelerator (ml) Superplasticizer (ml) Water (ml) w/c ratio E6-Glass Fibre
6075 5062.5 1.2 27 33.75 25.31 1890 0.31 0%
6075 5062.5 1.2 27 33.75 30 2000 0.33 1.% (111.3759)

Table 3 summarises the types of specimens and the number of specimens fabricated. The nozzle diameter selected was @ 20 mm, based on previous studies by the author [17].

Table 3 Dimensions of the specimens for printed specimens and conventional moulds.
alt-text: Table 3

Specimen description Number of layers Number of specimens CAD dimension of specimens (mm)a Delivery method

-

Printed cubes with/without fibre reinforced mortar 20 X 20 X 20 Progressive cavity pump (420 mm)
40 X 40 X 40

80 X 80 X 80

D ~N

120 X 120 X 120
Printed prisms with/without fibre reinforced mortar 1 120 X 20 X 20 Progressive cavity pump (20 mm)
160 X 40 X 40

220 X 80 X 80

[=2 N> Bl <) BN BN« ) BN ©) BN o NN )]

D BN

260 X 120 X 120

50 X 50 X 50 Conventional method

1
1

N

~

Casted cubes

Casted prisms - -24 160 X 40 X 40

2The size of specimens are approximations, and dimensions vary from specimen to specimen,



Fig. 3 shows two specimens with 6 and 4 printed layers, and with/without E6-glass fibre reinforcement, respectively. The figures show that when glass fibre is present during printing fabrication, the shape of the printed lines

and layers can change undesirably.

Fig. 3 Printed mortar prisms and cubes realised via a robotic arm without (left) [31] and with (right) glass fibre reinforcements.

To assess the mechanical properties of different mortar batches before printing specimens, a uniaxial compressive strength test of cube specimens was conducted. Cubes of 50 x 50 x 50 mm were prepared according to

Australian standards [41]. The loading rate applied was 0.83 kN/s. The devices used were Shimadzu (UH-500 kN XR 500 kN, Japan) and (UH-2000kN, Japan) for the uniaxial compressive strength test.

To evaluate the flexural strength of the specimens, a three-point bending test was applied to the mortar mixes [42]. The prisms were cast as conventional control specimens with dimensions of 160 x 40 x 40 mm. The machine

used to conduct the flexural strength test was the Shimadzu (AGS-X 50 kN, Japan). The loading rate applied was 0.43 kN/min.

The mortar specimens for the three-point bending test were printed using the robot. Table (3) demonstrates that the printed specimens possess the same dimensions as the prism (120 x 20 x 20mm for one layer;
160 x 40 x 40 mm for two layers; 220 x 80 x 80 mm for four layers; and 260 x 120 x 120 mm for six layers). All printing processes utilised a 20 mm circular nozzle, where the overall width, thickness and length of the structures varied
(Table 3). Six specimens for each of the “number of layers” tests were printed in the presence and absence of glass fibres. The fabrication of the specimens used a constant end-effector velocity of 46.56 mm/s. A time gap of 10 minutes

between each vertically printed layer was selected based on previous studies [26,39-41]. This time gap can be determined according to the mortar mix proportions, water content, humidity and time of mixing.

3.2 Robotic System Hsystem hardware

To manufacture the concrete specimens for experimentation, a custom-made setup was developed, as shown in Fig. 4 Top-down view of the hardware setup for concrete 3D printing. Fig. 4. The robotic arm used for the
experimentation was the Denso-VM6083-W, controlled via the proprietary controller. The arm was mounted on a custom frame with a linear rail; however, the base was fixed for these experiments. A bespoke end-effector tool was
designed to extrude the mortar mixtures when using the progressive cavity pump unit, where the extruded material was deposited onto laminated particleboard. The delivery system was mounted on a trolley jack allowing the pump to
be elevated to varying heights to encourage slurry discharge and to improve mortar performance. A steel hopper was used to hold material before it entered the pump through the pump inlet, the pump then delivered the mixture to
the end-effector via the pump outlet and tubing interface.
robot controller
support frame
industrial robot
pumping outlet
steel hopper

pumping inlet

end-effector

trolley jack

printing plate




Fig. 4 Top-down view of the hardware setup for concrete 3D printing.

alt-text: Fig. 4

3.3 Robot Depeosition Fdeposition toolpath

The two structures printed by the system are referred to as horizontal and vertical tests. Fig. 5 illustrates the cross-section of the specimens. The toolpath required to deposit the material so it achieves the illustrated cross-
section can be projected via spline interpolation, where the desired trajectory is defined with respect to the robot base frame, » . Thus, the pose at any location in the toolpath can be expressed by the following homogeneous

transformation matrix,

bp b
by _ |'R, P 1
T,= [0]:3 le] £ SEQ3) §))

Where, bTe is the homogeneous transformation matrix representing the pose of the end-effector relative to the robot base frame, ”Re is the rotation matrix of the end-effector relative to the robot base frame, and bpe defines

the position of the end-effector relative to the robot base frame.
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Fig. 5 Horizontal printed path cross-section “four lines printed specimen”.

alt-text: Fig. 5

The horizontal and vertical tests differed with the number of layers in the structure, namely, one layer and greater than one layer, respectively. When represented as a homogeneous transformation matrix, the toolpath can be

translated above the initial layer, constructing the toolpath for sequential layers.

The end-effector pose of the robot can be defined as a vector with m entries representing the dimension of the task space, xeR™ . Similarly, the joint angles of the robot can be expressed as a » -dimensional vector, gqeR?,
where the two vectors are related as

(Equation (2) - there is no full stop after the equation.)

2)
f(@
The time derivative of (2) results in (3) where the end-effector velocities, x, and joint velocities, q, are mapped by the Jacobian,
of
2 Y@, 3)
Jq
x=J(@q (C))

where, J(q) is the Jacobian matrix of the manipulator, given a joint configuration, q .

Since the end-effector is required to move at a constant speed throughout the prescribed trajectory, solving for ¢ ,resultsi(needs'a space between comma and "results®) in a set of joint velocities that satisfy the aforementioned

requirements and the poses defined in the toolpath.

3.4 Robot Build Volume Mbuild volume maximisation

In this mortar printing task, an industrial robot is used since it possesses a larger build volume relative to its physical size, and tool path flexibility when compared to a crane or gantry style setup. However, there are some
challenges when printing near the extremities of the build volume. As the desired motion of the robot is defined in the task space of the robot, the end-effector motion may approach configurations that correspond to a kinematic

singularity. This occurs when the Jacobian matrix loses rank, where rank (J(q)) <m . A poorly conditioned Jacobian matrix can result in undesired robot motions detrimental to the structure printed, as well as unsafe motions in the



workspace. To determine whether the configuration of the arm is near singular, the Measure of Manipulability can be defined by a scalar value as proposed by Yoshikawa [43],

(5) (Equation(5)- missing "det", check attachment)

|w= VD@)%ﬂ«D1W= meu@*JTmﬂ

As the system approaches near singular configurations, the scalar value, w, representing the measure of manipulability approaches 0.

Since this is a well-explored issue in robotics, there are various methods that can be used to address the resulting undesired behaviour. One such solution is the Damped Least Squares method [15], which compromises between

end-effector error and the condition of the Jacobian matrix near singularities. The exactness of the solution and feasibility are evaluated simultaneously by minimising the norm of both terms,
(. 2 a2
min{ x—J(qQ) g + A°¢ (6)

Solving (6) corresponds to,

x =J(q) q#
q =) X #
(Equation (7) - first equation is confusing and redundant (i.e. incorrect and should be removed), Equation (7) should just be the following line: check the attachment.) (7)
T (@) = J@ (J@ @ + 1) ®)

The damping factor sets a weighting term to the velocity component. Smaller values of 4 give more exact solutions but are less robust in instances where the robot is in singular or near singular configurations, such as when
depositing mortar at the extremities of the robot’s workspace. However, greater values of 2 have poorer tracking accuracy regardless of whether a feasible and accurate solution is possible. Thus, when applied correctly the weighted

pseudo-inverse of the Jacobian is robust to singularities, and longer continuous deposition paths are possible while the build volume is enlarged.

3.5 Printing Aaccuracy

The behaviour of the robot with a constant damping factor, 1, does not necessarily ensure stability or exactness when within the neighbourhood of singular points or outside the boundaries, respectively. This can lead to costly
inaccuracies and structural instability when depositing multiple layers of material. Thus, in instances where the configuration is singular, the damping factor 2 should represent a larger scalar value. The adjustment of the damping
factor can be defined as a function of the Measure of Manipulability [43],

2
1= {10(1— w%) , w<w

0, w>0 (9) (Equation (9) - second line changed from “0” to " w=wj". check the attachment)

Where, 1 is a scale factor acting in the region of singular points, and wy is a threshold that outlines the boundary of the singular region defined by the Measure of Manipulability. Defining 4y and wy is critical for this method

as it affects the behaviour of the robot, as well as its performance when tracking a trajectory.

The executed commands of the robot are defined as a series of joint velocities calculated using MEGH@) (7) . During a pre-planned print, the desired deposition location for the nozzle and the joint configuration of the robot is
known at any point throughout the trajectory. Forward kinematics can then be used to obtain the position error of the end-effector. Thus, given the current and following the desired waypoint, as well as the control frequency of the
system, a corrective translational end-effector velocity can be determined. The orientation error is calculated using an approximation of the derivative of the rotation matrix, R (see eguatierEq. (1)), where the corrective orientation end-

effector velocity is extracted via the skew-symmetric matrix. This ensures that the induced printing errors, from mitigating undesired motions at kinematic singularities, are addressed by incorporating feedback control.

3.6 Safety €considerations

The velocity at which the 3DP nozzle affixed to the end-effector travels is determined by several factors. Generally, the required velocity can be determined by the desired thickness of the layer, reflected in the choice of the

mortar mix proportions and the pump flow rate. Another aspect influencing the end-effector speed for the experiments is safety. Segregating robots from humans is often undesirable due to the complementary capabilities of humans.



Human-robot interaction is an important opportunity, which holds great potential for the future of AM in the construction industry. However, the presence of humans in the robot workspace requires consideration of the motion of the
robot and the response time of the human reacting to unforeseen occurrences. Safe end-effector speeds have been investigated [21] based upon these human reaction times. Hence, in this present research, a robot end-effector speed

limit was imposed. A maximum speed of 34.99 mm/s was used when printing the prismatic and cubic specimens, which adheres to the safely reduced speeds that were initially outlined by [21].

3.7 Progressive €avity Pcavity pump

The progressive cavity pump, consists of a small sequence of fixed-shape discrete cavities that are filled and emptied as the rotor is turned. The rotation rate (bidirectional) and low levels of shearing applied to the pumped
liquid causes a volumetric flow rate to be pumped proportionally [44]. Throughout all 3DP tests presented in this paper, the progressive cavity pump was set to the “low” running speed, which for the pump is the lowest flow rate

defined as #1(~2 m®h) out of #10(~200 m?h) [45].

For this study, mortar slurry was selected due to its ability to flow through the progressive pump. The coarse aggregate was ignored for this experiment to minimise damage to the rubber cover in the stator of the pump. In this

investigation, glass fibre was selected as the reinforcement for the mortar, as described in Section 2. This pump was selected due to its appropriate flow rate range and outlet size.
The flow rate of the pump and slurry discharge of the mortar are assumed to increase linearly, based upon a study by El-Haroun [46], which observed that the wind pump linearly discharges with the flow rate of the pump.

Previous studies have explored the behaviour of the slurry while printing [47]. It was proposed that slurry-like materials possess thixotropic rheological behaviour, explaining the ability of the mixture to flow through a delivery
system. Thixotropy is described as a material’s reduced viscosity when stress is applied to the material (e.g. mixing, stirring, shaking). Reduced viscosity can occur during the pumping process causing the material to flow smoothly and

to be extruded through the delivery system.

4 Results and Bdiscussions
4.1 Physical and Meehanieal €Emechanical characterisation

When fibre is incorporated properly as a reinforcement aid, it can improve the behaviour of the resulting material. Compton and Lewis [48] developed a lightweight cellular composite material by adding carbon fibre with a
diameter 10 um, and a length of 220 pm. They observed that a high ratio of carbon fibre alignment was horizontal to the printing flow process, resulting in a role that can be characterised as reinforcement. In [39], glass fibre filament
with a diameter of 13 pym and total chop length of 6000 pm was incorporated into printed parts. They showed and were supported by the results from Hambach and Volkmer [49], that the fibre orientation and alignment were parallel to
the print flow directions, and the alignment of the fibre, as it passed through the nozzle, was congruent with the printing flow. Experiments have been conducted to determine whether this trend is observed in larger-scale specimens

when using a long hose and large pump, and results show how the[(@iditheresultshave shownhow the) orientation (or absence) of glass fibres can affect the compressive strength.

In this paper, a laser scanning microscope has been used to quantify the directionality of the glass fibre in 3D printed cubic and prismatic specimens. Using the scanning microscope, it was observed that approximately 80 % of
the fibre orientations in the specimen shown in Fig. 6 aligned with the nozzle’s direction of travel. This observation also supports the findings in [48] where carbon fibres were shown to be aligned with the raster direction of the 3DP
composite polymer materials. A region of the specimen was selected to ascertain the fibre orientation (refer to Fig. 7. Since this scan requires high magnification, it was essential that each specimen possessed a smooth surface. To

achieve this, the printed specimens were cut by a concrete cutting machine.




Fig. 6 Fibre orientation in the printed specimens after crashed under the uniaxial compressive strength test.

alt-text: Fig. 6

Fibre filament orientation

Fig. 7 Fibre orientation embedded in horizontal layers, and the joint gap between layers; surface roughness illustrated by the 3D laser scanner.

alt-text: Fig. 7

Figs. 6 and 7 illustrate the fibre dispersion after printing, and the dimensions of the fibre in its original condition in the mortar mixture, respectively. This supports the observations made during the printing process and after the
uniaxial loading test. It is demonstrated that the fibre filaments are not damaged during any process of experimentation, most notably during the mixing process, and whilst the material is being transferred through the pump and hose.

In Fig. 7, a gap (6000 pm wide and 1700 pm deep) can be observed between the top and bottom layers. These gaps contribute significantly to the reduced mechanical strength of the specimens.

A section of the printed mortar was cut by the concrete cutting machine to further inspect the existing gaps between layers and to find open pores in the specimen. Image] (image processing software) was used to ascertain the
number of fibres embedded in the printed specimens. Through Image], the image can be adjusted by selecting a colour threshold, then the average diameter and area of the specimen can be obtained by measuring and analysing the
features. Fig. 8 shows that voids possessing an average diameter of 350.24 + 101 pym are present on the surface of the printed specimens. These voids could be a consequence of chemical additives used, such as the superplasticizer, or

the pumping action caused during mortar delivery.

L s
.

- top layer

gap

Fig. 8 Voids and gaps between layers are distinguished from the printed surface using the colour red-threshold (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

alt-text: Fig. 8



Fig. 9 depicts a 15.5%x 11.1 mm area of the printed specimen. This specimen was used to determine the orientation of the fibre in the printed specimen. By selecting 6 fibre filaments from Fig. (9), it was determined that the

fibre parallel to the printed line possesses an orientation angle of -10.05°+7.65, see Table 4.

Fig. 9 Image of the surface of the printed specimen after colour thresholding to indicate the fibre filaments on the surface of the printed specimen.

alt-text: Fig. 9

Table 4 Fibre orientation and pores in the printed specimens.
alt-text: Table 4
Area of specimens (mm) Fibre length (mm) Orientation angle of fibre (°) Pores on the specimen (Jim)

15.5 X 11.1 6 -—10.05 % 7.65 350.24 £ 101

To verify, the compressive stress is calculated according to the eguationEq. (10):

f
— 10
o= 10)

where 7is the length, »is the width of the specimen, and ris the maximum applied force on the specimen.The flexural stress can be calculated using the eguatienEq. (11)
3
oo N a1
2bd*

where drepresents the thickness of the specimens. All specimens were cured in a tap water bath for 28 days before being tested for compressive and flexural strength properties.

A comparison of the cubic mortar specimens with reinforcement is shown in Fig. 10, where the compressive strength values were calculated according to eguatiernEqg. (10). Fig. (10) highlights the varying degrees of performance-
based upon the number of layers in the structure. The standard deviation between the 6 specimens differs vastly due to the existence of fibre in the printed structures. The compressive strength of the specimens gradually decreased as

the number of layers in the structure is increased. This behaviour was expected due to the increasing number of voids with each layer, and the larger dimension of the specimens.
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Fig. 10 Compressive strength results (MPa) of cubic specimens containing 1_% glass fibre cured in a tap water bath for 28 days.

alt-text: Fig. 10
The total horizontal print line width for 4 layers was 100 mm, whilst the width of the deposited slurry for one line was approximately 24 mm. The increased number of layers, both vertically and horizontally, contribute to the
loss of material strength. Another contributing factor is slumping in the layer thickness caused by the process of printing successive layers of concrete. This phenomenon is also observed during the process of fabricating 3DP polymers
[50].
The compressive strength of the printed specimens containing glass fibre reinforcement is outlined in Table 5. The measured compressive strength for the 50 x 50 x 50 mm specimen is 51.92 + 1.85 MPa, a relatively high result

compared to other printed specimens. The compressive strength of the cubic mould is approximately 45.59_% higher than the 2-layer printed cubes with 1_% glass fibre.

Table 5 Results of the compressive strength for the printed specimens and conventional specimens.

alt-text: Table 5

Specimen description Actual dimensional area under uniaxial loading machine (mm) Compressive strength with 1_% glass fibre (MPa) Compressive strength without glass fibre (MPa)
1 layer 19.18 £ 0.34, 18.56 £ 0.61 31.09+3.43 14.91 £1.91
2 layers 38.01 £0.06, 36.71 £0.18 28.25 +£1.87 23.34 £0.29
4 layers 75.11 £ 0.56, 71.78 = 0.43 25.37 +3.47 13.83 +0.26
6 layers 112.01 £ 0.42, 107.61 £ 0.13 25.33 £ 0.75 13.43 £ 0.21
Conventional specimen 50.11 £ 0.05, 49 £ 0.95 51.92 £1.85 50.82 £ 0.62

Fig. 10 shows the compressive strength test results of the printed specimens without glass fibre. The figure illustrates that printed structures possess lower mechanical strength compared to conventional specimens. This is
particularly emphasized by the specimen with 6 layers. The compressive strength tests for each number of layers can be seen in Table 5, where the 2 layer specimen exhibited the highest result (23.34 + 0.29 MPa). The resulting
compressive strength of the conventional mould is relatively high for mortar specimens (50.82 + 0.62 MPa). However, each specimen that incorporated glass fibre has a higher strength than its respective glass fibre-absent equivalent.

This demonstrates that the glass fibre enhances the mechanical strength of the printed specimens rather than improving the strain property of the materials.

The inclusion of glass fibre in the printed specimens increased the strength twofold, compared to specimens without glass fibre. Comparing the 6 layers printed specimens in Fig. (10), the presence of 1_% glass fibre increased
the mechanical strength by 46.98_%.

Overall, it was observed that the specimens containing the glass fibre demonstrated improved performance compared to specimens without glass fibre. In particular, once the strength of the specimens had reached yield, the

mechanical strength of specimens possessing glass fibre had better performance in the strain hardening region. The cast specimens are shown to possess improved compressive strength characteristics, due to the process of vibrating

the specimens to reduce its porosity. This improvement is attributed to the interactions between particles in the specimen, where close intermolecular interaction is induced due to the restrictive property of a mould [51].



Flexural moment of the printed member is high enough to be considered in structural calculations. Hence, the empirical flexural strengths of mortar were calculated for the 28 days of printed specimens, eguatienEqg. (12). The
maximum moment at the cracking stage ( M, ) can be found as shown in eguationEq. (13):
f1=06\/f¢ a2

where rt, is the modulus of rupture for mortar in MPa and rc is characteristic compressive strength in MPa, according to the Australian standard [51].

The cracking moment can be found for ( M), utilising the following eguatienEq. (13):

ftI
M === 13)

where M, is a maximum moment in N mm, while 7 is the second moment of area (moment of inertia) mm* and » is width times to a depth of specimen's cross-section ( [§pace) 7 ) divided by 12. The y; is the depth of the
specimen to the neutral axis which is depth (&) divided by 2.

By using eeuatienEq. (13), the cracking moments are determined and listed in Table 6 for the glass fibre-reinforced printed and conventional casted specimens. In addition, Table 7 represents a list of specimens made of plain

mortar.

Table 6 Results of the craking moment for the glass fibre reinforced printed specimens and conventional specimens.

alt-text: Table 6

Specimen description Width (mm) Depth (mm) 7 (mma) Fc (average) (N/mmz) £ (N/mm2) M, X 103
1 20 20 13333.33 31.09 3.34550445 4.46
2 40 40 213333.3 28.25 3.18904374 34.01
4 80 80 3413333 25.37 3.02211846 257.88
6 120 120 17280000 25.33 3.01973509 869.68
Casted 40 40 213333.3 51.92 4.32333205 46.11
Table 7 Results of the cracking moment for the non-reinforced printed specimens and conventional specimens.
alt-text: Table 7
Specimen description Width (mm) Depth (mm) 7 (mma) fc (average) (N/mmz2) Fi (N/mmz2) M, X 103
1 20 20 13333.33 14.91 2.31680815 3.09
2 40 40 213333.3 23.34 2.89868936 30.91
4 80 80 3413333 13.83 2.23132248 190.41
6 120 120 17280000 13.43 2.19881786 633.26
Casted 40 40 213333.3 50.82 4.27728886 45.62

The results for the cracking moment of the three-point load are shown in the tables: Table (6) for the glass fibre reinforced, and Table (7) for non-reinforced printed specimens. The cracking moment strength ( A, ) represents

the highest moment before the failure of specimens. The effectiveness of fibre reinforcement is evident when comparing the results in Tables 6 and 7. The cracking moment varied from the 1sttayerto-the-6thst layer to the 6th layer at the

fibre reinforced printed sections 4.46 x 10° to 869.68 x 10° N mm. These results changes for non-reinforced fibre 3.09 x 10° to 633.26 x 10° N mm. Hence, using glass fibre-reinforcement increases the moment capacity by 37.29_%



compared to non-reinforced printed specimens. In other words, the glass fibre reinforcement improves the moment capacity of the printed specimens. The glass fibre is mainly embedded in the parallel direction to printed specimens

while printing. This further increases the bending strength and improves the bending stiffness.

The outcomes for the flexural strength tests of specimens containing 1_.% glass fibre after curing for 28 days in tap water are presented in Fig. 11. The results show that the printed specimens with 2 layers have an approximate
value of (8.69 + 0.82 MPa), where the conventional mould had a result of (8.76 + 0.92 MPa). Table 8 presents the flexural strength of the printed specimens. The flexural strength of the printed specimens with 1 layer, (9.03 = 1.50 MPa) is

greater than that of the specimen produced in the conventional mould. However, the calculated results for specimens with 4 and 6 layers were lower, (6.31 + 0.60 Mpa) and (6.43 + 0.52 Mpa), respectively. It is hypothesised that this is

due to the increased number of voids in the multi-layer specimens.
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Fig. 11 Flexural strength results (MPa) of printed cubic specimens with 1 % glass fibre, cured for 28 days.
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Table 8 Results of the flexural strength for the printed specimens and conventional specimens.
alt-text: Table 8

Specimen description Actual dimensions under three-point bending machine (mm) Flexural strength (MPa) with 1_% glass fibre Flexural strength (MPa) without glass fibre
1 layer 119.31 £ 0.14 X 19.18 +£ 0.34 X 18.56 + 0.61 9.03+1.50 5.38 £0.22
2 layers 159.95 + 0.31 X 38 £ 0.06 X 36.71 £ 0.18 8.69 +0.82 6.48 £ 0.05
4 layers 223.16 £0.23 X 75.11 £ 0.56 X 71.78 £ 0.43 6.31+£0.60 4.36 £0.21
6 layers 259.05+0.11 X 112.01 = 0.42 X 107.61 £ 0.13 6.43 += 0.52 6.38 £ 0.54
Conventional specimen 160.18 = 0.08 X 40.11 £ 0.05 X 39.87 + 0.95 8.76 £ 0.92 8.53£0.58

The aforementioned outcomes support the work of Hambach and Volkmer [49] performed on cement paste printed specimens with 1 % (by volume) carbon fibre. Their results highlighted a 300_% increase in flexural strength
(approximately 30 MPa) in printed specimens possessing 1_% carbon fibre. However, the results demonstrate that the mechanical strength of the second layer could be improved given the higher standard deviation in specimens

incorporating glass fibre in the mortar mix.

Fig. 11 shows the flexural strength results of the printed specimens and conventional specimens without glass fibre. The graph indicates a fluctuation in the flexural strength of the printed specimen with 2 layers, however, it
decreases at 4 layers. At 6 layers the flexural strength is (6.38 + 0.54 MPa). However, these values are below those of the conventionally casted mould (8.53 + 0.58 MPa). These results are also attributed to the increased number of voids

as the printed layer count increases.

4.2 Presence of Veids-and €voids and cracks

Fig. 12 demonstrates the existence of voids created between each printed layer. These voids are observed when laying a successive layer on the existing layers. Consequently, the efficacy of the glass fibre is reduced after each



successive layer due to the gaps that are created by this process. Fig. 12 demonstrates that the voids are more apparent after the 4™ layer of the print. These voids are the major contributing factor in reducing the flexural strength of

the printed mortar, where the average area of the voids is approximately 25 + 5 mm?. This measurement was obtained using Image] software, where the freehand selection tool enabled the area to be calculated.

Based on the aforementioned observations, the performance of the 3DP specimens is known to be significantly affected by the design of the specimen. Since concrete 3DP structures are not limited to mould based designs, this
technique can be used to construct solid specimens, hollow partitions, or even walls. Fig. 12 demonstrates that the existing voids in the structure have been unintentionally introduced due to the shape and size of the nozzle used, and
the 3DP slicing parameters (e.g. fill density and thickness). The size and shape of these voids can be minimised by the speed of the end-effector, the selection of nozzle shape and size, and height of the nozzle from the desired printing

surface.

The additional superplasticizer (see Table (2)) in the glass fibre mixtures was incorporated to aid the flow of material through the delivery system, however, the high ratio of superplasticizer also accelerated the concrete setting
time causing cracks to form in the specimens [52]. Using a larger amount of superplasticizer can significantly affect the early age physical properties of the printed objects. For this study, the ratio of superplasticizer in both mixtures,
with and without glass fibre, differs by 5 mL. The additional superplasticizer improves the rheological fluctuation of the two mixtures [53], however, further study is required to determine the degree to which the superplasticizer ratio

affects the mechanical behaviour of early age specimens.

4.3 Print Quality Relative-toe Rebetie Mquality relative to robotic motion

From the examined specimens, it was observed that the properties of the structure were also influenced by the end-effector motion. In this section, the result of the end-effector velocity in relation to the slurry discharge and

width of the printed specimen is discussed.

Fig. 13 illustrates the relationship between the velocity of the end-effector (mm/s), the amount of slurry discharged (g), and the printed line width (mm). The end-effector velocity used during the experiments varied from

11.99 mm/s to 98.88 mm/s, at intervals of approximately 12 mm/s.
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Fig. 13 Velocity (mmy/s) in relation to printed line width (mm) and slurry output mass (g).

To ensure the mortar mixture is deposited uniformly, the extruder is required to travel at a constant velocity. In addition, the presence of humans in the robot’s workspace requires the constant end-effector velocity performed

by the robotic arm to fall within the ‘safe zone’ defined by [21]. Therefore, a defined safe maximum velocity for the robotic arm is imperative to facilitate a safe work environment.
Fig. 14 shows the corresponding printed specimens for the variously defined velocities. It was observed that end-effector velocities of 34.99 mm/s, 46.56 mm/s and 60.32 mm/s yielded the best specimens when considering the
shapeability and continuity of the printed line.

o
-11.96 mm/s 23.78 mm/s ¢ 3499 mm/s 46.56 mm/s

60.32 mm/s 70.97 mm/s 81.88 mm/s 98.88 mm/s

Fig. 14 Photographs showing the resulting output shape of mortar at various end-effector velocities.

The corresponding printed line width of each end-effector velocity can be seen in Table 9. In this study, the prismatic and cubic specimens were printed using end-effector velocities of up to 34.99 mm/s.

Table 9 Width of the printed line versus velocity.



alt-text: Table 9

Velocity (mm/s) Width of the printed line (mm)
11.96 26.22
23.78 25.67
34.99 24.75
46.56 24.22
60.32 23.31
70.97 22.01
81.56 20.02
98.88 19.98

Consequently, it was hypothesised that the optimum end-effector velocity is 81.56 mm/s, for a printed line width corresponding to a nozzle diameter of 20 mm, see Fig. 13. Fig. 14 emphasizes the effect of the end-effector velocity

on the structural integrity of the specimen.

It was observed that an end-effector velocity of 60.32 mm/s caused a slight shrinkage and discontinuous among particles of the specimen, resulting in cracks on the surface of the fresh mortar specimen. Therefore, ideal end-
effector velocities for the mortar mix designed in this study were in the range of 34.99 mm/s to 46.56 mm/s. Furthermore, Fig. 14 demonstrates that end-effector velocities below 34.99 mm/s and greater than 45.56 mm/s result in

observable cracks in the specimens, discontinuous print segments and undesired shape structures. These results are consistent with studies by Thrane, Pade and Nielsen [54] and Buswell, Leal de Silva, Jones and Dirrenberger [1].
Since the process for 3DP involves the layer by layer deposition of materials, single layer specimens were shown in Fig. 14 to highlight the visually observable differences between the varying velocities.

Fig. 15 shows the power regression relationship for velocity euquation (14):

Y = 28996.x 0884 3

(19l T the symbol "#" after the equation.)

where Y describes the slurry discharge (g) from the nozzle, and X describes the velocity (mm/s) of the end-effector of the robot (i.e. the tip of the nozzle relative to the surface). The equation fit the data with an R-squared value
equal to 0.98, where R-squared is a measure describing how closely the data fit the regression line and a value closer to 1 is said to be a precise fit. The grey rectangle in Fig. 15 was found to be the ideal printable region, since the

slurry discharge and the end-effector velocity can be consistently maintained, and the shapeability of the printed specimen is desirable.
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Fig. 15 Power regression relationship between velocity and slurry output mass of the printed mortar line without glass fibre.

alt-text: Fig. 15



The effect of the robot end-effector velocity, resulting deposition of the printed mortar line width, and slurry discharge, as well as the effect of glass fibre on the printed mortar specimens have been demonstrated in this paper.

More investigations are required to accurately disclose the bounds of the printable region window (Fig. 15) in the presence of glass fibre. Previous studies have shown that the presence of glass fibre is capable of affecting the
final result of the printed line and can lead to reducing space between particles [31]. Thus, reducing the plastic shrinkage on the surface of the printed line and using glass fibre, is predicted to increase the printable end-effector
velocity region up to 60.32 mm/s. Similarly, the flow rate of the pump can affect the printed specimen. For this study, a constant flow rate was selected, however, further study is required to quantify the interaction between the pump

flow rate and end-effector velocity.

Vision-based sensing has been incorporated into systems for 3D printing with robotic arms [55]. Such a system could be adapted for mortar and concrete printing to make on-the-fly assessments using image analysis
techniques, and correct robot motions (and pump settings) to ensure accurate deposition and slurry flow discharge. Further investigation is required to measure the observed shrinkage of printed mortar and concrete with conventional

cast methods [56].

5 Conclusions

3D printing of mortar still faces various challenges. In this study, the mortar mix of ordinary Portland cement, fine sand and glass fibre reinforcement were used to produce a robust structural mortar mix for construction

applications. Additionally, ideal mix designs for cement mortar in the presence and absence of glass fibre as reinforcement have been described.

* The results demonstrate the orientation of glass fibres in the printed specimens, and the findings support observations in previous studies. It has been found that the addition of 1_% (by weight of cementitious material) glass fibre resulted in an

increase of compressive and flexural strength by approximately 108%-ard-68 % and 68 %, respectively when compared to specimens without glass fibre reinforcement.

¢ A laser scanning microscope and Image] were used to show the number and alignment of fibre filaments embedded in the printed line. It was observed that approximately 80_% of the fibre orientation aligned with the nozzle’s travel

orientation.

* A safety-focused industrial robot end-effector orientation and velocity (i.e. nozzle travel) control approach is detailed, which demonstrates the viability of fabricating novel, mortar-based structures. The robot can thus adhere to safety constraints

and avoid singularities while accurately tracking an adaptable trajectory with constant mortar deposition speeds.

* Image] was adjusted by selecting a coloured threshold to indicate the gap and void between the top and bottom layers. The results show a gap with an average width of 6000 ym and depth of 1700 pm between the top and bottom layers. Also

observed were small pores and voids on the surface of the specimen resulting from chemical additives. The average diameter of the voids on the printed specimen was 350.24 = 101 um.

* This study also defined the nonlinear curve-fit of the allometric relationship between the end-effector velocity of the robot and the slurry output mass. In addition, the results highlight the effect of the robot end-effector velocity in relation to the

shapeability and surface texture of the printed structures.

The use of robotic arms in 3DP with fibre reinforcement offers an alternative to conventional methods for constructing structures, as well as providing a means to create structures possessing internal or complicated
geometries. Further development of printing and testing evaluations is required to decrease the voids and porosity in the specimens. Future studies to investigate the effect of the pumping process, and printhead orientation on the

mechanical properties of the printed specimens is essential.
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