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Abstract

The interest in additive manufacturing (AM) of cement-based materials is steadily increasing. Moreover, there is a growing need
for higher productivity and part quality. In this study, the impact of the different values of the process parameters on part quality
was identified. An alternative process-control strategy was investigated, according to which the width of the extruded path is
controlled by the ratio of the extrusion speed over the scanner head speed. To conduct linear- and rotational-extrusion experi-
ments, an experimental apparatus was designed. The significance of the effect of the speed ratio on the part quality was found to
be the highest, followed by the extrusion radius, whereas the extrusion speed appeared to be of low importance. Therefore, in
linear extrusion, high quality and consistency can be achieved by maintaining the ratio value above 0.8. However, in rotational
extrusion, the effect of the radius was additionally considered by calculating the ratio on the outer side of the part, rather than on
the centerline. Thus, acceptable quality and consistency were ensured for both linear and curved paths by controlling the

aforementioned ratio values.
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1 Introduction

The construction sector accounts for almost 10% of the
European gross domestic product (GDP) [1], and several
European organisms and platforms aim to increase its innova-
tion and efficiency [2]. The implementation of additive
manufacturing (AM) is an important step toward achieving
this purpose [3, 4]. AM is the process of using 3D model data
to join materials, typically layer upon layer [5], for the pro-
duction of objects. It allows the manufacturing of complex
geometries with near-zero material waste; moreover, AM is
applicable to a variety of materials, thus offering increased
design freedom [6, 7]. The interest in AM has been steadily
increasing in the last years [8]: it has been estimated that
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globally, the use of AM exclusively accounts for an added
value of $667 million [9], a fact that is very encouraging
concerning new ideas and adaptations of AM in other sectors.
Liang et al. [10] highlighted the advantages of cement-based
AM applications by using examples from 3D-printed build-
ings in China.

A large number of different AM processes are currently
available [11]; these processes vary in terms of their process
mechanism, the manner that the layers are deposited, and the
materials that can be used [5, 12]. The vast majority of the
existing studies and applications referring to cement-based
AM [13] utilize a modified form of material extrusion; the
use of AM processes other than cement-based ones is scarce
[14]. Cement-based AM differs in three major aspects from
AM applications in which other materials are used: the pro-
cess mechanism, the materials, and the scale. The process
mechanism is not thermal-based, as in the majority of AM
applications [7]. The material properties and the difference
of two orders of magnitude in scale (nozzle diameter, layer
height) significantly affect the phenomena that take place. The
application of cement-based AM requires studies that are fo-
cused on more efficient process parameter calibration and
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Fig. 1 Application of the proposed approach to address important issues in cement-based AM

machine control. However, owing to the fact that AM for
concrete-based materials for the construction sector is a rather
new application, relevant studies are quite limited [13].

Most studies on cement-based AM and other AM applica-
tions for the construction sector have been focused on
material-related issues. Such a representative study is that of
Le et al. [15]; they studied the effects of different dosages of
material components on the resulting shear strength.
Moreover, they correlated the workability and open time of
the final material to the aforementioned material dosages.
Gosselin et al. [16] presented a procedure that enabled the
modification of the material properties of the mix as it moved
toward the nozzle. The same technique was investigated by
Esnault et al. [17]; in their study, a special viscosity-increasing
additive was injected to the mix before it would reach the
nozzle. This technique improved the printability of the con-
crete materials, while simultaneously allowing them to retain
their cohesion, which is an important challenge in cement-
based AM [10].

Another group of studies has been focused on the develop-
ment of AM machines. Hinczewski et al. [18] developed a
stereolithography-based AM application for ceramic mate-
rials, which was used for the study of the effects of each
material component. The AM machine developed by
Khoshnevis et al. [19] was based on the contour crafting pro-
cess; also, the influence of the design parameters on the prod-
uct quality was investigated. Lim et al. [20] developed an
automated concrete AM machine that was used for the inves-
tigation of material parameters and design aspects.

Studies focusing on other issues also exist, such as that of
Salte et al. [21], in which the effects of the design, printing,
and assembly on the structure of the final product were stud-
ied. In [22], how the tensile bond strength of printed mortar is
affected by various process parameters was investigated.
However, in cement-based AM, one of the crucial issues that
needs to be addressed through research studies is that of higher
precision and productivity [23]. Nevertheless, there is a short-
age of studies focusing on such process-related issues.

In this work, the effects on quality of controlling the path
width were investigated, using an alternative control strategy.
The path width was controlled by changing the scanner head
speed, while maintaining the extrusion speed (material flow)
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constant. This led to a change in the ratio of the aforemen-
tioned speeds, thus affecting the width of the deposited path.
The advantage of this approach is its higher precision and
productivity because the response time of the scanner head
is faster than that of the extrusion head-system for large-
scale cement-based AM applications [24] (Fig. 1).
Furthermore, the effect of important process parameters on
the part quality were studied; these process parameters were
the extrusion speed, the ratio of the extrusion/scanner head
speed, and the radius under which the extrusion takes place.
Moreover, linear- and curved-extrusion experiments were
conducted utilizing a small-scale experimental setup that had
been designed and constructed in-house.

2 Approach

Two types of experiments were conducted: linear and curved
extrusion. The selection of the process parameters, the key
performance indicator (KPI), their levels, and the design of
the experiments will be described in this section.

The process parameters that were selected for the linear-
extrusion experiments were the extrusion speed and the ratio
of'the extrusion/scanner head speeds. The first process param-
eter was selected because it is currently used for the control of
the material flow in most AM applications. The second pro-
cess parameter was chosen in order to define the range of

Table 1 Detailed range of values of the PCQM

PCQM level Part characteristic

1 Lack of continuity (holes, cavities)
Variation of width >40%

2 Uneven surfaces
Variation of width >25%

3 Mild inconsistencies, relatively even surfaces
Variation of width 15-25%

4 Minor inconsistencies, even surfaces
Variation of width < 15%

5 Smooth and even parts, no inconsistencies

Variation of width < 5%
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PCQM =1

PCQM =2
Fig. 2 Test parts of different PCQM levels. Levels 1 and 2: not acceptable; level 3: barely acceptable; levels 4 and 5: acceptable

PCQM =3

values that maintain the quality of the resulting parts. The
process parameters used in the curved-extrusion experiments
were the ratio of the extrusion/scanner head speeds and the
radius under which the extrusion would take place. The
extrusion/scanner head speeds, which will be hereafter re-
ferred to as ratio, are calculated via the following equation:

. Vex
Ratio = — 1
atio = — (1)

where v, is the speed of the material when exiting the nozzle
of the extruder, which will be referred to as extrusion speed,
and v is the speed of the scanner head of the machine.

The levels of the process parameters of the linear experi-
ment were selected in order to identify the ratio range that
would lead to the production of successful parts. Smaller in-
tervals were employed between the levels of the process pa-
rameter for the ratio in the range that was within the expected
critical ratio threshold (i.e., levels 1, 2, and 3). Larger intervals
were employed between levels 4 and 5. The rotational exper-
iments were conducted using the ratio range that yielded suc-
cessful linear parts in order to determine the significance of the
effect of curvature. The behavior of the fresh concrete paste
was viscous [25]; consequently, it had certain relaxation times
[26]. In order to accurately capture a linear, a Kohlrausch—
Williams—Watts (KWW), or even non-linear behavior [26],
five different levels were used for the material extrusion var-
iable [27-30].

The KPI that was used as the response factor was the part
consistency—quality metric (PCQM). The PCQM is a

Table 2  Linear experiments: factor levels and values

Factor Name (unit) Level

1 2 3 4 5

A Extrusion/conveyor  0.55-0.6 0.65-0.7 0.8-0.85 12 2
ratio
B Extrusion speed 12 15 18 30 40

(mm/s)

PCQM =4

PCQM =5

qualitative empirical metric, reflecting the consistency and
quality of the extruded part. The higher the value of this metric
is, the better the quality and the consistency of the extruded
test part is. Five levels were used for the PCQM: levels 4 and 5
corresponded to high-quality parts, level 3 to acceptable ones,
whereas levels 1 and 2 could be considered as non-acceptable.
More specifically, level 1 has been used for parts that showed
lack of continuity, such as holes and cavities, or a width var-
iation of more than 40% along their length. Level 2 has been
used for parts that might be continuous, but that had an uneven
surface and a width variation along their length was within the
range of 25-40%. Level 3 has been used for parts that had a
width variation of 15-20%, featuring some mild inconsis-
tencies and uneven surfaces. Finally, levels 4 and 5 for parts
that were even in their width, with smooth and consistent
surfaces. More details can be found in Table 1.

Test parts that presented lack of cohesion and continuity, as
well as width inconsistencies and very uneven surfaces, have
been characterized as non-acceptable. The reason for this was
that a multilayer part consisting of layers with the aforemen-
tioned characteristics would be of low quality, or would even
fail, owing to its poor dimensional accuracy, very uneven
surface, and low mechanical properties, especially in the case
of transverse loads. Images of the test parts (ribbons) of dif-
ferent PCQM levels can be seen in Fig. 2.

Tables 2 and 3 list the process parameters, which are the
factors of the linear and the rotational experiments, as well as
their corresponding levels and their values.

Owing to the fact that two factors were used in each exper-
iment, an exhaustive combination is required according to the

Table 3  Rotational experiments: factor levels and values

Factor Name (unit) Level

1 2 3
A Extrusion/rotary table ratio  0.75-0.80 0.95-1.00 1.2-1.25
B Extrusion radius (mm) 50 100 200
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Table 4  Factor-level combinations for the linear experiments

Experiment no. Factor A: Factor B:
extrusion/conveyor extrusion
ratio (level) speed (level)

1 1 1
2 1 2
3 1 3
4 1 4
5 1 5
6 2 1
7 2 2
8 2 3
9 2 4
10 2 5
11 3 1
12 3 2
13 3 3
14 3 4
15 3 5
16 4 1
17 4 2
18 4 3
19 4 4
20 4 5
21 5 1
22 5 2
23 5 3
24 5 4
25 5 5

Taguchi factor analysis [31]. Consequently, 25 linear experi-
ments and 9 rotational experiments were conducted. The com-
binations of the levels of factors employed in each experiment
are summarized in Tables 4 and 5.

Table 5 Factor-level combinations for the rotational experiments
Experiment no. Factor A: Factor B:
extrusion/rotary table extrusion

ratio (level) radius (level)

O© 00 N O U A W N —
LW LW W NN N = = =
W N = W N = W N =
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3 Implementation
3.1 Experimental setup

In the experimental apparatus used in this study, the extruder
head was fixed in space. The movement of the scanner head
was emulated via the use of either a conveyor belt (emulating
the movement in a linear path) or a circular rotational table
(emulating the movement in a curved path). More specifically,
the experimental setup consisted of the following parts:

1. Extruder. The extruder was filled with the concrete AM
material and was responsible for the material extrusion.

2. Conveyor belt system. It simulated the movement of the
scanner head in the linear experiment.

3. Rotary table. 1t simulated the movement of the scanner
head in the rotational experiment.

Therefore, under-extrusion, over-extrusion, or 1:1 extru-
sion could be achieved by matching the extrusion speed to
the linear speed of each experimental device (conveyor belt,
rotary table). More specifically, when the linear speed of the
conveyor belt or of the rotary table (in a specific radius) was
higher than the extrusion speed, the phenomenon of under-
extrusion occurred, whereas in the opposite case, over-
extrusion occurred. When the two speeds were matched, 1:1
extrusion occurred.

Consequently, the experimental apparatus was capable of
representing a cement-based AM machine in order to identify
the effect and significance of the process parameters (extru-
sion speed, ratio, and radius under which the extrusion takes
place) on the quality and cohesion of single layer paths.
Figure 3 illustrates the CAD design of the implemented AM
experimental apparatus; in Figs. 4 and 5, images of the

Fig. 3 Design of the experimental apparatus. a Extruder system. b
Conveyor belt. ¢ Rotary table
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Fig. 4 Image of the experimental
apparatus. a Extruder system. b
Rotary table. ¢ Controller

experimental device are presented. The operational range of
the experimental apparatus is listed in Table 6, whereas
Table 7 summarizes certain key dimensions.

Stepper motors were selected owing to their ability to ac-
curately maintain their rotational speed regardless of the ap-
plied load, under the conditions that the required power is
supplied and that the applied load is within the operational
range of the motor. For the control of the speed of the motors,
a commercial micro-controller was used. A potentiometer was
used for adjusting the value of the rotational speed, which was
visualized on an LCD screen. A schematic of the connections

Fig. 5 Image of the experimental apparatus. a Extruder system. b Pipe. ¢
Nozzle. d Conveyor belt

of the controller, potentiometer, motor, and motor driver is
depicted in Fig. 6.

The motor driver that was employed was capable of micro-
stepping; this enabled the accurate control of the motor and
ensured fluid and continuous movement, even at very low
values of the rotational speed. This is important because the
material mix was sensitive to vibrations, which had a negative
effect on the cohesion of the mix. Details of the components of
the controller are listed in Table 8.

3.2 Material

Cement-based materials used in AM applications are subject
to a complex set of technical requirements; the most important
of these requirements is based on the workability of the ma-
terials [17]. Workability is a measure of how easy or difficult it
is to place, consolidate, and finish a concrete mix [32].
Therefore, cement-based materials that are suitable for AM
must be both sufficiently fluid—to ensure an easier flow in
the AM machine and through the nozzle—and sufficiently

Table 6 Operational range of the experimental apparatus: (a) 1:2
transmission, (b) 2:1 transmission

Parameter Value

a. ~170 kg (1667 N)
b. ~640 kg (6276 N)
a. ~18.8 bar (2.88 x 10° N/m?)
b. ~66.5 bar (6.65 x 10° N/m?)

Max force (measured at the slider)

Max pressure

Max piston speed a. 28.5 mm/s
b. 7.15 mm/s

Max extrusion speed at the nozzle — a. 254 mm/s
(round nozzle) b. 63.5 mm/s
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Table 7 Dimensions of the experimental apparatus Table 8  Controller-component details

Dimension Value Type of component Details

Overall 740 mm % 120 mm % 120 mm Extruder Conveyor

Nozzle dimensions (diameter) 11.28 mm bebl;/rotatlonal

Volume 027 L wple

Conveyor belt length 2077 mm Control unit Arduino Uno

Conveyor belt width 80 mm (micro-controller)

Rotary table diameter 500 mm Motor driver Wantai DQ860MA Wantai DQ542MA
Motor Wantai Stepper Lin Engineering

Motor 5718L-01P
. . . . 85BYGH450D-008

firm—to maintain their shape after extrusion and to sustain the

Power supply 60V, 58 A

weight of the next layers [10, 17].

The material used in this study was the C60 viscosity mod-
ifying admixture (VMA)-based formulation; the material
properties and testing can be found in a previous work [17].
The mixing was performed as follows: a material batch was
prepared and was left for 5 min in the mixer to simulate the
pumping time that would be required in a real-scale applica-
tion. Next, the final additive, a VMA, was added and incor-
porated through a very short mixing procedure (30 s of mixing
at a moderate speed) [17].

The proper mixing, consistency, and uniformity of the ma-
terial properties in between the different experiments was en-
sured by measuring the shear strength of each material batch
using a shear testing vane [33]. This procedure has been de-
scribed by Elaty et al. [34]; according to them, the shear vane
test is capable of measuring the workability of fresh concrete.
The mechanical properties of the material and of the test parts
[17] have also been verified. Specifically, concerning the early
age properties of the mix, its shear stress has been measured at
1.90 kPa and 2.50 kPa after 5 and 10 min of mixing respec-
tively. The strength of the printed parts has been found to be
340 kPa (240 min after the mixing), also verified in [17, 24].

Controller

Potentiometer

4 Results and discussion

To analyze the results, an analysis of variance (ANOVA) was
performed. The selected objective function (signal-to-noise
(SN) ratio) was the-larger-the better because the larger the
value of the PCQM would be, the better the quality and the
consistency of the test part was [31]. The optimum level for a
factor was the one that would yield the highest SN value
within the experimental region. Figure 7 shows the plot for
the SN ratios of the linear experiment. The optimum level
values of the two factors are (i) extrusion/conveyor ratio =
1.2 (level 4) and (ii) extrusion speed = 12 mm/s and 15 mm/
s (both levels 1 and 2). However, it may be observed that the
effect of the different levels of factor B is not significant be-
cause the SN value is maintained fairly constant for the dif-
ferent values of extrusion speed.

A cross-section view and a top view of five experimen-
tal samples are illustrated in Figs. 8 and 9, respectively.
The quality is the highest in test part (b) and is closely
followed by that of (a); part (c) is still of acceptable

Stepper Motor

+8 8

QK- CWe CW ENe
A+ ONO ¢V -V

CLxe

Fig. 6 Connections between the controller, potentiometer, stepper motor, and driver
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Fig. 7 Main-effects plot for SN
ratios for the linear-extrusion
experiment

Main Effects Plot for SN ratios

Data Means

Extruder/Conveyor Ratio

Extruder Speed

Mean of SN values

1 2 3

Signal-to-noise: Larger is better

4 5 1 2 3 4 5
Factor Levels

Fig. 8 Linear-extrusion experiment test samples (section view)

quality. Parts (d) and (e) can be considered to be of un-
acceptable quality. More details about the process param-
eters and the PCQM of the test parts are listed in Table 9.
By comparing the cross-sections from part (a) to part (e),
it may be observed that the cross-section area decreases;
this is attributed to the fact that the ratio from test part (a)
to test part (e) decreases as well.

Considering the experimental results, the speed ratios of
the extrusion speed and scanner head that lead to the produc-
tion of test parts of acceptable quality are:

2 > ratiozeceptable > 0.8 (2)

These results have also been validated through ANOVA
(Table 10), in which the P value of factor A (ratio) was found

Fig. 9 Linear-extrusion experiment test samples (top view)
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Table 9  Process parameters and PCQM of the test samples in Figs. 8
and 9

Test Experiment Factor A: Factor B: PCQM Summary
part no. (as per  extrusion/ extrusion statistic,
Table 4) conveyor ratio  speed S/N
(level) (level)

a 25 5 5 4 12.04

b 20 4 5 5 13.98

c 15 3 5 3 9.54

d 2 2 2 6.02

e 1 5 1 0.00

Table 10 ANOVA table for the linear experiments

ANOVA

Source of variation SS df MS F Pvalue F.;

Factor A (ratio) 70.644 4 17.667 95459 5.94E-11 3.007

Factor B (extrusion 0244 4 0.060 0.324 0.857 3.007
speed)

Error 2967 16 0.185

Total 73.844 24

SS is the sum of squares, df are the degrees of freedom, and MS is the
mean square

to be significantly lower than the value used for «y; this indicates a
significant difference among the levels of this factor. On the
contrary, the P value of factor B (extrusion speed) is significantly
higher than the value used for «, indicating that there is no
significant difference between the levels of this factor. This is

Fig. 10 Main-effects plot for the
SN ratios of the rotational
experiment

Extruder / Rotary Table Ratio

14

10

Mean of SN values

1

Signal-to-noise: Larger is better
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2

reflected in the very unbalanced 95.67% and 0.91% contribu-
tions of factors A and B, respectively, which was calculated using
the total sum of squares and the sum of squares due to the two
factors (A, B). The sum of squares is equal to 4.19% owing to the
presence of error. The results of the F test are equivalent as well.

The same procedure has been followed for the rotational
tests as well. Figure 10 illustrates the plot for the S/N ratios.
According to the plot of Fig. 10 and by selecting the level that
corresponds to the maximum value of each factor, the opti-
mum level values are (i) extrusion/rotary table ratio=1.27
(level 3) and (ii) radius = 200 mm (level 3).

A cross-section view and a top view of four experimental
samples are shown in Figs.11 and 12, respectively. The ratio
used for the test parts decreases from test part (a) to test part
(d); this is reflected in the area of their cross-section, which
also decreases. The quality is the highest in test parts (a) and
(b), followed by (c). Part (d) can be considered to be of unac-
ceptable quality. More details about the process parameters
and PCQM of the test parts are listed in Table 11.

These results have also been validated through ANOVA
(Table 12), in which the P value of factor A was found to be
significantly lower than the « value, which indicates a significant
difference among the levels of this factor. The P value of factor B
is significantly higher than that of factor A and is close to the
value used for a;; however, it is lower than the value used for c,
indicating that there is a somewhat significant difference between
the levels of this factor. The same is reflected in the F test.

Using the total sum of squares and the sum of squares
due to the two factors (A, B), the responsibility (%) of
each variation factor can be estimated. The extrusion/
rotary table speed (factor A) is an important factor that

Main Effects Plot for SN ratios

Data Means
Extrusion Radius

3 1 2 3

Factor Levels
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Fig. 11 Rotational-extrusion
experiment test samples (section
view)

Fig. 12 Rotational-extrusion experiment test samples (top view)

significantly affects the quality and consistency of the test
part (73.58% responsibility). The radius is also important
(factor B), but not equally so (26.03% responsibility). The
sum of squares due to error was 5.49%. The high signif-
icance of the speed ratio was expected, whereas the sig-
nificance of the radius was approximately one-third of
that of the speed ratio. Therefore, the ratio is the most

Table 11 Process parameters and PCQM of the test sample in Figs. 11

and 12

Test Experiment Factor A: Factor B:  Average Summary

part no. (asper  extrusion/ extrusion PCQM  statistic,
Table 5) conveyor ratio radius (level) S/N

(level) (level)

a 9 3 3 5 13.98

b 5 2 2 4 12.04

c 3 1 3 3 9.54

d 1 1 1 1 0.00

important factor; however, the curvature also affects the
part quality and cannot be neglected.

An important observation based on the curved-extrusion ex-
periments is that the quality and consistency of the outer side of
the part tended to be lower than those of the inner side of the part.
This was attributed to the fact that the phenomenon of under-
extrusion is more intense on the outer side of the part than on the
centerline, and even less so on the inner side. Based on this
observation, the following equation was developed:

(3)

w Rloc

ratio,, =

where ratioy,, is the local ratio, R, is the local radius, and w is the
rotational speed of the rotary table. Therefore, to calculate the
ratio on the outer side of the part, ratioyye,, the Ry, value that
corresponds to the outer side of the test part should be used.

To demonstrate the above, two cases are presented; more
specifically, Fig. 13 illustrates the difference in quality and
consistency between the inner and the outer side of different
test parts. The ratio calculated on the centerline of part no. 2 is
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Table 12 ANOVA table for the rotational experiments

ANOVA

Source of variation ~ SS df MS F P value Fogit
Factor A (ratio) 14889 2 7444 268 0.004823 6.944
Factor B (radius) 4222 2 2111 7.6 0.043403 6.944
Error 1.111 4 02778

Total 20222 8

0.8. However, the outer ratio of the part (which was calculated
using Eq. (3)) is 0.75. This value is below the threshold of 0.8,
which is the value that had been defined as the limit over
which successful parts are created. More details on ratio cal-
culations on the inner side, the outer side, and the centerline of
the parts of Fig. 13 are summarized in Table 13.

This equation can provide a good indication on whether a
part will be successful: by ensuring that the local ratio of the
outer side of a part is higher than the critical ratio, successful
curved parts of any radius can be manufactured.

5 Conclusions

In this experimental study, an experimental apparatus was
designed and constructed to investigate the significance of
important process parameters on the quality of parts
manufactured via cement-based AM. Moreover, the

Inner Side

Outer Side

Taguchi and ANOVA methods were applied. It was found
that in linear extrusion, the part quality depended solely
on the ratio of the extrusion/conveyor belt speeds. This
was also indicated by the ANOVA results: 95.67% con-
tribution for the extrusion/conveyor ratio and 0.91% for
the extrusion speed. The value range of the ratios that
yielded an acceptable part quality was 2 > ratio,ceeptable >
0.8. Using ratios below 0.8 resulted in uneven surfaces
because the material was stretched, thus being irregularly
deformed. In curved extrusion, the effect of the ratio was
the most important parameter (73.58%). However, the ra-
dius under which the extrusion took place also played an
important role (26.03%). Consequently, in real applica-
tions, not only the ratio but also the curvature should be
considered in the process of achieving acceptable part
quality. However, it was observed that during curved ex-
trusion, it was the outer side of the part that demonstrated
issues in part quality and cohesion. Therefore, by calcu-
lating the ratio on the outer side of the part and by main-
taining it within acceptable values (ratiogcceptabie > 0.8),
parts of acceptable quality and consistency can be created
for any curvature. Thus, only one parameter has to be
considered, namely the outer ratio, which simplifies the
control procedure.

By following the proposed path-width control strategy,
increased part quality can be achieved. The corresponding
optimal parameters might differ for a different material
mix; however, the same approach can be implemented to

Outer Side

Fig. 13 Difference in quality and consistency between the inner and outer side of test part. a Inner side of part no. 1. b Outer side of part no. 1. ¢ Inner side
of part no. 2. d Outer side of part no. 2. Part no. 1: ratio level 1, radius level 1. Part no. 2: ratio level 1, radius level 2

Table 13 Values of inner and outer ratio and the resulting differences in the inner and outer PCQM for rotational extrusion for different radius values
Experiment no. (as per Table 5)  Width (mm) Radius (mm) Ratio Ratiojme Ratioger PCQM (centerline) PCQM inner PCQM outer
12.4 50 0.76  0.87 0.68 1 2 1
2 12.7 100 0.80 0.85 0.75 1 3 1
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define them. Therefore, by identifying the value range of
acceptable ratios for linear extrusion and by utilizing Eq.
(3), the manufacturing of high-quality parts using differ-
ent cement-based materials for both linear and curved
paths can be achieved.
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