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Abstract: Of the digital concrete-additive-manufacturing techniques, extrusion-based systems are
probably the most widespread and studied. Despite the significant potential offered by 3D printing,
several challenges must still be overcome. For instance, although several solutions have already been
explored, the automated reinforcement of the layer-wise printed structures represents a challenge.
The inline quality control of the fresh-state properties of 3D-printed materials is also an open question
that needs to be addressed to find an efficient shared practice. This study proposes a new device
designed to simultaneously reinforce 3D-printed structures along and through the layers and to be
used as an inline quality-control device. This device consists in a sewing system, which is composed
of a rotating system, and a hollow needle, which drives a reinforcing cable or yarn and can be used to
inject cement grout to fill holes and improve bonding with reinforcement. The rotation is induced
by a stepper motor, which measures the torque that is required to make the needle penetrate. This
measurement can be used as a quality-control index to ensure material homogeneity. This paper aims
to present an original reinforcement system that can be fully automated and simultaneously create
reinforcement patterns in different directions of the printed structure while controlling the material’s
fresh properties.

Keywords: 3D concrete printing; reinforcement; yield stress; sewing device; in-line quality control

1. Introduction

Three-dimensional (3D) concrete printing is a rapidly developing technique that has
attracted significant attention from researchers in recent years. Nevertheless, several ques-
tions concerning this digital additive-manufacturing process remain unanswered, such as
the structural design or the development of quality-control methods. As a result, the struc-
tural design of 3D-printed concrete is still challenging because of the lack of design codes,
a consensus about the safety coefficient, and a well-documented reinforcement method.

Taking advantage of the freedom of shape offered by 3D concrete printing to design
and optimize structures subject only to compression, as in the case of double-curvature
walls, for example, could be an ideal application for 3DCP [1-4]. Nevertheless, in most
construction projects, loadings induce shear and tensile stresses, which need to be taken
into account in structural designs, making the reinforcement of printed concrete structures
mandatory to overcome concrete’s weakness under tension [5-7]. Large-scale structures,
such as bridges, walls, and beams need to be reinforced to meet mechanical require-
ments [8].

Classifications of reinforcing methods have recently been proposed by different re-
search groups [9,10]. Itis suggested that reinforcing methods can be differentiated according
to the timepoint at which the reinforcement is placed during the printing process and the
nature of the reinforcing elements.

In this regard, three categories of reinforcing method can be distinguished: the first con-
sists in entraining the reinforcements in the concrete flow simultaneously to the printing [11]
(embedded reinforcements, like fibers and cables can be included in this classification); the
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second consists in placing the reinforcement before the concrete printing [12,13]; and the
third and last method aims to reinforce already deposited layers of concrete by inserting or
screwing reinforcements (nails, staples, screws, rebars, etc.) in different directions [14-18].
However, this last reinforcing method needs the implementation of multiple robots or tools
(for instance one robot for concrete printing and one robot for reinforcement) and leads to
complexity in robotic control and programming [19,20].

Several researchers have already explored these different methods of reinforcement,
from pre-stressed post-assembled concrete elements [21] to non-automated reinforced
3D-printed concrete [5]. Of the multiple currently explored reinforcement techniques, the
most promising, especially considering the potential of automation, consists in embedding
reinforcements directly in printed cementitious materials. In this strategy, a large panel of
reinforcements can be used, from fibers and rods [22-25] to continuous cables [26], yarns, or
woven textiles [27,28]. The use of fibers as a method of reinforcement for concrete structures
is a common and fully documented practice [29], but it requires a control of the fibers’
orientation during extrusion and deposition [30,31]. Therefore, alternative methods that
consist in the use of continuous reinforcements, such as unrolled filaments or yarns, have
been developed.

Different materials can be used to reinforce concrete, such as steel [23], polymers [32],
basalt [33,34], glass [35,36], carbon [37], or even natural fibers [38], and they have already
been tested, often with the same observation that they increase the strength and ductility
of concrete structures. It is also well known that the bond strength between concrete and
fibers is a key parameter in the reinforcement efficiency. It is worth noting that the same
phenomenon is encountered between concrete and inserted steel bars [17]. A previously
explored approach to increase this adhesion was the impregnation of these fibers with
cement grout before processing [39,40]. Alternatively, the grouting of cement paste around
the reinforcement can be an efficient solution [17].

Another question to which an answer is still pending is the organization of the quality
control of the process that is needed to check the homogeneity of t concrete and the fresh
properties of materials before and after printing [41-43]. Different offline or inline testing
methods can be used to control the initial consistency of the printable mortar, like the slump
test in the case of conventional cast concrete [44]. For example, slug tests, which consist
in measuring the mass of the extrudates that breaks under its own weight at a vertically
oriented nozzle exit, is an easily implementable and promising method to control the initial
shear-yield stress of materials immediately before printing [45,46]. Nevertheless, other
types of test need to be developed in order to control materials after their deposition and
the structural build-up of materials to prevent the collapse of printed structures due to
buckling or to plastic failure in the base layer [47-49].

In this paper, a new device is presented to simultaneously control deposited materials’
consistency and reinforce printed materials. The reinforcement strategy consists in sewing
the deposited layers with a continuous yarn to create a reinforcing pattern. The interface
between the yarn and the cementitious material can be improved by the injection of cement
grout through a hollow sewing needle. Moreover, the developed device can be used for
the in-line control of the fresh-state properties of deposited mortar by measuring the load
required to ensure the needle penetrates the layers.

This study explores the ability of in-line rheological characterization, which is allowed
by sewing concrete devices, to compute shear-yield stress, and provides some preliminary
results regarding the reinforcement efficiency of the proposed method.

A three-point flexural test was performed on printed beams to assess the effect of the
reinforcement on the mechanical behavior. A comparison between different reinforcement
densities and patterns, orientations of yarns, and bonds between materials and yarns was
conducted in order to provide to the reader with a glimpse of the wide range of applications
offered by the sewing concrete device—SCD. Additionally, the ability of this device to
measure the yield stress of the deposited material is also examined.
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2. Materials, Devices and Methods
2.1. Materials

The following mix design was used: cement CEM I (22% by dry volume), sand
(78% by dry volume), tap water at a water-to-cement ratio W/C = 0.55, and a high-range
water-reducing admixture at a dosage of 1.5% of the cement content. Finally, to ensure
rheological requirements of printable material, a viscosity-modifying admixture in powder
form, based on hydroxypropylmetylcellulose (15,000 mPa-s of grade), was added to the
mixture following a dosage of 0.675% of the water mass.

The yarn selected to conduct these experiments was a polyethylene-based braided
continuous yarn 0.35 mm in diameter, displaying a tensile strength of 2.65 &+ 0.1 GPa.

In some of the prints, a cement paste was grouted to improve the interface between
the yarn and the printed mortar. This cement paste was the same as that used in the mortar
composition, with the same admixture contents. The cementitious materials were prepared
using a four-step procedure. Dry materials were first mixed using a planetary Hobart
mixer for two minutes at low velocity (64 rpm). Next, the water was added slowly, and
the material was mixed at low velocity for 1 min. The rotation velocity of the mixer was
then increased to its highest level (256 rpm), at which point the material was mixed for
3 min. The mixer was stopped to scrap the bowl and remove material that remained stuck
at the wall. The last step consists in a final 2-minute mixing period at high velocity. After
preparation, the material was printed for 60 min.

2.2. The Sewing Device

The sewing concrete device, SCD, is a technical solution able to simultaneously re-
inforce concrete during printing and perform in-line quality control of freshly deposited
materials.

The sewing concrete device is divided into three parts (Figure 1): the first consists in
an oscillating hollow needle attached to a slider crank mechanism, which is itself driven
by a motor. The second part is the system used to inject cement grout around the yarn to
improve the bonding with the cementitious material. It consists in a diaphragm pump,
which is attached to the top of the hollow needle by a silicone tube. The last part is a control
panel, which allows control over oscillation frequency, penetration depth of the needle (i.e.,
correlated with the motor angular deflection), and continuous retrieval of the torque data
at the level of the motor shaft. Oscillation of the needle can be driven by two methods:
linking the stepper motor to a rocker (Figure 2), or to a slider-crank mechanism (Figure 1).
Whichever method is used, an elastic spring can be advantageously added to the system to
ensure that the needle quickly returns to its initial top position.

The needle consists in a hollow stainless-steel tube 6 mm in diameter, which is
equipped with a 3D-printed concave shape tip. It is necessary to tune the tension in
the unwound yarn to avoid loss of contact with the tip of the needle and allow a constant
rate of yarn unwinding. The layer-pressing strategy, for example [50], can fulfill this con-
dition, but it requires control over the path and position of the sewing concrete device to
ensure that the needle is positioned immediately in front of the nozzle on the same printing
path (see Figure 1), and it necessary for the distance between each penetration location to
be greater than the distance between the needle and the nozzle. It is therefore better to use
another axis of freedom (i.e., the orientation of the nozzle in the direction perpendicular to
the deposition plan) to reap the full benefits of this device.

It is important to note that this device offers the possibility of varying the distance
between each penetration, the penetration depth, the yarn’s nature, and geometry. Several
kinds of continuous fiber or yarn can be used, from synthetic to bio-based, and from
non-braided to braided, or even stranded for metal applications. In addition, adhesion
between surface of the yarn and the cementitious material can be improved by the cement
grouting allowed by the geometry of the hollow needle. This grouting solution can be
used to prevent lack of adhesion between the reinforcement and the matrix, which can
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significantly affect the ability of the matrix to transfer mechanical loads from concrete to
the reinforcement and the structural efficiency of the printed elements.

Part 2: Pump + injection system

Crank

Servomotor

Spool of fibers —, Part 1: Oscillating

hollow needle

Part 3: Command

panel

Figure 2. Sewing concrete device equipped with stepper motor and rocker to control needle oscillation
along the printing path.

The force required by the motor to move down the needle and insert it in the material
can be estimated and, thus, it can be used to indirectly estimate the shear stress induced by
the penetration. The servomotor allows measurement of the torque that is needed to make
the needle penetrate inside the deposited layers. This torque value is used to compute
the penetration stress, which is itself used as a quality-control parameter for the initial
material properties.

The sewing device consists in a slider-crank mechanism composed of a slider attached
to the needle and a crank linked to the servomotor; a geometrical representation associated
with the SCD is proposed in Figure 3. The torque T can be continuously measured due
to a torque sensor equipped inside the servomotor. Using the torque T, it is possible to
compute the normal force transmitted to the needle and then the shear stress at the interface
between the needle and the printed material. Torque data are recorded using U2D2 adapter
and the associated software RoboPlus. The pressure exerted on the slider is related to
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the penetration force and, thus, to friction along the needle when penetrating material: it
linearly increases with the penetration depth.

A servomotor, Dynamixel XH540-W150T, with a torque capacity of 7.1 N-m (i.e., the
maximum torque that servomotor is able to measure with built-in sensor) was used in this
study. This torque capacity determines the maximum number of layers that the needle
can penetrate. Considering the capacity of the built-in torque transducer and the common
intended use of this device, the experiments presented in this study only considered cases
in which needle penetrates through a maximum of four layers.

Figure 3. Sewing concrete device: schematic representation of the mechanism.

The penetration system is submitted to two forces: the force exerted by the nee-
dle on the slider F, = F.cos ¢, the force transmitted to the connecting rod F.. In addi-
tion, it is subjected to two further forces, the tangential F; = F.sin(6 + ¢) and the radial
F, = F. cos(6 + ¢) ones which are perpendicular to the crank. The rotation is activated
by the servomotor shaft with a torque T, which needs to overcome the resisting moment,
which is equal to F. multiplied by 7, the radius of the crank. The correlation between torque
at the servomotor shaft and the penetration force of the needle is given by Equation (1).

7 sin(0+ @)r =F,.r. | sind+ sin 26 o

cos¢ 2/ (1/r)? — sin2 0

The penetration of a needle into the fresh printed material creates friction along the
cylindrical section of the immersed needle (with an outer diameter equal to D = 6 mm).
Therefore, the friction force, which is equal to F;, progressively increases with the penetra-
tion depth hp,,. Assuming that the flow is static, the normal force transmitted to the needle
when penetrating the printed element can be linked to friction shear stress on the material,
according to Equation (2).

Fy =1 70D hpen 2)
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Combining Equations (1) and (2), the torque value measured at the level of servomotor
shaft can be linked to the friction shear stress 7, on the material using Equation (3).

T
‘ )
70 D hpen r(sin@ + st@)

T, =
2/ (1/r)*—sin2 6

Depending on the time between each deposit of successive layers (i.e., related to the
length of printing path of a single layer), the structural build-up of the printed concrete
can thus be monitored by measuring the torque needed to penetrate more than one layer.
This means that it is possible to study the layered structure with a discretized gradient
of friction-shear-stress values according to the time since deposit. This strategy is similar
to that developed in the study by Perrot et al. for the prediction of nails” penetration
forces [14].

2.3. Printed Elements and Reinforcing Patterns

A WASP 3DMT printer was used to print samples used in this study. It is a delta
robot equipped with a feeding system, which consists in an endless screw attached toa 5L
hopper. The printing strategy used a mono-component approach.

In order to study the reinforcing effect of the sewn yarn, rectangular-cross-section
beams were printed. Seven 0.5-m-eter-long mortar beams with cross sections measuring
0.1 m x 0.1 m were printed with a layer height of 10 mm (for a nozzle diameter of 0.025 m
and an extrusion rate of 0.023 m-s~1).

Reinforcement of 3D-printed concrete elements involved placement of yarns along and
through the different layers to sustain bending and shear loads, respectively. In this study,
two ways of adding yarns to the printed structures were tested. The first solution consisted
in depositing the yarn without using the needle to make the yarn penetrate through the
layers, and the second consists in sewing the yarn through the layers by using the needle
moved by the constant rate rotation of the motor. These two yarn-addition strategies were
tested separately and in combination, as shown in Figure 4.

Therefore, a prospective study is reported in this paper. Three different yarn-based
reinforcement patterns were tested. The first consisted in depositing yarns horizontally
along the upper surfaces of the first and the second printed layers (red lines in Figure 4).
The second reinforcement patten consisted in a yarn sewn between the second and the
second-to-last layers at a penetration depth of 0.03 m a distance between penetrations of
0.12 m (yellow lines in Figure 4), while the last pattern was based on the combination of
the first and second strategies.
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(a) With injection of concrete grout (b) Without injection of concrete grout

Figure 4. Cross-sectional view (a), and side views (b) of the different strategies of reinforcement
investigated—continuous fiber at the interlayer level (red) and sewn fiber through multiple lay-
ers (yellow).

For these three strategies, the influence of the bonding between yarns and cementitious
matrix was assessed by printing the reinforced beams with and without cement-grout
injection through the hollow needle. This grouting was expected to minimize the remaining
porosity induced by the needle penetration and to increase the adhesion between yarns
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and printed mortar at the same time. Finally, by means of comparison, a last sample was
printed without any reinforcements to obtain a sample displaying brittle behavior.

2.4. Bending Tests and Digital-Image Correlations

The bending loads at failure of the printed beams were measured using a three-point
bending device with a distance between supports of 0.44, with a centered vertical load
application. This device was mounted on a 50 kN loading machine. The tests were
carried out at a constant loading rate of 1 mm/min in order to approximate quasi-static
conditions [50].

Preparation of samples consisted in sawing longitudinally printed beams after 28 days
of curing (in a controlled environment at 20 °C and with 60% relative humidity) to obtain
three slenderer beams (whose cross-sections were 0.03 m wide and 0.1 m high) with only
one sewing pattern instead of three (as shown in Figure 4). For each reinforcing pattern
and with and without grouting cement paste, only one bending-load value is reported:
the average value of the three bending-test results. In addition to the average value, the
computed standard deviation is also provided.

Moreover, reference unreinforced samples were printed without any yarn, but with
and without grout injection at the layer interface in order to assess the effect of the grout on
the unreinforced samples to improve layer-to-layer bonding. Therefore, a total of 8 samples
were printed and mechanically tested.

In order to obtain more information on the beams’ bending behavior, digital-mages
correlation was used as a non-destructive method to control and evaluate the deformation
ability of the reinforced elements. The choice was made to use this system only when
cement-grout injection was performed. The digital-image-correlation system was composed
of cameras with lenses 50 mm in focal length. Each sample surface was smoothed, painted,
and speckled to enhance contrast. The three reinforcement patterns were thus compared
with the reference printed sample. Due to digital-image correlation, the mid-span crack
opening at the bottom of the beam was thus quantified for each sample and used as a first
insight into the reinforcing effect of the sewn yarns in 3D-printed beams.

2.5. Shear-Yield-Stress Measurements

To check the validity of the in-line quality-control measurements, a reference rheo-
logical test was also performed using a vane 22 mm in diameter and 40 mm in height.
Material was placed in a cup 34 mm in diameter (i.e., gap width of 6 mm). The vane-shear
test was performed at a constant rotational speed, which was close to that of the needle
during penetration (i.e., 1 rpm). This test was performed after 10 min of resting time, which
corresponded to the printing time, in order to ensure comparable structural build-up of the
material. Computation of ultimate shear stress from torque regarding vane geometry was
performed by following Equation (4).

T
T

T+ ) ?

The tests were performed in three replicates and the average value was computed.

3. Results
3.1. Sewn Yarns’ Reinforcing Ability

Table 1 summarizes all the average values of the ultimate bending loads and Table 2
provides the crack opening at mid-span on the bottom of the beam.
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Table 1. Ultimate bending loads of printed reinforced elements using three-point bending test, with

and without cement-grout co-extrusion.

Pattern Cement-Grout Injection Bending Load, kN Deviation, kN

%) No 0.65 +0.04

%] Yes 0.82 +0.06
_— No 1.29 +0.13
_— Yes 1.56 +0.07
JAVAYAYAY No 113 +0.16
ANV Yes 1.41 +0.09
JAVAVAVA No 1.68 +0.11
JAVAVAVAY Yes 2.04 +0.09

Table 2. Von Mises strains, computed using digital-image correlation, of reinforced elements with

cement grouting.

Cement-Grout

Pattern Co-Extrusion Bending Strength, kN Crack Opening, mm
1%} Yes 0.65 -

— Yes 1.55 8.2

NV Yes 141 6.3

JAVAVAVAY Yes 2.04 10.6

The reference sample, printed without any reinforcements, exhibited an ultimate
bending load of 0.65 & 0.04 kN for a computed Von Mises bending strain at a fracture of
0.36% without cement-grout injection, and 0.82 £ 0.06 kN with a strain at fracture near to
0.40% with cement-grout injection. These results show that the injection of grout into the
unreinforced samples did not significantly affect their bending behavior.

When reinforcements were added, the mechanism of failure changed: the sample
developed a crack at the bottom without breaking, while it directly broke without rein-
forcement (fragile behavior). The reference printed beam (Figure 5a) exhibited very brittle
behavior, with a critical strain near 0.4%, and did not display any recordable cracks. How-
ever, the three others presented a huge displacement at midspan on the bottom stretched
line due to the cementitious material cracking. As expected, the first pattern of deposited
horizontal yarns (Figure 5b) provided bending resistance to the beam, as shown by the
crack opening. The lattice pattern sewn through the layers (Figure 5c) showed a lower
crack opening at failure, but the combination of both technics (Figure 5d) induced higher
crack opening.

The comparison between the results obtained from the reference sample with those
obtained using the longitudinal horizontal reinforcements, with the deposition of continu-
ous yarns on the surfaces of the layers (i.e., the red lines in Figure 4), showed an increase in
bending strength with the addition of the yarns. These interlayer reinforcements doubled
the ultimate bending load while increasing the crack opening at failure to 8.2 mm. In
addition, the improvement in the interface between the yarns and the layers using cement
grouting made it possible to increase the load capacity by 120% compared to the samples
that only had deposited continuous yarns. This showed that the interface between the
yarns and the matrix affected the overall behavior of the printed composite.

It is also worth exploring the effect of the sewing of the fiber through different layers
(the yellow lines in Figure 3), with and without cement-paste grouting, on the improve-
ments in the interfacial bonding. Compared to the reference sample, the yarns sewn
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through six to seven layers allowed an increase in the bending ultimate load of 170% while
increasing the crack opening at failure by 13%. Moreover, the cement-grout injection during
sewing led to an additional increase in the bending strength, of 125%.

It was also of interest to study the effect of the complex pattern made of the com-
bination of deposited and sewn yarns (red and yellow lines in Figure 4). This strategy
made it possible to reach an increase in the ultimate bending load of 260% compared to
the reference value, and with a crack opening at failure close to 10.5 mm. In a manner that
was similar to the other reinforcing patterns, the cement-paste grouting made it possible to
increase this ultimate bending load by more than 120%. This strategy, based on creating a
lattice of reinforcing yarns, seems to have exhibited high potential regarding the structural
reinforcement of printed elements.

Regarding the tensile strength of the polyethylene-based yarn of 2.65 GPa and its
diameter of 0.35 mm, the fiber was always broken during the tests (there was only minor
yarn debonding). Moreover, in this study, the mass ratio between the yarns and the
printed mortar was lower than 1%, showing the efficiency of the reinforcing solutions at
such low contents. This reinforcing ratio can be significantly increased to ensure better
mechanical ability. This study provides a first insight into the influence of sewn yarns on
the reinforcement of printed structures, and the results obtained are very promising.

[¥o]
@ 1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

(a)

(©) (d)

Figure 5. Mises-strain measurements using digital-image correlation on printed samples without
reinforcements (a), with fiber deposited on the layers (b), with only fiber sewn through different
layers (c), and with both reinforcement strategies (d).

3.2. In-Line Quality Control Using Rheological Measurements

The penetration occurred inside four layers, the penetration depth was hpen = 40 mm,
and the angle 6 was equal to 23.6° (see Figure 4). The torque data were recorded contin-
uously every 0.25 s during the printing and sorted to keep only the values higher than
1 mN.m and neglect values recorded outside the penetration step. The mean value and
deviation of the penetration forces were computed from seven oscillations of the needle in
the four layers of the printed material. For these in-line penetration tests, the measured
mean torque value was equal to 46 == 8 mN-m, which, once computed using Equation (3),
gave an ultimate shear stress equal to 957 Pa £ 167 Pa. This protocol can be extended to
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follow the hardening of concrete through four layers until the material reaches an ultimate
shear stress equal to 148 kPa.

It is worth noting that in our study, the mortar mix was not accelerated, and the
printing path was short. Therefore, the time taken to print the beam was also short, and the
structural build-up was thus neglected. It was therefore assumed that the ultimate shear
stress of the mortar could be considered constant through the different layers penetrated
by the needle.

Three repetitions of the vane-test measurements showed a mean value of ultimate
shear stress equal to 814 Pa £ 71 Pa (using Equation (4)), which was close to that given
by the in-line-penetration control. The gap between the in-line measurement and the
conventional rheological test was probably related to differences in the strain rate. Since
this in-line solution was only intended approximate the rheological values and control
the homogeneity of the printed material during the process, this measurement error was
considered acceptable.

4. Conclusions

This paper aims to highlight the potential of a new device to simultaneously automate
the reinforcement of printed elements in all directions during the printing process and
perform the in-line quality control of the properties of printed concrete.

This study presents the development of a fully automatable device that was initially
used to reinforce printed structures along and through layers using a continuously de-
posited and sewn yarn (continuous fiber). A demonstration of the technical possibilities was
carried out using a common 3D-printed mortar and a polyethylene-based yarn of braided
fibers. However, this sewing device can easily be expanded to other printed materials, such
as earth-based materials, for instance, and other kinds of fiber, from bio-based fibers (such
as flax, hemp, ... ) to braided-steel cables, in the most demanding structural applications.

Equipped with a printer, this system, called the sewing concrete device, or SCD, makes
it possible to efficiently follow a printing path. Moreover, the frequency and amplitude
of the needle can easily be managed to adjust the reinforcement density in relation to the
intended mechanical loads. Lastly, from a purely mechanical point of view, the injection of
cement grout during the deposition and sewing of fiber makes it possible to avoid well-
known phenomena in the field related to the weaknesses of the interlayer (often referred to
as the “cold joint”) and to the interface between reinforcements and cementitious materials.
This grouting makes it possible to significatively increase the cohesion between yarns and
extruded materials and it seems, therefore, to enhance the overall mechanical strength of
printed samples.

Finally, since this reinforcing system is based on the controlled penetration of a hollow
needle through different layers, the rheological properties of printed materials can be
determined from data recorded by the electronic parts of the SCD. A slider-crank system
is placed on a servomotor to measure the instantaneous torque transmitted when the
needle enters a set of printed layers. This in-line rheological measurement paves the way
towards fully automated in-line quality-control systems for the 3D printing of construction
materials, making it possible to check materials” fresh properties during the whole process.

As shown in this paper, the most important technical barriers have been overcome.
However, further development would consist in the scaling up of the device for large
concrete 3D-printed elements and industrial uses.
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