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Abstract -

This paper introduces a new approach for extending the
geometrical freedom of shotcrete 3D printing. Up to now,
manual shotcrete manufacturing and the shotcrete printing
process has been performed with a continuous material flow
to avoid nozzle clogging, which is caused by the solidifica-
tion of the fresh material within the printing system. How-
ever, this requires a continuous printing path for the entire
component, which leads to considerable confines in terms of
printable geometries. To overcome this restriction, poten-
tial factors to control the printing interruption process were
determined and quantitatively investigated. Based on 3D
specimen data, the most suitable parameter settings for real-
izing deterministic short term printing gaps without nozzle
blockage were identified. For final validation, these settings
served in the robotic fabrication of a test element and showed
promising results.
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1 Introduction

The current 3D printing technology ranges from sophis-
ticated and well-developed small-scale 3D printing with
various materials [1]] up to large-scale printing of steel,
recycled materials, and concrete [2, [3, l4]. In particular,
the production of constructive concrete components for
the construction industry holds the prospect of increasing
productivity and efficiency through more targeted use of
materials. However, large-scale printing, especially with
concrete, is still under development and presents new chal-
lenges relating to the fresh concrete characteristics and its
handling [5]. One of these challenges is the control and su-
pervision of the material flow during the printing process,
caused by two opposing printing requirements. While
good flow properties are essential during conveyance of
the fresh material, high green strength is necessary im-
mediately after the application to prevent the component
from plastic collapse.
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To adress this conflict, a novel technique of shotcrete 3D
printing (SC3DP) was designed at the Institute of Struc-
tural Design (ITE) at the Technische Universitdt Braun-
schweig [6]]. In this process, the concrete is applied layer-
by-layer with high kinetic energy, accelerated by pressur-
ized air. The air flow is mixed into the concrete flow
right at the end of the printing nozzle, thus the material
is sprayed instead of extruded. Additionally accelerator
can be added to decrease the curing time and improve the
component stability. This technique is particularly used
for the manufacturing of large scale, constructive concrete
elements without formwork. In contrast to 3D extruded
concrete elements [7]], the shotcreted concrete elements
obtain a monolithic structure with a much stronger inter-
layer bond [8]. Consequently the initial risk of plastic
collapse is reduced. This behaviour further enables print-
ing of more significant overhangs and also on walls and
ceilings.

Despite these advantages, the shotcrete 3D printing pro-
cess is more susceptible to the risk of nozzle clogging
during the printing. This is caused by the necessity of
improved flow properties to ensure the sprayability of the
material. Hence, the time window between pumpabil-
ity and solidification must be narrowed to prevent elastic
buckling, which will increases the chance of material so-
lidification and nozzle clogging [9]. In this regard, ACI
506R-90 (Guide to Shotcrete) requests the material flow
to be steady and uninterrupted during manual nozzle op-
eration.

Additionally, the hose length, the pump inertia, and the
valve lags avert a step response of the material flow to
printing interruption or reactivation commands. For this
reason, the temporary stoppage is not only accompanied
by clogging [10] and material overrun but also unidenti-
fied idle times occur, when restarting the printing process.
This clearly demonstrates that printing interruptions lead
to reduced component quality.

For standard surface shotcrete manufacturing and basic
3D components, this can be bypassed through a continu-
ous printing path [11]. Nonetheless, while investigating
the manufacturing of complex geometries by SC3DP, the
path planning becomes more complex as well. As result,
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a continuous material flow is not suitable anymore and re-
duces the geometrical freedom along with increasing the
material wastage. Solving this is essential to enter the
next stage of geometrical complexity in SC3D printed el-
ements. Thus, it is necessary to control the distribution of
the material with an integrated system that determinately
starts and stops the concrete flow.

Concerning this matter, the rheological properties and
the system inertia are crucial for the deviation between as-
planned and as-printed gap. However, in this study we will
focus on the system. This given,the concrete valve status,
controlling the concrete volume flow, and the pump actua-
tion timing are most important for the inertia. Reasons for
this correlation are the hose length and the accumulation
of the material within the nozzle. While the hose length
results in a severe delay between pump activation and ma-
terial application, the residual material from the nozzle
is distributed even after the valve is shutdown. To coun-
teract this inertial system behaviour, the necessary setting
of delay and lead times is identified and optimised in this
work.

2 Background and motivation

Looking at state-of-art 3D printing processes, material
application interruption is an integral part of all processes.
This function is indispensable, especially for the produc-
tion of complex parts, produced with 3 axis printers and
2.5D path planning algorithms. Thus, multiple methods
for the realization of such interruption are available.

2.1 3D printing overview

In small scale Fused deposition (FDM) 3d printing with
thermoplasitc or other firm synthetic materials the op-
tion of retracting the material from the nozzle was estab-
lished by changing the rotation of the extruder motor [[12]].
Hereby the pressure inside the nozzle is decreased and the
molten material will not be extruded. A similar approach
is used in the small-scale particle bed printing, where the
adhesion substance is retracted from or not pumped fur-
ther into the nozzle. In the process of large-scale concrete
deposition, these solutions of material retraction are no
longer feasible. Due to long pumping distances and time-
dependent material processing the distribution can only
be interrupted for a certain amount of time. In the case
of contour crafting and concrete extrusion it is pos-
sible to release the pressure from the end effector and the
pumping system or use trowels to stop the concrete flow.
Moreover, the material properties enable the idle mode of
the concrete and let it stay inside the nozzle. However,
this process becomes more complex when the material is
deposited with a certain nozzle distance and additionally
accelerated, such as in SC3DP.

2.2 SC3DP

The SC3DP Process was invented in the 1920s and is
now being rediscovered as an additive manufacturing tech-
nique used in combination with precise robotic fabrication
[14]. Through this combination it is possible to manufac-
ture constructive concrete elements without formwork and
with integrated reinforcement [4} [6]. The shotcrete 3D
printing system used for our research is part of the Digital
Building Fabrication Laboratory (DBFL) at the ITE. [13]]
In this setup a Staubli TX 200 robot with 6 degrees of
freedom is attached to a 3-axis gantry portal, provided by
OMAG SpA. These are used in combination to carry the
end effector, which is designed to mix the fresh concrete,
the accelerator and the pressurized air. The concrete pro-
duction and conveying line, which deliver the material to-
wards the end effector, consist of a WM-Jetmix 125 Mixer
by Werner Mader GmbH and a WM-Variojet FU Pump.
The hose length between the pump and the end effector
can be up to 25 m for large scale printing. The spray pro-
cess itself is presented in figure [T} The material used for
the printing of all components is a fibre reinforced plain
cement concrete produced by MC Bauchemie Miiller.

The control system of the entire plant consists of three
sub-units. The major control is carried out via G-Code
commands on a Siemens sinumerik 840D. For positioning,
nine motion commands are mandatory, consisting of three
parameters for the gantry portal and six values for the
robot. The movement commands for the three-axis gantry
are processed directly on the Siemens Sinumerik, while
the motion commands for the robot are transferred to the
Stiubli control unit.

> épray nozzle

Figure 1. Specimen production by SC3DP

726



38 ' International Symposium on Automation and Robotics in Construction (ISARC 2021)

For the control of the concrete, air and accelerator vol-
ume flows, G-code commands are forwarded to a Beckhoff
industrial PC. To date, these commands are set in the be-
ginning of each printing file and are not changed during
the printing process. However, for realization of printing
interruption it is necessary to interact with the concrete
pump and the concrete valve while printing.

Considering the presented set-up, a wide range of pro-
cess parameters can be identified which influence the ma-
terial application. On the one hand, nozzle distance, noz-
zle diameter, printing speed and spray orientation will
directly influence the strand geometry. On the other hand,
concrete and air volume flow will suffer a delay due to
the mentioned system inertia, before affecting the strand
properties. Regarding the aimed printing interruption, the
concrete flow will have a major influence on the applied
material. Thus, the pump’s on and off time, as well as
the concrete valve timing are the main parameters for our
research.

3 Experimental setup

To investigate the pump and valve timing in consider-
ation of the applied material and possible clogging risks,
our first experiment intends to achieve a printing gap with
a defined start and endpoint. Another focus lies on the
strand geometry itself, thus the investigation also focuses
on the restoration of the initially intended path height and
width. The amount of material at the set start and end
point indicate the change of this geometry. For additional
validation of the final parameter setting, a more complex
structural element is chosen. The proposed column capital
in figure[6|generates a printing path with multiple gaps and
will confirm the integration in the existing control system.

3.1 Parameter settings

We choose the experimental setup for the delay and
lead time investigations according to figure [2] The se-
lected example distance of 500 mm serves as a basis for all
short-term interruptions that do not result in any significant
material hardening within the printing nozzle. While aim-
ing for a suitable parameter setting to bridge the illustrated
printing interruption, the strand height at the shutdown
and restart points Xy, and xg ¢, must not deviate from
the average values prior to the interruption. Additionally,
the amount of material within the printed gap should be
minimized through the correct parameters.

Four operating points are available within the experi-
mental setup to control the concrete pump and the pinch
valve. In this regard, 7,y ciose and fcp ciose mark the
shutdown points. Since closing the valve interrupts the
concrete volume flow V., independently of the concrete
pump status and excess pressure must be avoided, de-
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coupling the two actions from each other is not sensible.
Therefore, the shutdown commands are combined into
Atgt0p, Which describes the delay between the shutdown
process and the arrival at the targeted printing interruption
Xstop-

In contrast to the shutdown process, a separation of the
start-up process makes sense in that the pump must first
build up the concrete pressure inside the hose before the
material is conveyed through the nozzle. Thus, the start-up
timing of the pump #.p srqr, and the timing of the pinch
valve opening ¢, open are set separately within the test
plan. Referring to this, At.p srars and Aty open indicate
the delay to the targeted restart xg;q,¢-

According to design of experiment standards we chose
a three level design for the two restart factors Atc, srars
and Afpy open. Due to the machine workspace we had
to omit the central point, so no non-linear relations can
be obtained. Since only one parameter is required for the
shutdown process, repeat tests were carried out during our
investigation. The detailed parameter settings are shown
in table [I] For all tests, the nozzle feed rate, which is
equivalent to the printing speed, N¢..q Was set to 4.500
mm/min, the concrete volume flow was kept at 0.4 m/h
and the pressurized air ran at 30 Nm/h during the printing
operation.

3.2 Software implementation

Looking at potential implementations of the interrup-
tion mechanism into the printing system, it is necessary to
mention the holistic approach that is used for the printing
process of concrete elements at the ITE. Here, complex
printing paths are programmed using the programming
interface Grasshopper for Rhinoceros3d in combination
with “Robots” (a plugin developed by the Bartlett School
of Architecture). This combination translates a designed
geometry intuitively into G-Code which will run the print-
ing system and serves to visualize the process control for
robotic fabrication. Therefore, the identified feed forward
times and printing interruption commands must be imple-
mentable into G-Code for use during the robotic fabrica-
tion process.

Hence the time offset primarily determines the interrela-
tion between the applied material, and the pump and valve
actuation, the settings for Aty p, Atep srars and At py open
are specified in ms as can be found in table[] However, due
to the sequential processing of the G-Code, no time-based
output of command signals is feasible. Thus, the time
intervals were changed into travelling distances Ax taking
into account the nozzle feed rate. Based on these distances,
additional path points were included in the printing path,
which serve as trigger points for the pump and valve ac-
tuation. Due to the sequential processing of G-code, the
pump and valve commands must not be implemented di-
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Figure 2. Test setup for investigating the process interruption

Table 1. Investigated process parameter settings

AtSl’()p(mS) Axst()p(mm) Atcp,start(ms) Axcp,start(mm) Atpv,()pen(ms) Axpv,()pen(mm)
V1 250 18.75 0 0 0 0
V2 250 18.75 0 0 250 18.75
V3 500 37.50 0 0 500 37.50
V4 500 37.50 1000 75.00 0 0
V5 750 56.25 1000 75.00 500 37.50
Vo6 750 56.25 2000 150.00 0 0
V7 1000 75.00 2000 150.00 250 18.75
V8 1000 75.00 2000 150.00 500 37.50

rectly as this will cause feed rate interruptions and results
in an inconstant material application. Therefore user de-
fined marcos (UMACsS) are implemented in the header of
each printing files. So, when passing the respective trigger
points during the printing process, the specified UMACsSs
were executed to actuate the pump and valve commands.
This process is providing a constant nozzle speed and an
improved material application while printing.

3.3 Printing path

In order to ensure uniform ambient conditions through-
out the investigation and to minimise the influence of ex-
ternal factors on the concrete volume flow, all parameter
settings were merged into one single printing path. The
complete path is shown in figure 2a). The specimen length
was set to 2.200 mm in total to ensure volume flow retrieval
after the interruptions. It should be noted that the change
of the printing direction does not influence the result due
to the circular nozzle geometry. This means that the re-
sults from linear tests can be transferred to more complex
cornering.

3.4 Data evaluation

Changing the selected parameters directly impacts the
as-printed gap. This can be obtained by visual inspec-

tion of the specimens presented in figure 3p) and c. For
a significant comparison of the process parameters and
their influence regarding the interruption, each probe was
scanned with a 2D-Laser scanner (Keyence LJ-X8400).
Matching the scanner feed rate to the printing speed of
4.500 mm/min while setting the scanning frequency to
10 Hz resulted in an evaluation every 7.5 mm. Figure[3f)
presents an example of the processed measurement data set
from V1. Within the scan data, the start and endpoints of
the specimens were defined based on strand centre points
of the transition regions. The specified transition regions
are shown in figure[2p) and are defined by the printed ma-
terial between to specimens. Both points allowed further
identification of X0, and x4 4., in the scans. For subse-
quent evaluation, the data sets were levelled to the printing
surface and the width was set to 200 mm. Thus, all data
sets contain the same amount of data points.

As marked in figure [3c) the raw 3D data sets were then
separated into four areas, each 200 mm in length. The
pre and post stop areas were placed around the desired
printing shutdown x,;,, and were used to evaluate the us-
ability of the Aty values. Analogously, the pre- and
post-start areas surrounding xs;4,; Were used to evaluate
Aty open @and At o1qrr - The purpose of this subdivision
was to analyse the amount of the deposited material. Given
the initial demands of producing the gap as planned, low
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quantities of material in the post-stop and pre-start area are
to be assessed as positive and low quantities in the other
areas as negative. For a quantitative examination, the mea-
sured z-values in each area were accumulated. Since the
scanned surfaces and the amount of data points are identi-
cal for each specimen, the comparison of the accumulated
Z-values corresponds to the comparison of the amount of
material. Thus, no additional volume calculation is re-
quired. The results of the height data evaluation can be
seen in figure [d]

4 Results

Since the parameter settings for the investigation of
Atgop were each examined twice, they were summarised
for the evaluation. Figure[#h) and b) therefore show only
four measuring points, each of which reflects the average
value of the two specimens.

Specific evaluation of the pre-stop area in figure [4h)
presents an almost constant value across all parameter set-
tings. This confirms the constant material volume flow
during the sample production. Therefore, further changes
within the recorded data can be attributed to the effects of
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the start-up and shutdown processes. Besides, the accu-
mulated height value of 10° mm defines the target value
for the post-start area.

There is no effect of the closed pinch valve on the applied
material volume within the pre-stop area up to 1.000 ms
lead time for Az, ,. Source of this seems residual material
within the nozzle, which is located on the application side
of the valve and is still applied after the valve is closed.

In contrast, the accumulated height in the post stop area
displays a decrease of 27 % when raising the pinch valve
lead time Aty up to 1.000 ms. Consequently, closing
the pinch valve before reaching the planned printing inter-
ruption demonstrates an option to counteract the system’s
inertia and refrain the material from filling the gap.

Figure L) illustrates the results of the evaluation of
the pre-start area concerning the valve reopening and the
concrete pump restart. In line with the expectations, in-
creasing the valve lead time Atpy open tends to raise the
applied material. Since this is deposited within the print-
ing gap, only low valve lead times for Az, ,pen can be
recommended initially.

It should be noted that when low valve lead times are
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Figure 4. Accumulated height values of the scanned sample for evaluation of the sectional material quantity

combined with high pump lead times, which can be ob-
served especially with the combination of Az, starr 2.000
ms and Aty open 0 ms, the highest amount of material is
deposited within the gap. This is due to the higher con-
crete pressure, which increases the material exit velocity
after the valve opening resulting in a higher impact. This
causes the material to shear and consequently flow into the
undesirable pre-start area. Thus, lower valve lead times
are unsuitable for the highest concrete pump lead time.

However, taking further into account the post start area,
as presented in[4jd), an increased pump lead time fosters the
material quantity measured after the printing restart. This
in turn leads to high contour accuracy after resuming the
printing process and thus to a higher component quality.

Given the original requirement for an exact printing
of the planned printing interruption, choosing a suitable
value for At is quite evident at 1.000 ms. However, for
Atep starr and Aty o pen the quotient formation according
to equation|T]is necessary to determine an optimum in the
opposing influences of the factors.

_ post start [103mm]

ey

~ prestart [103mm]

Hence, this will show a peak for minimal material in
the pre-start and maximal material in the post start area.
The resulting ratios are shown in figure [5] An optimal

optimum

2000
ms

Figure 5. Quotient of pre and post stop area

parameter setting is revealed at a pump lead time of 2.000
ms, and a valve lead time of 250 ms.

In addition, a first test of the presented approach to pro-
duce a more complex geometry was performed. A sim-
plified column capital was manufactured to test the print
interruption parameters including the automated concrete
distribution. The produced component is presented in fig-
ure[6] This geometry is composed of eight strands which
are combined in the center. The printing process for each
layer started on the outer edge and was printed towards
the center. The first 15 layers were printed horizontally
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Figure 6. Column capital printed with printing in-
terruption routine

and were the basis for the angled layers. The following
layers were printed in a 30° angle to produce an overhang
on the outside and to orient the layers perpendicular to
the assumed force flow in the capital. Using the proposed
coding it was possible to design the path planning without
overlays or double printed layers. Although the overall
quality of the printed geometry shows that printing in-
terruptions are possible, post production process are still
necessary to remove the lateral material overhang between
the walls. The slight amount of excess material was dis-
tributed on the sides of each strand during the reorientation
and dry phase of the endeffector due to material overrun.
The most obvious solution to avoid this effect is to further
delay the stopping time. It should be noted, however, that
the increase will also causes the associated Ax;,p to rise
further. This in return reduces the pump run time which,
for short printing paths, may result in a stall of the concrete
volume flow. Thus columns, beams and walls will serve
as geometries for subsequent tests to analyse the minimal
required path length. Given the minimum distance, addi-
tional research will focus on up-scaling and defining the
maximal interruption time to consider both limits during
the path planning of large-scale components.

5 Conclusion

This paper shows a method for realising and optimising
short-term printing interruptions during SC3DP. Based on
a systematic study, the effect of the systems’ inertia could
be reduced by implementing lead times for the pump and
valve actuation, while avoiding nozzle clogging during
the printing. Particularly 1.000 ms were embedded for the
shutdown process Atg;op, and 2.000 ms and 250 ms for
the restart process of Acpgrars and Apvopen. A summary
is given in 2]

While decreasing the material overrun by 27 %, the
quantity directly after the interruption was increased by
25%. Although printing material is found in the acutal gap,
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Table 2. Optimal process parameter settings
Atst()p (ms) Axst()p (I’l’lS) Atcp,start(ms)

1.000 250 18.75

this clearly shows the influence of the chosen parameters
and their potential to precisely control the interruption. In
particular, the position of the start and end point, as well
as the shape of the resulting gap can be improved.

Evidently performing printing interruptions with
SC3DP is possible and the precise application decreased
the material wastage and expands the path planning pos-
sibilities for future components. For further reduction of
material overrun, additional tests with increased lead times
and printing idle times are scheduled.
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