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Abstract Additive manufacturing in construction

(AMC) enables new design methods and strategies

within the construction industry. In particular, Shot-

crete 3D Printing (SC3DP) offers a high degree of

design freedom by enabling the deposition of concrete

at variable layer orientation based on a wet-mix

shotcrete process. However, the mechanical properties

and geometry of the printed layers are dependent on

the material and process parameters used. In this

context, the effects of air and concrete flow rates, path

planning parameters, and material parameters have

been investigated in previous research. The presented

study investigates the influence of the nozzle geometry

on the resulting strand properties, e.g. strand

geometry, layer bond strength, and compressive

strength, to evaluate nozzle diameter and length as

control parameters for the SC3DP process. Experi-

mental investigations were performed with fixed

nozzle diameters between 10 and 30 mm and nozzle

lengths ranging from 100 to 200 mm. The results show

a significant influence of the nozzle diameter on the

resulting strand geometry as well as the mechanical

properties. Finally, concepts for a nozzle with a

controllable outlet diameter were developed and

evaluated.

Keywords Additive manufacturing in construction �
AMC � Shotcrete 3D Printing � SC3DP � Nozzle
geometry

1 Introduction

In order to address major challenges in construction,

such as a low level of automation, a shortage of skilled

labour, or high carbon emissions, research and indus-

trial developments are focusing on automation

approaches. Especially Additive Manufacturing in

Construction (AMC) opens up possibilities for inno-

vative design methods and building strategies for

architects and civil engineers [1–3]. Hence, different

additive manufacturing techniques are investigated,

such as particle bed binding [4], material extrusion [5],

Martin David and Niklas Freund contributed equally to this

work and share the first authorship.

M. David (&) � K. Dröder
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or material jetting [6]. A growing area of research

focuses on the identification of suitable printing

materials and process parameters for the production

of geometrically precise components with sufficient

properties, such as mechanical performance and

durability [7–11].

Shotcrete 3D Printing (SC3DP) is an Additive

Manufacturing (AM) technique based on a wet-mix

shotcrete process. It is classified as a material

jetting process [12] and is characterised by the

deposition of material under the addition of pres-

surised air at the printing nozzle. Due to high

application rates and a good layer bond strength,

SC3DP offers great potential for the efficient

production of large structural concrete elements

[13]. By applying the material at a defined nozzle-

to-strand-distance, SC3DP allows for an angled

material deposition in overhangs (Fig. 1a). A wide

range of process parameters are used within SC3DP

to influence the geometry of the applied layers (see

Fig. 1b). Small adjustments to the process param-

eters (e.g. concrete volume flow or air volume

flow), material parameters (e.g. accelerator dosage),

or path planning (e.g. nozzle-to-strand-distance)

affect both the resulting layer geometry and the

quality of the printed object (e.g. layer bond

strength) [9–11, 14]. Therefore, in-depth research

into the material-process-interaction is required to

improve and establish material and process-related

limits.

2 Control of strand geometry within shotcrete-

based additive manufacturing—state of the art

Predicting and controlling the strand geometry is a key

task in AM to translate the dimensions previously

defined in the 3D digital model into the printing

process. For example, for the extrusion of very stiff

and unsheared material, the resulting geometry of the

deposited strands depends, in particular, on the nozzle

geometry [2]. In the extrusion of more flowable

concrete, where the material is sheared before leaving

the nozzle, the concrete spreads out depending on the

material rheology (e.g. yield stress), forming the final

layer geometry [2]. In general, nozzle speed, nozzle

distance, and concrete volume flow must be coordi-

nated to avoid under- or over-extrusion [5].

In SC3DP, the concrete is pumped to the nozzle in a

dense stream and, unlike in extrusion or other AM

processes, subsequently torn up into a jet using

compressed air. When the concrete jet reaches the

ground, the concrete builds up into a strand of

material. This characteristic allows for greater nozzle

distances and increases the robustness of the process

with regard to under-and over ‘‘extrusion’’. Thus,

varying material application rates result primarily in

different strand heights rather than in the formation of

gaps or material accumulations in the strand. Within

shotcrete-based AM, three main strategies for affect-

ing the strand geometry have been investigated so far:

(a) Process parameters

(b) Material parameters

(c) External tools

Process parameters in shotcrete-based AM

include concrete and air volume flow, as well as path

planning parameters such as nozzle-to-strand-distance

and traverse speed. It was found that increasing the air

volume flow results in a slight increase in width and a

slight decrease in the height of the sprayed layers.

Furthermore, Böhler et al. showed an increase in layer

bond strength and concrete density with an increase in

air volume flow. At high air pressures (3–5 bar), the

formation of flatter and wider layers is visible [9, 14].

However, at low air pressures (0.5–1 bar), Liu et al.

observed no significant effect on the strand geometry

[15].

The increase in concrete volume flow results

naturally in an increase in specimen cross-sectional

area due to a higher material feed rate. Böhler et al.

observed a significant increase in specimen height

with a slight increase in its width as well as a slight

decrease in layer bond strength while keeping all other

parameters constant [14].

In terms of nozzle traverse speed (Fig. 2a), a

decrease in height with a slight decrease in width is

observed at increased traverse speeds [10]. This could

be a result of a lower amount of material volume per

running meter.

By increasing the nozzle-to-strand-distance

(Fig. 2b), an increase in width and a decrease in

height is achieved [10]. By increasing the nozzle-to-

strand-distance, the particles in the shotcrete jet spread

in a wider area and therefore increasing the sample

width. Due to a constant material flow rate, the

specimen height decreases.
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As another possible path planning strategy, Kloft

et al. suggested the concept of a rotating nozzle

movement (Fig. 2c) [13]. This approach can be used to

produce wider strands of material.

The effect of material parameters was investi-

gated primarily for the utilisation of a shotcrete

accelerator. The accelerator is added at the nozzle to

increase the structural build-up of the material for

higher vertical build rates [9–11, 14]. Furthermore, the

addition of accelerator has a significant effect on the

resulting geometry of the deposited layers. Increasing

the accelerator dosage results in higher and narrower

layers. However, high accelerator dosages show

negative effects on the interlocking and bonding

between the layers. This is particularly relevant during

breaks in the printing process, as the risk of cold joints

between layers is increased, which would significantly

reduce structural integrity. In addition to the acceler-

ation of the material setting and hardening, the initial

concrete composition is varied and therefore influ-

ences the material’s rheological properties, which in

turn affects the resulting layer geometry [16].

External tools such as guided trowels or slip-forms

are further used to affect the geometry of 3D-printed

parts. This technique is primarily used to smoothen the

surface of the print and is already applied during the

extrusion [17], as well as spraying techniques. To

control the strand width, trowels can be placed on both

sides of the strand. Depending on the desired layer

geometry, the distance between the trowels is varied

Fig. 2 Affecting SC3D-printed layer geometry through adjustments of a Traverse speed v; b Nozzle-to-strand-distance d, and
c Rotational movements (modified from [13])

Fig. 1 a Shotcrete 3D printed overhang (Credit: ITE TU BS), b Material- and process parameters within Shotcrete 3D Printing

(modified from [10])
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by an actuated linear axis [18]. In contrast to the

previously described approaches, external tools only

affect the strand geometry if enough material is

deposited, which results in a less reliable approach

for creating wider strands without modifications to the

process and its parameters (e.g. concrete volume flow

or traverse speed).

Each of the presented strategies must be evaluated

regarding both the geometrical effect as well the

influence on the resulting strand properties, such as the

mechanical performance in order to qualify the

process for industrial applications. A controlled vari-

ation in combination with sophisticated planning

strategies will lead to high component qualities

regarding geometry and material properties.

3 Experimental investigations: control of strand

geometry by nozzle geometry in SC3DP

3.1 Scope

As described in Chapter 2, several parameters can be

adjusted to influence the strand geometry in SC3DP.

As Galé et al. demonstrated the influence of the

shotcrete nozzle design on the resulting material

projection angle [19], the nozzle geometry itself has

the potential to be used as a control parameter for

SC3DP. Furthermore, an automated variation of the

nozzle geometry during the printing process could be

used to directly influence the strand geometry and

mechanical strand properties. Therefore, the present

study aims to answer the following research questions:

– How does a variation in nozzle outlet diameter (do)

and nozzle length (L) affect the geometry and

mechanical properties of deposited strands?

– How can the nozzle geometry be adapted during

the printing process in order to utilise the afore-

mentioned influences?

3.2 Design and manufacturing of nozzles

To systematically investigate the effect of nozzle

geometry in SC3DP, different variations of nozzle

designs were analysed. The nozzle outlet diameter do
is varied between 10 and 30 mm. Here, the smallest

outlet diameter is limited by the increasing risk of

clogging during the printing process. The nozzle inlet

diameter di is kept constant at 25 mm due to the

connection to the upstream nozzle holder. This results

in three different basic nozzle types:

– tapered to the nozzle outlet(do = 10, 15, 20 mm),

– straight (do = 25 mm) and

– widened to the nozzle outlet (do = 30 mm).

In addition, three different nozzle lengths L (100,

150, 200 mm) were investigated for an outlet diameter

of 20 mm. An overview of all nozzles is shown in

Table 1.

All nozzles were additively manufactured by Fused

Deposition Modelling (FDM). Polyethylene tereph-

thalate modified with glycol (PETG) was chosen due

to its high resistance towards water. To improve the

interchangeability of the nozzles within the experi-

mental investigations, a quick coupler was designed

and manufactured. The coupler is mounted to the

SC3DP end effector via clamping. The coupler is

connected to the interchangeable nozzles with a

threaded connection (M42). The experimental setup,

as well as a schematic of the changeable nozzle, are

presented in Fig. 3.

Table 1 Properties of the nozzle geometries

Nozzle abbreviation Length L (mm) Inlet diameter di (mm) Outlet diameter do (mm) Nozzle angle a (�) Type of shape

n_200_10 200 25 10 2.15 Tapered

n_200_15 200 25 15 1.43 Tapered

n_200_20 200 25 20 0.72 Tapered

n_100_20 100 25 20 1.43 Tapered

n_150_20 150 25 20 0.95 Tapered

n_200_25 200 25 25 0.00 Straight

n_200_30 200 25 30 - 0.72 Widened
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3.3 Specimen preparation

The tests were performed at the Digital Building

Fabrication Laboratory (DBFL). The DBFL is a

research facility funded by the German Research

Foundation (DFG) for investigations on Digital

Fabrication for construction processes. The facility

consists of two independently movable gantry portals.

One portal is mounted with an industrial robot (Stäubli

TX200, Pfäffikon, Switzerland), resulting in 9 degrees

of freedom (DOF) for processes such as SC3DP, while

the other has a milling device mounted for supporting

processes such as surface finishing with 5 DOF [6].

For the manufacturing of the specimens, a polymer-

modified mortar with a maximum grain size of 2 mm

(MC-Bauchemie GmbH Co., Bottrop, Germany) was

used. The composition of the mortar is shown in

Table 2.

The mortar was mixed in batches of 75 kg of dry

material and 11.4 l of water using a pug mill mixer

(Werner-Mader WM-Jetmix 125, Erbach, Germany).

The mixing time was kept constant at 4 min. To ensure

constant material quality, flow table tests (according to

DIN EN 12350-5:2019-09 [20]) were performed

during the experiments. A spread of

f = 41 cm ± 6 cm was observed. The material was

then pumped through a 25 m hose (diame-

ter = 35 mm) to the spray nozzle using a screw pump

(Werner-Mader WM Variojet FU, Erbach, Germany).

For each nozzle, 1.1 m long straight specimens

consisting of 14 layers were manufactured. The

process parameters chosen for the experimental

investigations are shown in Table 3.

All specimens were stored in the DBFL workspace

(at approximately 20 �C room temperature) for 1 day,

covered with plastic foil to reduce the water loss by

evaporation. Thereafter the specimens were placed for

27 days in a climate-controlled room at 20 �C and 65%

Fig. 3 a Experimental setup connected to a robot during the process; b schematic of nozzle with relevant parameters: nozzle length (L),
nozzle inlet diameter (di), nozzle outlet diameter (do) and angle of nozzle (a)

Table 2 Mix composition of polymer-modified shotcrete

mortar

Material Content Unit

Ordinary portland cement (OPC) 500 kg/m3

Pozzolan 160 kg/m3

Silica fume 25 kg/m3

Sand 1180 kg/m3

Pulverised additives and micro fibres 33 kg/m3
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rel. humidity. The nozzle-to-strand-distance, defined

as the distance from the outlet of the nozzle to the

substrate, was kept constant at 200 mm (see Fig. 4).

3.4 Methods

The effects of nozzle outlet diameter do and nozzle

length Lwere investigated regarding their influence on

the jet (Sect. 3.4.1), the strand geometry (Sect. 3.4.2)

and the mechanical hardened state properties (Sect.

3.4.3). The following chapter shows the different

inspection and evaluation methods used to analyse and

process the results of the investigations.

3.4.1 Visual inspection of shotcrete jet

A digital single lens reflex (DSLR)—camera is used

for the visual inspection of the shotcrete jet. The jet

angle and velocity are qualitatively evaluated by

examining the recordings. The entire specimen man-

ufacturing was evaluated. Individual representative

frames were selected to show the different character-

istics of each spray pattern.

3.4.2 Investigations on strand geometry

In order to examine the strand geometry, the 360�
endless rotational 2D laser-scanner presented by

Lachmayer [9] is used (Keyence LJ-X 8400, accuracy

in height: 5 lm, accuracy in width: 10 lm). After

printing, the laser scanner is mounted to the robot to

scan the surface of all specimens. The raw data

obtained by the 2D-laser scanner is split into point

clouds containing only the data of one specimen. Each

point cloud is individually levelled using the mean

value of the lowest 10% of measured z-Values to

identify the building surface as zero level.

The methodology of the analysis is presented in

Fig. 5. For the investigation of the geometry, only the

middle section of each strand ± 200 mm is examined

(Fig. 5a—left), as SC3DP printed specimen signifi-

cantly flattens on the edges (see Fig. 5a—right) [9].

To calculate the width and height of each specimen,

eight representative cross-sections, each 50 mm apart,

are used. To reduce the influence of outliers by

increasing the amount of points for the evaluation, two

line measurements are joint for the evaluation

(Fig. 5b). Due to a perpendicular orientation of the

scanner to the printing direction and the build surface,

the vast amount of measured points are either located

close to the build surface (z = 0 ± 10 mm) or on top

of the specimen (z[ 80% of z-maximum value),

while the sides contain a low amount of points. For the

investigation of width and height, only the data points

of the top surface are relevant (see Fig. 5c).

The width of each area is determined by calculating

the distance between the far most left and right point of

the top surface. These points are determined by

calculating ymin for the left side and ymax for the right

side (see Fig. 5d). By using the top surface to

calculate the strand width, narrower areas towards

the bottom of the specimen cannot be measured.

However, this limitation is not considered critical for

the presented specimen geometry. To determine the

specimen height of an area, the 95% quantile of all z-

values inside the top surface is calculated. By doing so,

the influence of potential outliers is reduced. In order

to calculate the width and height of the entire

Table 3 Process parameters for specimen production

Parameter Value Unit

Concrete volume flow 0.4 m3/h

Air volume flow 40 m3/h

Traverse speed 4500 mm/min

Nozzle-to-strand distance 200 mm

Number of layers 14 (–)

Fig. 4 Visualisation of the used nozzle-to-strand-distance for

the variation of nozzle length L
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specimen, the mean value of all examined cross-

sections is calculated.

3.4.3 Investigations on mechanical properties

For mechanical testing, samples are sawn from the

core of themanufactured strands, see Fig. 6a. Sawing is

performed in the hardened state within 7 days before

testing. All mechanical tests are carried out 28 days

after manufacturing. Three prisms (160 x 40 x 40mm3)

are sawn for the 3-point bending test according to DIN

EN 196-1 [21]. For specimens that did not reach a

height of 160 mm, prisms with a minimum length of

145 mm were also permitted for the 3-point bending

test due to a support span of 100mm.All specimens are

tested parallel to the layer orientation with a centrally

located interface (Fig. 6b). This allows to evaluate the

bond strength between the applied layers. In accor-

dance with DIN EN 196-1 [21], compressive strength

tests are performed on the end pieces of the sampled

prisms (resulting in six specimens), also perpendicular

to the layer orientation (Fig. 6c).

3.5 Results and discussion

This chapter presents and discusses the results of the

experiments. Similar to Sect. 3.4, the results are

divided into three sections. First, the effect of varying

nozzle geometry on the shotcrete jet is discussed (Sect.

3.5.1), followed by the changes in resulting strand

geometry (Sect. 3.5.2). The discussion is concluded

with an analysis of the mechanical properties, i.e.

flexural strength and compressive strength

(Section 3.5.3).

Fig. 5 Methodology for the evaluation of the strand geometry

showing a Test specimen for evaluation in top view; b 8

representative line measurements between the

centre ± 200 mm; c Side view of a cross-section with

highlighted top surface; d Reduction of data from cross-section

to calculate height and width
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3.5.1 Visual inspection of shotcrete jet and resulting

strand surface

The results of the visual inspection are summarised in

Fig. 7. The spray angle is similar for all nozzle outlet

diameters. Regarding the jet velocity, a strong increase

is observed as the outlet diameter decreases. Addi-

tionally, a more uniform and finer distribution of

agglomerates is noticeable.

These results correspond to the basics of fluid

mechanics and the continuity equation. While a

constant air flow rate was used for the experiments

and the nozzle angle a was smaller than 3�, the same

mass flow of air-agglomerate mixture inside the

nozzle can be assumed [18]. While the nozzle inlet

diameter is equal to the outlet diameter, the mass-flow

rate remains constant. By decreasing the outlet

diameter, the area of the nozzle outlet decreases,

resulting in an increased velocity of the mass flow.

Therefore, an increased jet velocity from a straight

nozzle (do = 25 mm) to a tapered nozzle with a nozzle

outlet diameter of do = 10 mm is observed. Further-

more, finer agglomerates within the shotcrete jet at a

smaller outlet diameter might be related to the higher

jet velocity. As the concrete enters the nozzle, it blocks

the airflow. For smaller nozzle outlets, the pressure

inside the nozzle increases faster, causing larger

concrete agglomerates to accelerate and fragment into

smaller particles, as the acceleration force is greater

than the cohesion in larger particle agglomerations.

The extent of splitting might correlate with the jet

energy. Thus, smaller outlet diameters lead to smaller

agglomerates in the jet.

For a variation in nozzle length, no visually

noticeable change, neither in spray pattern nor in the

velocity of the jet, is observed, although a longer

nozzle could reduce the particle energy due to friction

on the nozzle walls.

3.5.2 Investigations on strand geometry

The results of the investigations on the influences of

the variation of nozzle outlet diameter and nozzle

length on strand width and strand height are presented

in the following section. A summary is shown in

Table 4.

Fig. 6 Mechanical testing of the manufactured specimens:

a Location of sampling in the specimen cross-section, b test

setup for 3-point bending tests, c Test setup for compressive

strength tests on the end pieces of the sampled prisms (y–z-cross
section: 40 9 40 mm2)
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In general, a smaller nozzle outlet diameter leads to

wider and lower strands, while for bigger diameters,

the height increases and the width decreases, see

Fig. 8. For further analysis, the results are plotted and

approximated with an analytical model. A quadratic

approximation shows high coefficients of determina-

tion for both the strand width (R2 = 0.98) and the

strand height (R2 = 0.99). Therefore, a strong influ-

ence of the nozzle outlet diameter on the strand

geometry can be assumed. This might result from a

higher impact velocity of the jet with decreasing outlet

diameter. With a higher velocity, the sprayed concrete

is pushed to the side, resulting in wider strands with

smaller layer heights (Fig. 8a). In addition, the

Fig. 7 Visual inspection of shotcrete jets formed by a different nozzle outlet diameters and b different nozzle lengths
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increasing shear rate in the jet due to the higher jet

velocities at small outlet diameters could lead to a

reduction in the yield stress of the material, resulting in

the aforementioned effect.

To determine the amount of deposited material, the

cross-section area of each strand is evaluated (see

Fig. 8b). The area is calculated by approximating the

strand shape as a rectangle with straight edges, as

presented in Fig. 5c. While the nozzle outlet diameter

increases, the cross-section area increases proportion-

ally. A linear correlation of around 220 mm2 (cross-

section area) per mm (nozzle outlet diameter) is

observed. For the widening nozzle (d_200_30), only a

minor increase of 44 mm2 /mm in comparison to the

straight nozzle (d_200_25) is noted. Similar to the

observed results for the strand width and height, this

might result from a higher impact velocity of

agglomerate-air mixture with a decreasing outlet

diameter. A higher velocity increases the rebound of

the sprayed material, which leads to a decrease in the

strand cross-section.

Table 4 Results of the nozzle geometry on the strand width and height (14 layers)

Nozzle abbreviation Strand height of 14 layers (mm) Max strand width (mm) Strand area (mm2)

Nozzle outlet diameter n_200_10 145.3 160.5 23,314.2

n_200_15 189.9 128.0 24,307.9

n_200_20 231.5 110.0 25,461.8

n_200_25 246.0 108.5 26,685.3

n_200_30 264.6 101.2 26,791.1

R2 0.99 (quadratic) 0.98 (quadratic) 0.98 (linear)

Nozzle length n_100_20 221.4 105.9 23,449.4

n_150_20 236.6 106.7 25,234.5

n_200_20 231.5 110.0 25,461.8

R2 0.42 (linear) 0.88 (linear) 0.83 (linear)

Fig. 8 Results on strand width and height for different a Nozzle outlet diameters and b calculated cross-section areas
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The high influence of the jet velocity is further

visible in the shape of the strand top surface. As seen in

Fig. 9, the shape of the surface changes from concave

at a small outlet diameter to convex at a big diameter.

Because of the smaller outlet diameter and, therefore,

higher impact energy of the aggregate, the material in

already applied layers is deformed, resulting in lower

layer heights and wider strands.

For a variation of nozzle lengths, only a minor

influence of the parameter on strand width and height

is observed. As the length increases from 100 to

200 mm, the strand width slightly increases from

105.9 to 110.0 mm with a linear correlation factor of

0.88. For the height, changing from 221.4 mm at

L = 100 mm to 231.5 mm at L = 200 mm, R2 is

equal to 0.42 (Fig. 10a and Table 4). The cross-section

increases from 23449.4 mm2 for L = 100 mm to

25461.8 mm2 for L = 200 mm with R2 = 0.83

(Fig. 10 b). These observations might be a result of

reduced jet energy due to increased friction in longer

nozzles.

3.5.3 Investigations on mechanical properties

Figure 11 shows the results of the mechanical tests for

the investigated nozzle outlet diameters. The highest

Fig. 9 Detailed view of surface shape for different nozzle outlet diameters

Fig. 10 Results on a strand width and height for different Nozzle lengths and b calculated cross-section areas
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flexural strengths of 5.80 and 5.89 N/mm2 were

obtained for the tapered nozzles at small nozzle

diameters (10 and 15 mm). An increase in do to

20 mm resulted in a 23% reduction in flexural strength

to 4.53 N/mm2 compared to do = 15 mm. A further

increase in outlet diameter to a straight nozzle

(do = 25 mm) resulted in a further reduction in

flexural strength to 4.08 N/mm2, representing the

lowest average flexural strength. The observed

decrease in layer bonding with increasing outlet

diameter could be related to the decrease in sprayed

concrete jet velocity. It can be assumed that the

material applied with a small outlet diameter experi-

enced greater compaction. Contrary to the observed

trend, the widening nozzle (do = 30 mm) shows an

increase in flexural strength. This may be a result of

the application of the material in larger agglomerates

combined with a lower jet velocity resulting in higher

interface tortuosity between the applied layers, which

was investigated as being beneficial for the resulting

layer bond strength [11]. Although the use of a

widening nozzle (do = 30 mm) results in advanta-

geous mechanical properties, it should not be favoured

for unrestricted use in SC3DP due to the low shotcrete

velocity limiting the number of spray angles.

Figure 11b shows the results of the compressive

strength tests for different outlet diameters. The

highest compressive strength is 64.0 N/mm2 for

do = 15 mm, and the lowest result is 57.3 N/mm2 for

do = 30 mm. This can be attributed to the lower

material compaction with decreasing jet velocity.

However, considering the standard deviations, no

significant trend can be identified.

Figure 12a shows the effect of nozzle length on the

resulting flexural strength. All tests were carried out

with an outlet diameter of 20 mm and, therefore, with

a tapered nozzle. By shortening the nozzle from 200 to

100 mm, a 21% increase in flexural strength from 4.53

to 5.50 N/mm2 is achieved. This could be explained by

lower frictional losses within the nozzle and by the

shorter distance of the pressurised air inlet to the

substrate resulting in higher material compaction (see

Fig. 4). However, for shorter nozzle lengths, a higher

variation within flexural strength results is observed.

The measured compressive strength ranges from 57.4

N/mm2 (L = 150 mm) to 62.55 N/mm2 (L = 100 mm

and L = 200 mm), see Fig. 12b. No clear effect of

nozzle length on the resulting compressive strength

can be observed.

4 Design and experimental validation

of an automated flexible SC3DP nozzle

Based on the previously presented results, the nozzle

outlet diameter shows potential for in-situ control of

Fig. 11 Results of a 3-point bending tests and b Compressive strength tests for different nozzle outlet diameters do
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the strand geometry during SC3DP. Therefore, an

adaptive SC3DP nozzle is developed to change the

nozzle outlet diameter during the printing process.

First, a literature and patent review is conducted to

identify various solutions from other processes, such

as concrete or plastic material extrusion (MEX), spray

processes, such as spray painting, or other mechanisms

used to change circular hole diameters. The identified

mechanisms are evaluated against previously defined

requirements before the most promising ones are built

and tested for the SC3DP process.

4.1 Concepts from patents and literature review

In extrusion processes, an adaptive nozzle system with

a square geometry has already been examined. The

nozzle diameter can be varied continuously until

25 mm [22]. A similar design is presented by Lao [23].

Other designs, such as variable scroll nozzles or iris-

diaphragm-shaped nozzles, which are actuated in a

rotary motion, are discussed in [24]. As another

possibility, a vertical motion of different nozzle inserts

can be used, which allows for a discrete adaption of the

outlet diameter by raising or lowering a certain nozzle

with the desired diameter [25]. A further solution is

proposed as a segmented nozzle actuated by a lever

[26]. Another concept for a star-shaped nozzle design

with flexible material as a basis is presented by

Mossberg [27]. In addition to the designs and

mechanisms previously mentioned, multi-nozzle

devices are used, especially in MEX for plastics

[28, 29] (Fig. 13).

To develop an adaptive nozzle system for SC3DP,

these concepts are analysed and evaluated regarding

the usability and applicability for the process. Special

attention is given to the fact that for SC3DP, the

material is accelerated by pressurised air in contrast to

MEX. To ensure a good and non-obstructed air flow,

sharp edges were removed during the design process.

Further, widenings and dead spaces were minimised to

reduce pressure loss. In order to realise the potential of

this mechanism for complex printing shapes, a nozzle

device with the capability of changing the outlet

diameter continuously is preferred to a device with

many nozzles of a constant outlet diameter or one

nozzle with a mechanism for changing its outlet

diameter in discrete steps. The result is an adoption of

the scroll nozzle concept presented by [24] (see

Fig. 14).

By rotating the disc located at the nozzle outlet, the

cables tighten around the sheet metal, which narrows

the outlet diameter. By rotating the disc counterclock-

wise, the cables are released, and the nozzle opens up

due to the elasticity of the 0.2 mm thick sheet metal

(1.4310) and the air pressure. This leads to a design for

a flexible nozzle system with a length of 200 mm and a

continuously changeable nozzle outlet diameter of

25–10 mm. At a rotation angle of 0�, the nozzle is

Fig. 12 Results of a 3-point bending tests and b Compressive strength tests for different nozzle lengths L
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Fig. 13 Various variable nozzle concepts from patents and publications [22–29]

Fig. 14 Flexible nozzle for SC3DP; a Side view and section view of nozzle prototype; b nozzle prototype with do = 25 mm; c Nozzle
prototype with do = 10 mm
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fully opened. With an increasing rotation angle, the

nozzle outlet diameter decreases, as seen in Table 5.

4.2 Experimental validation

For the validation of the nozzle prototype, a 1 m long

strand is printed with increasing the nozzle outlet

diameter in three steps: 10, 15, and 20 mm. The nozzle

outlet diameter is changed manually by rotating the

disc connected to sheet metal, forming the nozzle

outlet to 240� for a 20 mm outlet diameter, 600� for
15 mm and 1200� for a 10 mm outlet diameter. As

seen in Fig. 15a, a variation of the outlet diameter

changes the spray characteristic, similar to the results

discussed in Sect. 3.4. By decreasing the nozzle

diameter, an increase in the jet velocity (Sect. 3.4.1)

and wider strands is achieved (Sect. 3.4.2). By

increasing the nozzle outlet diameter from 10 to

20 mm, the strand width decreases by approximately

20% from 118.1 to 93.8 mm. Comparing this to the

results presented in Sect. 3.5.2 with static nozzles, a

decrease from 160.5 to 110.0 mm (* 31.3%) is

observed by a reduction of the outlet diameters from

10 to 20 mm (see Table 4).

As seen in Fig. 15a, the difference of 160 mm with

a static nozzle and 118 mm with the variable nozzle

might result from air leakage, reducing the jet

velocity. By tightening the cables and thereby

decreasing the nozzle outlet, the sheet metal deforms,

and gaps with growing dimensions start to occur.

Another reason for the different results might be the

manual motion to decrease the nozzle outlet diameter.

Despite these potential shortcomings of this first

prototype, this experimental validation proves the

potential of a flexible nozzle system for changing the

strand geometry during printing. Especially for build-

ing components with varying thickness, a single

nozzle system with a variable nozzle outlet diameter

expands the potential of using shotcrete-based AM.

5 Conclusions and outlook

In the present study, the effects of nozzle outlet

diameter and nozzle length on the resulting strand

Table 5 Correlation of rotation angle and nozzle outlet diameter

Angle (�) 0 120 240 360 480 600 720 840 960 1080 1200

Outlet diameter (mm) 25 23 20.7 18.5 16.8 15.2 13.9 12.9 11.9 10.9 10

Fig. 15 Validation of flexible nozzle; a Strands printed with do = 10 mm and do = 20 mm; b manual measurement of cross-section
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properties in SC3DP were investigated. In addition to

the strand geometry (height, width), the influence on

the hardened concrete properties, i.e. flexural strength,

and compressive strength, were examined. The fol-

lowing results were obtained:

– The variation of the nozzle outlet diameter has a

large influence on the velocity of the spray jet.

Here, an increasing jet velocity can be observed

with decreasing outlet diameter.

– The geometry of the produced strands is signifi-

cantly affected by the nozzle outlet diameter.

Decreasing the outlet diameters results in wider

and flatter strands.

– For tapered and straight nozzle geometries, the

layer bond strength is negatively affected by

increased outlet diameters. However, the widened

nozzle geometry counteracted this trend, resulting

in an increased layer bond strength.

– Variations of the nozzle length in the investigated

range (100–200 mm) show no significant effect on

the resulting strand properties.

– A prototype for an automated, flexible nozzle was

designed to change the nozzle outlet diameter

during printing. The experimental validation

demonstrated its functionality. Experiments with

a gradually reduced outlet diameter were per-

formed, showing similar behaviour regarding the

influences on the layer geometry as the tested static

nozzle outlet diameters.

The presented study shows that the specific control

of the nozzle geometry is a well-suited process

parameter for controlling component geometry and

layer bonding in the SC3DP process. In order to better

understand the observed effects of nozzle geometry on

the resulting flexural strength, further research should

include detailed investigations of the resulting mate-

rial properties, i.e. material density, porosity and layer

homogeneity in terms of aggregate distribution. Fur-

thermore, knowledge of the effects of a varying nozzle

outlet diameter in combination with other process

parameters (air volume flow, concrete volume flow,

etc.), material parameters (accelerator dosage) or path-

planning approaches (nozzle-to-strand distance, tra-

verse speed) is required to explore the full potential

and limits of this new control parameter to increase the

controllability of SC3DP.
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