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Abstract. Additive manufacturing (AM) processes offer new possibilities in the 

design of concrete components. The process chain for AM processes generally 

consists of component design, print path generation, and manufacturing. Within 

the step of print path generation, the component is commonly divided into layers 

and filled with waypoints based on the assumption of a constant cross-section of 

the applied material strands. In contrast to metal or plastic, however, the material 

properties of fresh concrete are more sensitive to environmental influences such 

as temperature and humidity. This leads to cross-section variations during the 

process. Therefore, exclusively relying on an apriori print path planning for large-

scale components leads to significant deviations between as-planed and as-

printed geometries. The presented research aims to increase the manufacturing 

accuracy of concrete components by compensating layer inconsistencies through 

a controlled material application. For this purpose, varying the printing speed and 

nozzle distance allows for correction of the deviations of subjacent layers. Devi-

ation detection is performed by a 2D laser sensor mounted on the printing nozzle 

to generate information about the underlying cross-section. Comparing the meas-

ured values to precalculated setpoints generates the error values. The control al-

gorithm maps the error data into an adaption of the printing speed and nozzle 

distance to fulfill the pre-planned geometry. Applying the controller to a me-

dium-sized component and comparing the result to the uncontrolled process 

shows a considerable accuracy improvement. 
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1 Introduction 

In relation to commercial 3D printing applications, additive manufacturing processes 

open new design possibilities for the construction industry. Thereby, complex designs, 

such as topologically optimized components, function integration, and sustainable 

wastage reduction, are within the scope of affiliated research for structural concrete 

components [1]. The ITE TU Braunschweig proposes a highly flexible Shotcrete 3D 

Printing (SC3DP) process to achieve the preset goals without the use of formwork. In 
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contrast to extrusion processes, fresh concrete is mixed with pressurized air at the print-

ing nozzle and applied by jetting as shown in Fig. 1 a) [2]. However, concrete printing 

processes offer new challenges for ensuring sufficient component quality. On the one 

hand, the flowability of fresh concrete will cause material deformation throughout the 

printing [3]. On the other hand, the material properties are significantly affected by the 

environmental conditions. Therefore, heating of the production system leads to varying 

concrete strand geometries during the production process [4]. In addition, the intro-

duced SC3DP is initially unstable. Due to the spray cone, production errors regarding 

the targeted layer height ℎ̂𝐿 lead to a constantly in- or decreasing actual nozzle distance 

𝑑𝑁. As shown in Fig. 1 b), a negative error 𝑒1 during production induce an enhanced 

spray distance, which consequently produces a wider but lower strand. Since the posi-

tion of the nozzle is not adapted in the second layer 𝑛2, the error 𝑒2 increases in the 

following layer. 

 

 
 

Fig. 1. a) Shotcrete 3D printing process at DBFL ITE TU Braunschweig b) Unstable printing 

behavior due to production error in the first layer 

Within this paper, we present a control algorithm to stabilize the process and enable 

the production of more accurate components. The algorithm utilizes a 2D laser scanner 

mounted on the printing nozzle to recognize the width 𝑤𝐿  of the previously printed 

layers to adjust the nozzle distance 𝑑𝑁. Thereby, we achieve the as-planned layer width 

𝑤̂𝐿. Furthermore, the algorithm measures the distance between the printing nozzle and 

the previously printed layer to adjust the printing feed rate 𝑣𝑁. This compensates for 

deviations in the produced layer height ℎ𝐿. 

2 Related Work 

Initial approaches to stabilize the 3D concrete printing process are given by Grim-

scheid et al. [5]. The authors use cross-section evaluation to set specific process param-

eters to achieve the desired layer geometry for shotcrete tunnel reinforcement. How-

ever, no feedback is implemented and, thus, deviations about 2 cm per layer must be 
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expected. A more complex control strategy including a feedback loop was proposed by 

Wolfs et al. [6]. The authors use a 1D Time-of-Flight distance measurement system to 

evaluate the clearance between the printing nozzle and the previously fabricated layer. 

An error is calculated by comparing the measured distance with the targeted values. 

This value is used to correct the z-coordinate of the printing system, leading to less 

deformed layers and higher end component quality. However, it must be said that the 

final component height will not match the designed geometries due to correction of the 

nozzle position. A similar control approach is presented by Ibrahim et al. [7]. The au-

thors also detect the distance between the printing nozzle and the applied layer. How-

ever, they used the printing speed to correct the amount of applied material and thereby 

adjust the layer height. In relation to the previous algorithm [6] this will ensure the final 

component height. While the current state of research clearly outlines the necessity of 

controlled concrete printing, the previous one does not consider the strand width. In 

addition to the lack of width control, there is only little research on controller parame-

terization, controller design, and comparison to uncontrolled printing. 

3 Experimental Setup 

For experimental investigations, we utilize the shotcrete 3D printing process at the 

digital building fabrication laboratory (DBFL) at the ITE, which is part of the TU 

Braunschweig. The printing system consists of a 6-DoF TX 200 Stäubli attached to a 

3-DoF portal structure. For material supply, batches of 75 kg of reinforced plain cement 

concrete, produced by MC Bauchemie Müller, are mixed with a WM-Jetmix 125 Mixer 

by Werner Mader GmbH. A WM-Variojet FU Pump pumps the material through 

25 m hoses to the printing nozzle, where pressurized air generates a material spraying 

process. For real-time recognition of the geometrical properties of the printed strands, 

the robot is equipped with a 2D laser scanner, as shown in Fig. 2. 

 

 
 

Fig. 2. SC3DP at DBFL TU Braunschweig with added scanning system for real-time cross-sec-

tion control by comparing 𝑤𝑆 and 𝑑𝑆 with the target values 𝑤̂𝐿 and 𝑑̂𝑁. 
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The scanner runs ahead of the printing process, recognizing the layer width 𝑤𝑆 and 

the distance 𝑑𝑆 between the scanner and the applied material. 

4 Algorithm 

For the design of our control algorithm, we assume that our production system's po-

sitioning accuracy is higher than the required component precision. This is the case for 

most stationary production systems and allows utilization of the printing nozzle as a 

reference point. Given the reference and a predefined printing path planned with de-

fined nozzle distances 𝑑̂𝑁, these distances must be controlled and adhered to ensure 

final component height in the subsequent printing process. The controller itself is based 

on the following principle: a reduction of the measured nozzle distance 𝑑𝑆 will indicate 

too much material, while an increase indicates too little material, in the previous layer. 

To compensate for such distance deviations, our algorithm varies the nozzle feed 

rate 𝑣𝑁 to apply either more or less material. Besides maintaining the desired nozzle 

distance 𝑑̂𝑁, the layer width 𝑤𝐿  is controlled. While the feed rate significantly influ-

ences the layer height, the width is strongly affected by the spray distance. Therefore, 

the algorithm utilizes spray distance variation to achieve the planned layer width 𝑤̂𝐿. 

 

 
 

Fig. 3. Required variables at each path point for full control of the layer width and height during 

shotcrete 3D printing experiments. 

For a continuous deviation correction, the control algorithm constantly requires tar-

get values for 𝑤̂𝐿 and 𝑑̂𝑁. Therefore, we provided 𝑤̂𝐿,𝑖,𝑛 and 𝑑̂𝑁,𝑖,𝑛+1 for each path point 

𝒑𝑖−1 as shown in Fig. 3. Since the provided target width and distance belong to the next 

point 𝒑𝑖, we can linearly interpolate the distance values for the upcoming movement 

by equation (1) and use the actual robot position 𝒑 for evaluation. 

 

 (𝑑̂𝑁,𝑖+1,𝑛+1 − 𝑑̂𝑁,𝑖,𝑛+1)

‖𝒑𝑖 − 𝒑𝑖−1‖2
∗ ‖𝒑 − 𝒑𝑖−1‖2 + 𝑑̂𝑁,0 = 𝑑̂𝑁 (1) 
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    A similar linear interpolation is used to calculate 𝑤̂𝐿. Due to the laser scanner posi-

tioning, we track the layer width of the previous layer 𝑛𝑛 and thus, 𝑤̂𝐿,𝑖,𝑛 and 𝑤̂𝐿,𝑖+1,𝑛 

are used. The inclination and the y-intercept of the interpolation are recalculated when-

ever the robot reaches a new path point. Since the scanner is running ahead of the print-

ing nozzle, the actual measured values for 𝑤𝑆 and 𝑑𝑆 do not correlate with the target 

values 𝑤̂𝐿 and 𝑑̂𝑁. To overcome this, the algorithm initially stores the measured values. 

Whenever the production system has moved for the distance between the nozzle and 

the scanner, the actual target values are compared with the previously recorded data 

from the list. The error values are calculated by equation (2) and (3). 

 

 𝑑̂𝑁 − 𝑑𝑆 = ∆𝑑 (2) 

 𝑤̂𝑁 − 𝑤𝑆 = ∆𝑤 (3) 

 

For compensation of width deviations, the algorithm sums up all 𝛥𝑤 errors within 

one layer and divides them by the number of measurements. When transferring from 

the actual printed layer 𝑛𝑛 to 𝑛𝑛+1, the average width error is multiplied with 𝐾𝑝,𝑤, 

empirically tuned to 0.5. The resulting value is added as an offset to the z-coordinates 

of the printing path. This offset affects the spray distance and thereby the scanner posi-

tion and, therefore must be added to the target values of the nozzle distance. To feed 

back the nozzle distance error, another P-controller is implemented. The gain factor 

𝐾𝑝,𝑑 is set to 100. Additional robustness is added by averaging 10 measured values and 

ignoring deviations below 10 mm and above 60 mm. 

5 Evaluation and Outlook 

    We evaluated the proposed algorithm by printing a 450·120·1600 mm wall segment 

with and without process control. As shown in Fig. 4 a), the proposed algorithm incre-

mentally adjusts the nozzle distance to achieve the target layer width of 120 mm.  

 

 
 

Fig. 4. a) Evaluation of the layer width development over the production process b) Comparison 

of uncontrolled and controlled component regarding the overall component height. 
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    Due to mechanical issues, the process was restarted at the 15th layer, resulting in a 

step within the recorded width data and a reset of the converging control algorithm. Fig. 

4 b) compares the overall height of the uncontrolled and controlled component based 

on sliced 3D point clouds recorded during the process. Considering the height tolerance 

of +/- 10 mm, the final controlled component height deviation is 22 mm and thus im-

proved by 26 mm according to the uncontrolled process. 

The proposed algorithm can increase the overall height accuracy and shows conver-

gence in terms of the layer width adjustment. While it stabilizes the printing process, it 

cannot prevent elastic buckling or plastic collapse and thereby component loss due to 

material failure. Therefore, we will investigate the possibility of integrating previously 

developed FEM methods [8] into the path planning algorithms to ensure component 

stability. 
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