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Abstract. The in situ production of concrete building components with Additive
Manufacturing (AM) provides new possibilities in design and function. Current
deployable solutions are often stationary gantry systems, which need to increase
in size with the constructed object. This research aims to address this issue by
using mobile robotic systems for in situ AM instead, which can manufacture
structures that exceed their static work range. However, where stationary AM
systems inherently exhibit a high level of accuracy, mobile AM systems must be
context-aware through onboard sensing and therefore pose a significant research
challenge in their deployment and operation. A case study is performed with a
mobileAMsystemusing a print-drive-print approach for the sequential fabrication
of a 1:1 scale clay formwork of a bespoke, reinforced, and lightweight-concrete
column, on which this paper presents first results. A two-tiered system is applied
and validated, with initial global localization through 2D SLAM, and a second
refinement relative to thework piece through a 2D scanner fitted at the end-effector.
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1 Introduction

This paper presents the initial findings of an experimental study designed to explore the
capabilities of a mobile robot for extrusion 3D printing of a clay formwork for bespoke
building components, by using a sequential print-drive-print approach. We present a
newly developed collaborative mobile robot that serves as a research platform to study
various architectural applications and bring AM to the construction site (Fig. 1). The
accuracy and repeatability of a two-tier navigation and localization system is demon-
strated and validated by the AM of a column formwork from multiple locations, where
the mobile robot is navigated around a pre-fabricated reinforcement. The mobile robot
prints and drives in an alternating fashion; After a segment is manufactured, the robot is
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navigated to a new location to manufacture the successive segment, the diagram of this
alternating building sequence is shown in Fig. 2.

With this experiment, we aim to validate that the mobile robot can additively
manufacture a component formwork with sufficient accuracy despite the production
from several subsequent robot locations over numerous navigation- and localization
maneuvers.

Fig. 1. A 9-axis mobile construction platform
equipped with a clay extrusion end-effector and
two-tier localization system comprising A) a Laser
Range Finder on the base for rough localization via
2D SLAM in global world frame, and B), a 2D
Profile Laser Scanner on the end-effector for refined
localization through recordings of the work piece.

Fig. 2. Building sequence for the
column formwork printing

2 State of the Art

The use of mobile systems for AM is currently being explored in several contexts, with
various scales in application. This ranges from small robots that scale the structure
under construction [1] to larger, mobile cranes [2]. Some concepts have highlighted the
unbounded workspace of such systems through their mobility, where the feasibility of
the system is reliant on sensing systems that can maintain a high level of accuracy [3, 4].
The potential of these systems is further explored for cooperative operation with the aim
to increase the scale of printed objects, while increasing the effectiveness and reducing
the construction time through parallelization.

The combination of AM techniques with other fabrication strategies allows for
expanding its application space. For example, due to the form-freedom of concrete in
its liquid form, a combination of additive manufacturing and casting is a viable solution
to obtain novel geometries and add structural requirements. Where concrete extrusion
and casting was explored in the creation of several artistic columns [5], combinations of
different materials for casting and extrusion have shown promising results [6–8]. Main
challenges of this include the stability of the structure during printing, which is amplified
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by the complexity of the shape, and the hydrostatic pressure applied to the structure by
the casting material. The design of the material is therefore highly important, which
has been highlighted in the various developments of set on demand concrete mixtures
[9, 10].

3 Method

3.1 Design Principles and Mobile Manufacturing Process

A column is designed such that its formwork is manufactured of several discrete polygo-
nal segments using clay extrusion with a mobile robotic system. After a set of segments
is completed, initially six segments, then every 3 segments, a layer of lightweight con-
crete can be cast. The formwork geometry is constructed around a reinforcement cage,
which illustrates the potential for construction of custom complex reinforced concrete
building components using mobile AM methods, as depicted in Fig. 3.

Fig. 3. AM sequence, displaying the initial printing poses 1–6, and the last poses, 30–32.

The column has a wide base, narrowing to a reduction of the cross section to 60% of
its size at 1.5 m height, before flaring outward and reaching a total height of 2 m. Within
this experiment, a single robotic system is used to construct the building component,
while the segmented nature of the structure reinforces the concept to be expanded towards
using multiple robots cooperatively constructing a single object in the future.

3.2 Casting Process

The clay mold is built both horizontally and vertically from several hexagonally shaped
segments (see Sect. 3.1). When casting concrete into the 3D-printed mold of clay, it is
crucial to limit the pressure applied on the fresh mold. Due to its low density, lightweight
concrete is particularly suitable for this application. In this experiment, the column is
cast in sections upwards as the formwork is printed, to reduce the hydrostatic pressure
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on the formwork and fixate the geometry, while it would benefit the interlayer bond to
cast concrete into the formwork at once. Contradicting requirements exist on the mate-
rial regarding form-filling, compaction, hydrostatic pressure, and load-bearing behavior
during casting. For a fluid material, little compaction energy is required while good form
filling behavior is achieved. However, a high hydrostatic pressure acts on the mold as
the material cannot bear its own weight, which could lead to the collapse of the mold. In
contrast, stiff materials have a limited form filling capacity, but can support large casting
heights. The setting time determined with VICAT starts at approx. 4 h and ends at 5 h,
with the objective that the open time is longer than the time for printing the next set of
segments, so that the formation of cold joints can be reduced. The structural build-up
in the fresh concrete before setting fixates the formwork allowing fabrication of subse-
quent segments. Pre-investigations showed no collapse of the clay mold, but insufficient
form filling and a slight deformation due to compaction energy applied. For the column,
the mix design shown in Table 1 is applied. The thixotropy enhancing agent is used to
enhance both, form filling and green strength at rest.

Table 1. Mixture design and casting testing for lightweight concrete casting material

Material g/dm³

Cement (CEM I 52.5 R) 448.4

Lightweight aggregates: expanded glass granulate 0.1-2 mm 319.7

Limestone powder (Warsteiner Kalksteinmehl) 110.4

Silica fume (Silicol P) 62.1

Water including water absorp�on of lightweight aggregates 317.6

Superplas�cizer (BASF ACE 460) 2.8

Thixotropy enhancing agent (BASF) 0.1

3.3 Navigation, Localization, and Positioning

Themobile robot is equipped with 2-tier localization system (see Fig. 4, left), its first tier
being a 3DLiDAR,which allows for mapping of the environment and a rough estimation
of the global robot pose in the world frame (with ±5 cm and ±3° estimated accuracy),
in this case done by fusing the LiDAR in 2D with the wheel odometry. The base motion
planning is based on a planar, wheeled omnidirectional model. The accuracy with which
the base navigation system brings the robot to the desired position only needs to be
sufficient for the robot to carry out the laser scan at approximately the right location for
the refined localization, i.e., the second tier of the system. Refined robot localization
is achieved by fitting two point clouds captured with a 2D laser scanner (Keyence LJ-
V8200)mounted on the end-effector.Before changing location, the robot scans a segment
of the work piece. After navigating to a new position, the robot scans the same segment,
which is then aligned with the previous scan and thus used to estimate the robot’s new
pose relative to the work object. This refined localization must be in the sub-centimeter
range, to align the segments with extruded strands of approximately 7 mm in width.
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Fig. 4. Diagrams depicting the two-tier mobile AM localization system (left), and a visualization
of the robot’s mapping and navigation environment.

4 Case Study and Initial Results

First experiments were conducted to validate the functionality of the approach for
component-based localization. For this purpose, a column section was printed and mea-
sured with the presented robot. The end effector scanner was moved in a zigzag pattern
over the printed component. Afterwards, the movement of the robot was simulated by
moving the printed component. After scanning the same path again, the ICP algorithm
provides the position correction values shown in Table 2. For verification, the displace-
ment wasmeasured using a 3DoF Faro Laser Tracker Vantage and three targets. Since the
external measurement, and the approach used via the ICP provide the same offset values,
this method could further be used to localize the robot in the subsequent printing pro-
cess of large-scale components from several robot locations and validated accordingly
(Fig. 5).

Table 2. Measured transformation parameters from ICP and 3D reference laser measurement.

Trans./Rot XYZ X Y Z Distance X Y Z

Trans. ICP/[cm,°] 2.898 0.374 0.021 2.92 −0.084 −0.080 17.282

Trans. Faro Vantage [cm,°] 3.000 0.000 0.010 3.00 −0.070 −0.072 17.73

For the initial position, the relative localization was executed by manual point-
measuring and alignment with known points situated on the work object’s base, which
additionally allowed to construct a transformation between the robot map and the archi-
tectural design environment. After initial manual alignment, the final layer of each seg-
ment was scanned for further automatic alignment using the profile laser as described
above; this concept could be validated on 2 printed segments.
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Fig. 5. Clay extrusion of segment 1 (right) and 2 (left)

5 Conclusion and Further Research

The presented case study provides a novel method of constructing complex geometries
using a mobile AM system, which are to be extended to the use of multiple robotic
systems to provide scalability in terms of both size and efficiency. This can be explored
for both cooperative as collaborative cases, either with the system performing the same
process or providing extended capabilities with other materials or processes.

With regards to localization and a print-drive-print approach, further development
into real-time data recognition will be conducted. Capturing 2D-profile scans with the
attached scanner during the production process will not only provide as-built data of
the printed component but will also enable reacting to material deformation through
print path adjustment. In the future, this should also allow for printing-while-moving
maneuvers, i.e., repositioning of the robot’s base during the printing process.

The effect of lightweight aggregates on the interaction between clay and concrete
will be considered in more detail in subsequent studies to verify internal curing of the
concrete through release of previously absorbed water by the lightweight aggregates.
Additional investigations are planned on the interaction between clay and concrete with
regards to the surface quality. This involves studies of the distribution of water across the
cross-section of the casted concrete. Finally, further material development for mitigating
hydrostatic pressure while maintaining good surface quality are targeted.
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