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ABSTRACT: In existing 3D printing processes, the size of the printed object cannot be larger than that of the built
chamber or of the delivery system. This makes 3D printing a priori unsuitable for large-sized projects, such as in building 
and construction. In this paper, we present a framework based on mobile robotics to address that issue. More precisely, we 
propose to mount the delivery system on multiple robotic mobile platforms endowed with localization and precise 
placement capabilities. Doing so allows building objects of virtually any size, without compromising printing resolution or 
speed. We present the overall 3D printing pipeline, from robots placement optimization to localization and mapping, to 
path planning, to trajectory control and execution. We discuss the difficulties arising from both the materials delivery side 
and the robotic side. Finally, we give details about our hardware set-up and present some preliminary results. 
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INTRODUCTION 

Additive Manufacturing (AM) or 3D printing has been the focus of intense attention in recent 
years, with applications ranging from bio-engineering to automobile and aerospace manufacturing 
to food processing. In this paper, we explore the application of 3D printing in building and 
construction (B&C).  

In traditional 3D printing processes, the size of the printed object cannot be larger than that of the 
built chamber or of the delivery system. This makes 3D printing a priori unsuitable for 
manufacturing large-sized objects, yet it is a requirement of B&C 3D printing. To address the 
issue, a mobile robotic framework is presented. The system is proposed to have the print 
mechanism mounted on multiple mobile robotic platforms. With locomotion, localization and 
precise placement capabilities, allows the printing of objects without dimensional constraints.  

This paper is organized as follows. We first briefly review related works in 3D-printing-based 
B&C. Next, we present the overall pipeline of robotic 3D-printing for B&C. We then discuss the 
hardware and software architectures currently developed in our group to implement the pipeline. 
Finally, we conclude and sketch some directions for future work. 
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RELATED WORK 

On related works, we remark on their mechanical system without observations on their printing 
material. In literature, there are three main approach to 3D printing involving cement: Contour 
crafting (Khoshnevis 2004, Khoshnevis, Kwon et al. 2004, Zhang and Khoshnevis 2013), Concrete 
printing (Lim, Le et al. 2009) and D-shape (Le, Austin et al. 2012). Contour crafting and Concrete 
printing are primarily extrusion-based techniques, where a nozzle extrudes cement-based material 
at predefined location with a large gantry system. Separating the two techniques would their slight 
variation in nozzle designs. The other method, D-shape is a large scale 3D printing method in 
which sand and magnesium-based materials are bound together to create large stone-like objects.  
D-shape also employs a gantry system for delivery of the binder in a control environment.

Common in existing techniques is the use of the large scale gantry system for transport, placement 
and control of the material delivering print head. The apparent drawback of a gantry system is the 
necessary constraint on the dimension of the print, limiting it to be smaller than the printer, and 
also preventing its use in confined environments such as caverns. Secondly, on the gantry systems, 
with its belt/ chain driven print head positioning, it may be impossible to install additional 
independent print heads, placing a limit on the time require for a print job. Lastly, given the sheer 
size of the gantry system, and its need to be robustly secured, restricts its deplorability and makes 
installation time and labor intensive.  

In our proposed mobile robotic system, the above constraints are addressed as follows (1) As the 
print head module is controlled by a robotic arm sitting on a mobile platform, the overall system 
remains compact and is able to print without restriction on the size of the print job. (2) The robotic 
solution allows multiple printers to work synchronously in the same work environment. (3) Its 
mobile platform allows it to be deplored with no installation necessary.  

ROBOTIC PRINTING PIPELINE 

The pipeline 

Figure 1: Process Pipeline Figure 2: Printable area for the manipulator. Blue: 
printable areas, Red : non-printables because of collision

or kinematic unreachability. 
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Figure 1 shows three steps of the pipeline. The first step is to generate printing paths from the 3D 
model of the desired object. This process depends heavily on the material deposition strategy 
employed. For example, in conventional extrusion 3D printing process, the object is sliced into 
thin, closely packed paths. In concrete printing, the path is not deposited from one single nozzle, 
but probably from a set of multiple nozzles with variable geometry and large area. In this case, a 
wall can be printed using a single print path. 

The second step is to find some feasible sets of placements of robots. We define a placement as 
feasible if the robot in that placement can deposit material accurately into the desired printing 
paths. By formulating a geometrical optimization problem, we take advantage of the advanced 
numerical solvers to find the optimal value for positions and orientations of the robots.  

The third step is to plan motion and control for robots to deposit material accurately onto the path 
in while avoiding collision. We devise our own algorithm to accomplish this task – task-precise 
coordinated motion planning. The idea is to decouple the problem into two simpler ones: 1) 
planning for individual robot 2) coordination and control for the whole system. 

HARDWARE 

In this section, we present the hardware components of our robotic setup. These include a robotic 
arm, a mobile platform and a 3D stereo camera. 

Robotic arm and mobile platform 

Our robotic system comprises of a six-axis position controlled robotic arm. The robotic arm is 
capable of 7 kg payload - which allows mounting of our complex in-house nozzle design. The 
reach of this robotic arm is 900 mm from its base, with a very high repeatability of 0.02 mm. 

A mobile platform is used to house and transport the robotic arm in its workspace. This platform 
has an omni-directional Mecanum wheel mechanism, which allows it to move in any direction. 
Thus maximum flexibility is given to the robotic arm for material deposition material in the 
desired path. 

Perception 

The proposed robotic cement printer is equipped with a 3D stereo camera which employs a 
projected texture with active stereo vision method to create a point cloud model of the scene. From 
the point cloud model, depth information can be used for pose estimation and simultaneous 
localization and mapping (SLAM) problems. 

The stereo camera is equipped with random point pattern projector which imposes artificial texture 
onto the image scene, solving the problem of homogeneous scene. The artificial texture induces 
interest points which facilitate the extraction of depth information based on epipolar constraints. 
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Modular print head 

A modular extrusion print head is designed to be attached to the end effector of the robotic arm, 
with the idea of granting the proposed robotic printer the option of modular upgrades while  the 
cost saving of retaining the core robotic framework.  

SOFTWARE 
In this section, we describe in details the software/algorithms in our framework. 

Task-precise coordinated motion planning 

The non-robotic audiences might find it beneficial to understand the concepts of path and 
trajectory in robotic. Both refer to how the joint values of a robot changes, the latter with respect to 
time and the former without time. Particularly, one can simply think of a path as a continuous line 
in the joint space of a robot. A trajectory is time-parameterized path, which is simply an indication 
of how fast it is being executed. One can easily see that it is possible to re-time a trajectory by 
keeping the path the same but changing how fast the robot moves along that path. This is the main 
idea behind our method. 

In robotic 3D printing, multiple robots must coordinate to print/deposit material precisely at 
predefined velocity profile while avoiding collision. Using the terminology just introduced, we 
need to find the corresponding trajectories for all robot collision-free and precisely. We use a 
decoupled approach in which motion planning for robots is divided into two steps. Firstly, we plan 
trajectory for individual robot using a combination of randomized motion planning and closed-
loop differential kinematics techniques, which will not be discussed here due to space constraint. 
This step will give us a trajectory for each robot, which might not be collision-free if execute 
together. Secondly, we re-coordinate the motions i.e. keeping the path of each trajectory the same 
but altering its time-parameterization so that they are collision-free while still, perform the tasks 
precisely. 

Main idea behind the re-time procedure is to plan another trajectory in the coordination space. The 
coordination space can be thought of as a cube with perpendicular axes which are the time-
intervals of each trajectory. Any point inside this cube corresponds to one instance at which the 
robots are at a particular combination of configurations. These configurations can be found from 
the coordinates of the point with respect to each axis, which is simply the time along the respected 
trajectory. By planning a trajectory in this space, starting at the initial time and ending at some end 
time, we obtain a full time-parametrization of all robots. 

303



Chee Kai Chua, Wai Yee Yeong, Ming Jen Tan, Erjia Liu and Shu Beng Tor (Eds.)

Figure 3: Multiple robots collaborate to print a single 
structure. 

Placement optimization 

Placement Optimization is the module that is responsible for the first step in our pipeline: 
calculating the optimal number and position of robots. We re-formulate the task into a geometrical 
optimization problem. In particular, the robot’s reaching range is calculated and approximated as 
polygons (Figure 2). Next, we define  robots’ orientation and position as variables  
and formulate the cost function as follow 

  (6)

where   stands for the set of reachable space of the -th robot,  stands for the -th printing 
segment and function  is assigned some large  value if collision happens 
and zero if there is no collision. We can formulate the following optimization 

(7) 

This optimization problem can be solved by general nonlinear solvers at a reasonable speed. While 
time might not be a problem, since the calculation of placement can be pre-processed using 
powerful servers. In our experiment, 3-placement problems can be solved in less than 2 minutes. 
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Robot pose estimation 

Self-localization is a fundamental requirement for the autonomous robot printer, especially when 
multiple robots are synchronously printing in the same working environment. It is well understood 
that odometry alone is insufficient to solve the localization problem due to its unbounded 
uncertainty in pose estimation. 
Through the stereo camera and ArUco fiducial markers set in the environment, the robot’s pose 
estimates can be updated with observations of the world. In seeing the markers, relative pose 
between the camera and the seen object is obtained, and the robot can localize its position 
unambiguously.  

The ArUco markers contain a 6x6 grid of which the four corners of the black border provide the 
necessary number of points for pose estimation with a calibrated camera. The black border also 
eases the detection of markers by providing strong contrast. The inner 5x5 region of the ArUco 
marker is used for identification of different marker IDs and error detection. Accuracy in pose 
estimation may be improved by arranging multiple markers in a board, which allows more points 
for the computation of the cameras extrinsic.  

CONCLUSION 

We have presented a framework for robotic 3D printing for construction. Our idea is to mount the 
delivery system on multiple coordinated mobile robots, which allows planning structures 
significantly larger than the delivery system itself, without compromising resolution and speed. 
Our future work consists in integrating the hardware and software architectures with the material 
delivery systems (nozzle, pump, printable cement, etc.) and demonstrating the capability of the 
overall framework on a typical construction task. 

REFERENCES 

Khoshnevis, B. (2004). "Automated construction by contour crafting—related robotics and 
information technologies." Automation in construction 13(1): 5-19. 

Khoshnevis, B., H. Kwon and S. Bukkapatnam (2004). Automated Construction using Contour 
Crafting. IIE Annual Conference. Proceedings, Houston, TX, USA. 

Le, T. T., S. A. Austin, S. Lim, R. A. Buswell, R. Law, A. G. F. Gibb and T. Thorpe (2012). 
"Hardened properties of high-performance printing concrete." Cement and Concrete Research 
42(3): 558-566. 

Lim, S., T. Le, J. Webster, R. Buswell, S. Austin, A. Gibb and T. Thorpe (2009). FABRICATING 
CONSTRUCTION COMPONENTS. USING LAYERED MANUFACTURING TECHNOLOGY. 
Global Innovation in Construction Conference 2009, Loughborough (United Kingdom), 
Loughborough University, Civil and Building Engineering. 

Zhang, J. and B. Khoshnevis (2013). "Optimal machine operation planning for construction by 
Contour Crafting." Automation in Construction 29: 50-67. 

305


