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Abstract: Architectural advancements in housing are limited by traditional construction techniques. 
Construction 3D printing introduces freedom in design that can lead to improvements in building design, 
resource efficiency, and cost. Designs for current construction 3D printers have limited build volume and, 
at the scale needed for printing houses, transportation and setup could become issues. This work is an 
exploration of and proposal for a swarm robotics-based construction 3D printing system that could bypass 
these issues. In this system, a central computer will coordinate the movement and actions of a swarm of 
robots which are each capable of extruding concrete in a programmable path and navigating on both the 
ground and the structure. The central computer will create paths for each robot to follow by processing the 
G-code obtained from slicing a CAD model of the intended structure. The robots will use readings from 
real-time kinematics (RTK) modules to keep themselves on their designated paths. The current progress in 
hardware and software is available on GitHub for collaborative development of this proposed approach 
towards construction. 

1. INTRODUCTION 

Traditional concrete construction is costly, has substantial environmental impact, and limits freedom 
in design (Ford, 2017) (The Trustees of Princeton University, n.d.). In traditional concrete construction, 
workers use special molds called forms to shape concrete. Over a third of the construction cost of a 
concrete house stems from the formwork alone (Ford, 2017). Concrete manufacturing and construction 
are responsible for 8% of CO2 emissions, which amounts to over 4 billion tons of emitted CO2 gas 
annually (The Trustees of Princeton University, n.d.). Traditional construction tends to use more concrete 
than necessary, and this stems from the fact that formwork construction requires walls, floors, and beams 
to be solid. Architects can design structurally optimized buildings that use less concrete, but since the 
price of formwork increases with complexity, these buildings cannot be built in a cost-effective manner. 

Concrete 3D printing has the potential to reduce cost and lower the environmental impact of 
construction (Schutter et al., 2018). A great deal of research needs to be done before high-quality 3D 
printed concrete structures can successfully compete in the consumer market. Many researchers are 
already trying to improve the rheological properties of 3D printed concrete. Another side of the problem 
that needs to be solved is 3D printer design. Most concrete 3D printers in development are gantry-based 
and have limited build volumes. As such, larger prints need larger printers. This introduces issues with 
wobbling and transportation. These issues limit the real-world applications of concrete 3D printers. 

2. LITERATURE REVIEW/CURRENT SOLUTION 

Aiming to solve the aforementioned issues with current construction 3D printing techniques, a team 
from the Singapore Center for 3D Printing used multiple autonomous robots with arm-based attachments 
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to successfully print a portion of a wall (Zhang et al., 2018). Their work proved that coordination between 
multiple robots to print a structure is possible. The robots in their design were tethered and confined to 
the ground, which limited their mobility. Along these lines, the Minibuilders system uses a team of three 
tethered robots to build a structure. Each robot has a different design and task: one lays the foundation, 
the second builds up a cylindrical wall, and the third scales those walls to reinforce the structure. Their 
design demonstrates that it is possible to print using robots that navigate on the structure being printed. 
However, their robots use tethers, which limited their navigational range. Also, the design of the robots 
does not allow for the printing of infill patterns ([Minibuilders website], n.d.). Other approaches involve 
moving around an arm-based robot in an attempt to get past the limited reach of the arm (Chandler | MIT 
News Office, 2017) ([Apis Cor website], n.d.). However, these approaches still have limited reach in the 
vertical z-axis. 

3. SYSTEM OVERVIEW 

The proposed construction system will consist of (1) a swarm of highly maneuverable robots and (2) 
a system for coordinating those robots using RTK navigation and processed G-code. Having a swarm of 
mobile 3D printing robots would bypass the problems with limited build volume and scalability that stand 
in the way of most concrete 3D printer designs. Also, using multiple robots would speed up the fabrication 
process. The size of the swarm can be scaled according to the size of the project. If one construction site 
needs a larger workforce, more robots can be deployed and incorporated into the swarm. The feasibility 
of concrete mixtures with rheological properties tailored to construction 3D printing (e.g., fast setting, 
low warping) have already been demonstrated (Zhang et al., 2019). There is also research on incorporating 
fibers directly into 3D printed concrete to increase the strength and printability of the concrete (Pham, 
Tran, & Sanjayan, 2020). The proposed system will leverage these developed materials, or other materials 
like polyurethane foam, to print structures. 

3.1.  The Robot 

The proposed robots will be completely untethered and will have an onboard battery and concrete 
storage tank, as illustrated in Figure 1. This design allows the robots to travel farther and build larger 
structures than gantry or arm style printers. Refilling and recharging will be done at a central station that 
robots can navigate to after depositing their supply of concrete mixture or when battery runs low. This 
design enables the robots to build complicated infill structures into the walls, as shown in Figures 2E–F. 
Each robot can complete the full set of tasks necessary to construct a building and can do so without 
tethers or division of work among multiple types of robots. These robots will have a high degree of 
mobility because they are untethered and can move up and around the structures that they are printing, as 
demonstrated conceptually in Figures 2A–D. Estimations show that, if each robot will carry 5 liters of 
concrete, which will be extruded as a 50m long line with a cross-sectional area of 1cm2, it will take a team 
of 50 robots 25 refill trips apiece to print the 15cm thick outside walls of a 170m2

 (1500 ft2) single story 
house to a height of 3m with a 20% infill pattern. If the robots extrude concrete at a rate of 1L/min, this 
process will take around 2 hours. 
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Figure 1. Depiction of the robot design 

 

 
Figure 2. Various positions of robotic operations 

 
Each position is described in more detail below: 
 

A. The robot will begin by printing the first few layers of the structure on the ground. It will orient 
its wheels to drive along the ground and can alter the height of its print head by changing the 
angle of the arms. Steering will be done by changing the yaw of the arms. 

B. After printing the first few layers, the robot clamps onto the printed structure and tilts its wheels 
to drive up onto the wall. 

C. When the robot needs to climb onto a wall, it sweeps two of its arms forward to engage with 
the wall or a specially printed “climbing rail” and pull itself into position D.  

D. The robot uses its arms to grip and climb up the side of a wall or climbing rail. 
E. The robot can control the path of extrusion by manipulating the yaw of each of its arms. This 

allows the robot to print complicated infill patterns and paths. 
F. The robot can manipulate its arms to print curves and corners 

3.2.  Navigating using RTK and processed G-code 

To coordinate the swarm, a central computer will create paths for the robots by modifying the G-code 
obtained by slicing the STL file of the structure that needs to be built. G-code is a CNC language that tells 
the toolhead of the CNC machine to move to a sequence of points on a Cartesian coordinate system and 
to perform certain actions at or between points. A custom workspace was set up in Ultimaker Cura, a 
slicer program commonly used for 3D printing. This workspace has a build volume and nozzle diameter 
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customized to the scale needed to print architectural structures. 
The slicer provides the G-code needed to print out the structure. To navigate to the points specified in 

the G-code, the robot compares its current position with the planned path obtained by processing the G-
code and maneuvers itself to stay on that path in a closed feedback loop. 

To obtain an accurate enough reading of its position, the robot has a real-time navigation (RTK) chip 
on board. RTK is an application of the Global Navigational Satellites System (GNSS) that compares the 
positional readings of a designated “rover” unit to those of a designated “base station” unit. Any 
fluctuations in the readings obtained by the base station are known to be errors. This data is transmitted 
to the rover unit in an RTCM data stream and is used to calibrate the readings of the rover chip to obtain 
locational data with centimeter accuracy and sub-millimeter precision. The robot then uses a set of 
algorithms to move and print in accordance with those commands. 

4. ROBOT DESIGN 

A prototype of the proposed robot design, named Minim mk2, is shown in Figure 3. The main frame 
of the robot is designed with 15mm aluminum extrusions that are compatible with M3 hardware. All the 
brackets used to hold the robot together are 3D printed and designed in CAD. The files for the robot model 
and for all the 3D printable brackets are available in GitHub. This method of robot design simplifies 
building, redesigning, and adding onto the robot.  

Each of the 4 arms on the robot is a kinematic chain formed from 3 servos: yaw, elbow, and camber 
(ordered by increasing distance from chassis). At the tip of each arm is a wheel driven by a stepper motor 
that allows the robot to move. Note that the concrete dispensing system and battery have not been 
implemented on the Minim mk2 prototype shown in Figure 3. 

 
 

 
Figure 3. Minim mk2, the current prototype of the robot 

4.1.  Electronics 

Actuators: The robot design follows the CAD model in Figure 1. Commands will be sent from a PC 
wirelessly to the ESP32 board, which acts as the brains of the robot. In the end product, power will be 
supplied by an onboard battery, but testing was done using a desktop power supply. The 12 servos in the 
robot will be controlled using a PCA9685 servo controller, as shown in Figure 4. Each arm will have a 
600 N∙cm servo that controls the yaw of the arm, as well as two 350 N∙cm servos that control the pitch of 
the arm and the camber of the wheel. Using servos will allow the arms to be precisely positioned, and the 
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arrangement allows for even distribution of torque. The stepper motors that actuate the wheels will be 
controlled using DRV9985 stepper controllers as seen in Figure 5. The ESP32 board has 34 general-
purpose input/output pins that allow electronic components to interface with the ESP32 chip. The 
PCA9685 and DRV9985 each use two pins, so there is room to add more electronics during future 
development. 

 
Figure 4. Schematic of electrical components 

 

 
Figure 5. Diagram of electrical components 

 
Navigation system: To track the location of the robot for coordination purposes, the robot will use two 

ZED-F9P RTK modules — one connected to the PC acting as the base station and another on the robot in 
rover configuration, as shown in Figure 6. The RTCM correction data from the base station will be sent 
to the board on the robot using a serial telemetry radio kit (Seidle, n.d.). The corrected UBX location data 
from the rover will be sent back to the base station and PC using the same radio link where it will be read 
and displayed using u-center, a GNSS evaluation software. The orientation of the robot will be found 
using the built-in gyroscope on the ESP32 board. 
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Figure 6. The wireless communications between the computer and the robot 

5. BotCode 

The robot will receive commands via a custom coding language named “BotCode.” BotCode will be 
based on G-code, as most of the commands needed for printing using this system are coordinate-based 
commands that closely resemble the G1 commands in G-code. G-code itself is not well suited for use in 
this system, as it contains hundreds of functions, many of which perform niche tasks. It also lacks 
functions that are vital for the operation of the robot (e.g., commands to climb walls or refuel). BotCode 
also needs to differentiate between printing on the ground, wall, or corners. 

For the robot to print a structure, the central computer will first need to convert the CAD model of said 
structure into BotCode using the process outlined in Figure 7. Since the robot uses the same Cartesian 
coordinate system as G-code, the preliminary processing is done using Ultimaker Cura, which slices the 
CAD model into G-code [1]. Secondly a DXF file, derived from the CAD model, [2] will mark out the 
walls, corners, and climbing rails that will be used to path the robot. This will be especially important for 
coordinating multiple robots. After slicing the CAD model, the resulting G-code is converted to BotCode 
in a spreadsheet as seen in Figure 8. The spreadsheet enables the processing of G-code files that are tens 
of thousands of lines long. 

 
Figure 7. Flowchart illustrating CAD model to BotCode to robot movement 

The converter first removes code specific to 3D printers (e.g., nozzle and bed heating) [3] and adds 
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the initialization code [4] needed by the robot. This includes "zeroing" the robot by setting the global 
position of the base station RTK receiver as the local origin which corresponds to the G-code command 
G92 X0 Y0 Z0 E0. Next, the robot finds its local Cartesian position by subtracting the global position of 
the origin from its own global position. Since G-code and, by extension BotCode, follows a Cartesian 
positioning system, the position and orientation of the robot can be used to check and correct its path. 
After this, the converter searches the G-code for commands within a certain radius of the corners, which 
are marked in the DXF file [5]. The robot then begins construction by printing along the ground (“ground 
mode”) and will climb onto the printed structures to build higher (“wall mode”). A particular command 
will be used to notify the robot to switch from ground mode to wall mode when a change in z-position is 
required [6]. After this, the remaining G-code commands are split between commands occurring on the 
ground and those occurring on a wall before being converted into BotCode [7]. Using the DXF file, the 
converter calculates a path to return the robot to the base station for recharging [8]. 

 

 
Figure 8. Screenshot showing the spreadsheet used to convert between G-code and BotCode 

To send BotCode commands from the computer to the robot [9], the SerialToSerialBT Arduino sketch 
will be used. Much like G-code, BotCode gives the robot directions on where to go, but it does not tell 
the robot how to turn its motors. To calculate this, the ESP32 will be hard coded to algorithmically 
decompose BotCode commands using the Arduino IDE [10]. 

6. INVERSE KINEMATICS 

The robot needs to maneuver itself along the set of points given by the BotCode; this will be calculated 
using closed-form inverse kinematics. All variables referenced in the calculations below are visualized in 
Figure 9.  To start, the bot must find its “extrude center” — the point that the bot prints from. The x-
coordinate h and the y-coordinate k of the extrude center is defined with 

 
ℎ = 𝑟! + 𝑟	cos	(𝜃 + 𝑑) 

	
𝑘 = 𝑟# + 𝑟	sin	(𝜃 + 𝑑)	

 
where (rx, ry) is the position (latitude and longitude) returned by the RTK module. This is offset by 

the distance r between the RTK and the extrude center, multiplied by the corresponding trigonometric 
function of the heading, and offset by the angle d to the extrude center from the RTK. From this, it is 
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possible to calculate the corner (cx, cy) where the motors are attached. 
 

𝑐! = ℎ ±
𝑠
2

 
	

𝑐# = 𝑘 ±
𝑠
2

 

 
The position of the corner is calculated by adding half of the side length of the robot s to the location 

of the extrude center (when on the left side or bottom, this is subtracted instead). Next, the location (wx, 
wy) where the wheel should be positioned is calculated 

 

𝑤! =
(𝑤$ − 𝑡)

2
 

 
𝑤# = 𝑐# ± 7𝑙% − (𝑤! − 𝑐!)% 

 
where wl is the thickness of the wall plus the diameter of the wheels, and t is the amount of extra arm 

movement needed by the robot to provide the force necessary to securely grip the wall. The y-position of 
the wheels is found via the Pythagorean theorem. Given the length of the arm l and the x-position it should 
be at, it is possible to calculate the y-position of the wheel. Finally, the yaw angle of the arm is derived. 

 
𝑦&' = 𝑡𝑎𝑛()

𝑤# − 𝑐#
𝑤! − 𝑐!

+ 90 ± 90	𝑚𝑜𝑑	360°	

 
By taking the arctan of the intended slope of the arm, the angle is calculated. This value is modified to 

accurately output the yaw value — 90° is added or subtracted based on if the arms are to the left or right 
of the robot. The yaw is returned modulo 360 so as to fall within the range of movement of the motor. 

 

 
Figure 9. Comparison of the mathematical model and the robot at corresponding positions 

7. TESTING 

With the prototype, servos and stepper motors were tested using an Arduino Uno because the slow 
upload time when using the ESP32 hindered the testing process. First, individual actuators were tested 
using the Arduino. The actuators all worked, and code was written that allowed the arms of the robot to 

61



Proceedings of the 2021 IEMS Conference 
 
 

 

be precisely positioned and maneuvered (found on GitHub). The robot was weighed, and estimates were 
made that took into account the torque of the motors and the load that they would experience.  These 
estimates confirmed that the actuators could bear the weight of the robot. 

The process described for converting the CAD model of the intended structure to BotCode explained 
in section 5 proved successful. The custom workspace created in Ultimaker Cura worked in processing 
large, construction-scale projects. The converter spreadsheet was capable of converting G-code taken 
from the slicer program into BotCode. It successfully filtered out unnecessary parts of the G-code and 
turned the rest to BotCode.  

8. CONCLUSIONS 

A proposed system for concrete 3D-printing was designed. This system consisted of (a) a swarm of 
highly maneuverable robots and (b) a system for coordinating those robots using real-time kinematics 
navigation and processed G-code. This is a novel approach to robotic navigation that opens up possibilities 
in large-scale construction and coordination using preexisting software infrastructure designed for CNC 
machines. Using positional readings in conjunction with traditional CNC software allows for navigation 
of autonomous robots that have a broader range of navigation than gantry based or fixed-arm construction 
3D printers.  

To fully demonstrate the feasibility, there remains a list of tasks that need to be executed in both build 
and code. The first step is to get the current prototype fully moving. Then the concrete dispenser and 
navigation systems need to be added. After this is done, the anti-collision and pathing software will need 
to be implemented in order to coordinate a swarm of these robots. 
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