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This paper describes a system for large-scale 3D printing with 6-axis robotic arms, 
enabling real-time interaction with toolpaths for adaptive and responsive fabrication. It 
addresses limitations in current robot control workflows by combining a communication 
layer with a toolpath adjustment layer that incorporates sensor data or other inputs to 
influence the printing process. An exploration of existing solutions as well as a Python-
based communication script were tested to provide continuous code feeding from Rhino to 
the robotic Large Factor Additive Manufacturing (LFAM) process. This approach brings 
the printing process closer to interactivity enabling both creative exploration and 
functional adjustments. By moving beyond pre-generated toolpaths, this approach enables 
fabrication processes to adapt to changing conditions during the process of fabrication. 
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INTERACTIVITY IN FABRICATION 
The motivation for exploration of this concept lies 
in the idea of real-time data adjustments for 
robotic 3D printing as a next step that could help 
with adaptation and user-end-simplification of 
the larger scale additive fabrication.  

Escaping the box-style printer and entering 
the realm of robotic fabrication, the new 
challenges seem endless. Among many, adapting 
the printing process for use on uneven surfaces or 
existing objects, implementation of broader 
extrusion control through linking of the 
immediate robot speed to the extruder speed like 
the linear advance function of desktop 3D 
printers. From the list of these challenges, we tried 
to approach the variability and interactivity of the 
printing process, as in large scale the process 
often shifts, and the results can vary. 

Modes of interaction 
The idea of constant updating of the fabrication 
process was explored multiple times by teams of 
ICD-ITKE, but often with a different fabrication 
strategy, such as glass-fibre placement, weaving, 
and carbon fibre deposition (ITKE pavilions 2015, 
2016). Among other adaptive robotic strategies, 
updating of toolpaths can be noted in a few 
experimental additive fabrication projects based 
on ceramics or concrete (Breseghello, Naboni, 
2021). 

The printed digital geometry could adjust to 
the real-time geometry based on the previous 
extrusion sensing and recalibration, as the larger 
scale models suffer from cooldown deformation, 
high temperature sagging, overhang 

Volume 2 – Confluence – eCAADe 43 | 159



deformations and other issues (Daedalus pavilion, 
2016; The Endless Wall, ETH Zurich, 2011). 

Addressing some of these challenges in the 
context of plastic LFAM could bring higher 
adaptability of the whole process and uncoupling 
of the code being uploaded to the robot in a 
single batch or multiple batches, instead utilizing 
a data exchange between a PC and the robot 
control. Access to this type of control has been 
possible using a custom Python interface and 
alternatively the Machina application and plugin.  

Solid state data  
vs “liquid” state data 
This paper explores the connection between the 
process of generating live data and its integration 
within an extrusion-based robotic system.  

The concept of live adjustments in 3D printing 
has been around for some time (e.g., live Z adjust 
on desktop 3D printers like Prusa). However, in 
Large Factor Additive Manufacturing (LFAM), the 
printed product often changes during the process 
due to factors such as temperature shifts, thermal 
shrinkage, and robotic scale tolerance drift. Each 
of these factors are being addressed with a 
multitude of countermeasures, however they are 
impossible to eliminate completely. As the 
adverse effects might be considered purely 
problematic, tracking and adapting to these shifts 
in real-time could offer new possibilities for 
improving the process. Conventional pipeline of 
exporting static robotic programs for fabrication 
is increasingly less viable and will be converted to 
fully interactive in the near future. According to 
Hagedorn (2019): “I think that… in-process 
monitoring, which means using different sensors 
to obtain as much information as possible out of 
your process, but also on using that information 
to do in-process control… is the Holy Grail for AM 
because with in-process control you’re able to 
almost immediately react on deficiencies within 
your process.” 

In short, the gap between generating and 
running a close 3D printing loop and achieving a 

fully interactive printing process was successfully 
narrowed. Establishing a live link between the 
robotic and data generation aspects of fabrication 
enables multiple adjustments during printing 
(Singline et. al., 2022). These adjustments fall into 
three main categories: the end effector—
specifically, the extruder (e.g., extrusion speed 
and extrusion flow compensation); the robot’s 
movement (e.g., speed, approach angle); and the 
geometry of the printed object (e.g., 
compensation of sagging and thermal shrinkage). 

PC to robot data transfer 
While working with a robotic LFAM system, we 
encountered several bottlenecks in streaming 
data to the robot. Transferring the generated 
toolpath via USB or Ethernet and loading the 
program into the robot manually is the baseline 
mode that lacks convenience, and loading gets 
significantly slow if the target amount exceeds 
approx. 8500 points. This method also doesn’t 
easily allow for adaptive behaviour and creating 
an additional informational loop between the 
source code, sensors and outcomes. Alternative 
solutions, that allow for such loop rely on direct 
printing data streaming from PC to robot. 

METHODS AND TOOLS 
This section provides an overview of the used 
hardware and software tools, as well as tested 
methods for data transfer and plugins for 
Rhino/Grasshopper.  

Robotic system 
and end effector – extruder and 
material 
Current extruder setup used for the research is a 
custom-made large-scale polymer pellet extruder 
mounted on UR10 e-series six-axis robotic arm. 
The extruder is operating semi-independently 
from the robot, meaning the start/stop extrusion 
signal is operated by the robot script. Other 
functions such as heat control and extrusion 
speed are controlled manually via the extruder 
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controller. The extruder has a separate motor for 
the extrusion and feeding system with 
independent speed controls that needs to be 
adjusted and synchronised according to the used 
material type and shape characteristics. 

The material used for printing at the 
workshop was a virgin pellet PLA (Cattage - キャ
ッテージ) and PrusaResearch recycled PLA 
(shredded filament), either separately or mixed in 
various ratios.  

Grasshopper plugins 
Main program used for turning the geometry into 
a toolpath for the robot was Grasshopper with 
various plugins. The source data for the toolpath 
generation is a curve turned into a polyline and its 
knots are used as targets for the robot. As Robots 
and Machina use slightly different logic, there is a 
need for a dual pipeline to prepare data for the 
robot where the Robots plugin is used 
predominantly for preview of planned 
movements, and Machina for execution, as 
Machina does not support preview functions. 

Robots plugin 
Plugin that allows for control of multiple robot 
brands. The program can detect basic self-
collisions and preview the generated toolpath. 
The toolpath is defined by targets, where each 
target offers additional coding possibilities such 
as controlling robot output signals (on/off/pulse) 
or changing robot’s speed.  
 

 
 
 
 
 
 
 
 
 
 

The plugin can also upload a short program 
(up to approx. 2500 targets) to the robot and 
offers a possibility to pause it or play it. Using this 
utility, all the lines of the code are injected at 
once, therefore no further adjustments to the 
code are possible, if being sent in one batch. This 
limitation can be somewhat overcome by setting 
up a timer or a command into the code for 
sending data of the next batch. This method will 
produce a semi-controllable system that has no 
clean transition between data batches and 
therefore is not suitable for 3D printing. Robots 
plugin has no built-in feedback from the robot, 
regarding its position or last reached target, 
although obtaining this information is possible 
through other means.  

Machina plugin and application 
RobotExMachina/Machina Bridge is a program 
that allows PC to robot communication for ABB 
and UR robots. It uses its own proprietary robot 
coding language and requires having an 
additional plugin that communicates with the 
Machina Bridge. The Machina plugin sends a 
given batch of data to Machina Bridge which 
forwards them further to the robot (Figure 1). 

As the reading of the remaining code is not 
continuous and requires an update trigger, which 
often results in lost or duplicate data on skipped 
triggers or targets. There seems to be also a 
timing issue. These laggy position readings also 
sometimes cause repeated push of toolpath data 
in the original real time control setup resulting in 
repeating some of the previous movement. There 
are several solutions that could be explored in 
continuation of this workflow such as generating 
short Boolean pulses rather than a Boolean gate 
to operate the data injection timing, which should 
solve random repetition of parts of the toolpath.  

 

Figure 1 
Robots plugin 
workflow diagram 
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Custom data-push function script 
Last of the tested options was a custom python 
script, written utilizing the ur-rtde 1.6.0 library and 
which combines functionality of Robots and 
Machina plugins. The custom script uses several 
program layers to upload printing data, parsed 
into smaller batches, with the update driven by 
the robot’s position. As the main data-update 
control is externalised from Grasshopper, this 
communication script provides continuous code 
feeding to robot, using Rhino Grasshopper purely 
for toolpath generation. It also allows basic 
program controls such as start, pause, and go, 
while receiving feedback on the robot's position. 
The script works in addition to Robots add-on, 
using its nodes and logic for toolpath 
programming (Figure 2). 

The script is still a work-in-progress, but it 
shows promising results in ease of use and 
leaving much of the functionality of other parts of 
the system intact. Further revisions need to be 
aimed and continuity of the data stream as the 
robot pauses after finishing each set of moves. 
This setup has potential to overcome limitations 
in tools like Machina and Robots by allowing the 
real-time control externalised from the 
Grasshopper. 

Toolpath adjustment layer 
The real-time toolpath adjustment layer is 
implemented using the Firefly plugin that 

processes sensor inputs to modify toolpath 
geometries and printing parameters in real time, 
enabling both creative exploration and functional 
adjustments like live extrusion control.  

The real-time adjustment is heavily 
dependent on previously mentioned pc-to-robot 
communication systems, therefore at the time of 
writing, this function was tested primarily on the 
first use case of modifications to the shapes or 
patterns, however the print quality improvement 
aspiration can’t be omitted. 

 
 
 
 
 
 
 
 
 
 
 

WORKSHOPS AS TESTING GROUNDS 
The system has been initially tested through 
experiments of increasing complexity, starting 
with simple linear toolpaths influenced by sensor 
signals, progressing to cylindrical vases with 
variable inputs, and culminating in complex grid 
geometries that demonstrate its generative 
design capabilities. 

To further test the workflow and expose it to 
varied use cases the workflow was explored and 
introduced with a few workshops with about 5-10 
participants. 

These included a few small, studio-based 
sessions with bachelor and master students and 
one main iteration held with PhD students at a 
conference. Each session hosted approximately 
5–10 participants, who were introduced to 
different methods of integrating sensors and real-
time interaction into robotic fabrication and 
workflows. The goal output of the main run was a 

Figure 2 
Process diagram 
of Machina Bridge 
operation in the 
adaptive process 

Figure 3 
Custom script 
operation diagram 
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large-scale installation composed of 3D-printed 
panels. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussions following each workshop focused 

mainly on the system’s potential applications in 
architectural practice, guided by participant 
feedback. 

Offering two workflows of live data 
generation vs live-data adjustments (Figure 3), all 
the participants were given a choice to explore 
the direction they preferred, sometimes being 
advised which workflow they should choose, 
depending on their intentions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The preferred topic was live data generation, 
most likely due to simpler implementation. Live 
data obtained via image-based feeds was used 
for generating informed fields for grid-like 
geometries. 

Closed data-based workflow 
The live data as a source for geometry generation 
workflow often ended up as a closed loop system 
and therefore Robots plugin was used to send a 
generated toolpath script into the robot and no 
further geometry changes were applied during 
the printing process. 

Data for geometry generation were often 
collected via video feed or Kinect – depth, colour 
or human skeleton data), as it offers simple 
workflow and multiple data readings using Firefly 
plugin and used to adjust or modify the printing 
parameters or patterns (Figure 5).  

Some of the participants tried to push this 
solution into semi-interactive approach by 
consecutively using previous layers as a data 
source to inform and further adjust following 
layer based on several factors as e.g. line colour, 
line thickness or print density. This way, the first 
layer informed the latter about the calibration, Z 
height, adjusting the speed of movement by the 
width of the previously extruded line. This was 
done by mapping the image over the geometry 
and linking the pixel values to the printer 
movement speed (Figure 8).  

Realtime based workflow 
Other, usually advanced, participants chose to 
explore the more experimental possibility of real-
time robot control. With various geometries to 
test, the printing process often run into issues 
with continuous data feeding.  

Machina based script was often getting in the 
loop and repeating data sets (and therefore 
running over existing geometry), while the 
custom script had a problem to smoothly 
transition from one data set to following one. 

Figure 4 
Process diagram 
of two fabrication 
strands 

Figure 5 
Layer thickness 
adjustment 

Figure 6 
Robotic 3DP of a 
generated 
toolpath using 
WFC 
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To simplify and better test the process and 
strip it from further unknown factors, the sensor-
based data were substituted by Grasshopper 
value sliders and 2D curve deformations, allowing 
simple interactions with the process e.g. changing 
layer height or adding curve disturbance on the 
go.  
 

 
 
 
 
 
 
 
 
 
 

 

RESULTS OF THE WORKSHOPS 
The workshops confirmed that there is a wide 
interest in possibility of real-time data 
manipulation during the printing process. The 
input from workshop attendees differed based on 
their experience with parametric approach, but 
most of the ideas pointed out, that the real time 
manipulation could have a use for self-correcting 
printing, while the semi-interactive workshop 
workflow is more of an analytic tool that could 

generate toolpath based on preexisting geometry 
(Figure 8, Figure 9).  

Therefore, an interesting aspect of offering 
students to try both approaches hands-on is that 
it helped them to compare both approaches and 
successfully implemented at least one. The stretch 
goal of combining both approaches should be 
explored in further sessions.  

Conclusion and outlook 
Even though the described approach is very wide, 
research by design oriented and taking more of 
an artistic approach, there is a potential for further 
applications. Real-time robot control while 
printing and geometry adjustments loops during 
printing have potential for further applications of 
a technical character as the principles found in the 
workshop could be applied to the extrusion 
adjustment (keeping extrusion width constant by 
adjusting extrusion speed / robot movement 
speed) or to some degree self-correcting 
toolpaths that could compensate for sagging or 
thermal drift, important e.g. when building space 
frames. 

Future development will possibly branch into 
refinement of the feedback loop and 
improvement of live toolpath streaming logic and 
continuity. Applications could include error 
correction or modifications to the object while 
being printed.  
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 
Printed grid panel 
of informed 
geometry 

Figure 8 
Robotic printing 
based on 
thickness of 
printed path 
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