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Abstract
This research presents a cooperative heterogeneous multi-robot fabrication system for the spatial winding of filament mate-
rials. The system is based on the cooperation of a six-axis robotic arm and a customized 2 + 2 axis CNC gantry system. 
Heterogeneous multi-robot cooperation allows to deploy the strategy of Spatial Winding: a new method of sequential spatial 
fiber arrangement, based on directly interlocking filament-filament connections, achieved through wrapping one filament 
around another. This strategy allows to create lightweight non-regular fibrous space frame structures. The new material 
system was explored through physical models and digital simulations prior to deployment with the proposed robotic fabri-
cation process. An adaptable frame setup was developed which allows the fabrication of a variety of geometries within the 
same frame. By introducing a multi-step curing process that integrates with the adaptable frame, the iterative production 
of continuous large-scale spatial frame structures is possible. This makes the structure’s scale agnostic of robotic reach and 
reduces the necessary formwork to the bare minimum. Through leveraging the capacities of two cooperating machines, the 
system allows to counteract some of their limitations. A flexible, dynamic and collaborative fabrication system is presented 
as a strategy to tailor the fiber in space and expand the design possibilities of lightweight fiber structures. The artifact of the 
proposed fabrication process is a direct expression of the material tectonics and the robotic fabrication system.

Keywords Robotic fabrication · Multi-robot system · Carbon fiber reinforced polymer · Long-span structures · Space 
frames · Spatial winding

1 Introduction

This research presents a cooperative heterogeneous multi-
robot fabrication system for the Spatial Winding of filament 
materials. The research focuses on the development of a 
robotic system that leverages the capacity of filament materi-
als to be formed into space frame arrangements. This further 
expands the existing design space of filament structures in 
the context of architecture.

1.1  Spatial structures

The term space frame has been closely tied to large-span 
industrial buildings. Per definition, a space frame is “a 
structural system assembled of linear elements which are 
arranged so that the loads are transferred in a three-dimen-
sional manner” (Elfawal 2014). These structures are minimal 
in their materialization, yet highly efficient and lightweight. 
With the Industrial Revolution the production of iron and 
then steel rapidly increased. These high-strength materi-
als allowed to construct more lightweight structures with 
increased span and greater height (Chilton 2000). At the 
end of the 19th century Alexander Graham Bell developed 
the first prototypes of space frames and triangulated spaces 
as self-structuring systems, but they did not find their appli-
cation in architecture until the introduction of the MERO 
system in 1943. The system developed by Dr. Ing. Max Men-
geringhausen in Germany was the first space frame system 
widely available commercially (Chilton 2000). A conven-
tional space frame structure consists of two-part types: node 
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and edge. An edge is a linear element connecting two nodes. 
A node is an element that joins edges together into a spa-
tial arrangement. Although nowadays traditional steel space 
frames can be customized, their main drawback is the inher-
ent need for standardized parts as node designs can be highly 
complex. Specifically these joints can be very expensive, as 
they typically represent 30–50% of the total fabrication cost 
(SCI P358 2014) and require up to 50% of the overall con-
struction material (Narayanan 2006). This research proposes 
a continuous material approach to space frame structures, 
where the whole structure is made of a single continuous 
filament and the nodes are achieved through the wound fiber-
fiber connection (Figs. 1, 3). Applying the logic and rules of 
space frames to filament materials using robotic fabrication 
could enable the creation of lightweight, highly customiz-
able structures at a variety of scales.

1.2  Material system: lightweight fiber construction

Due to their high load-bearing capacity and minimal self-
weight, fiber-reinforced polymers (FRP) have been the 
preferred choice for structural applications in a variety of 
engineering fields, such as the automotive and aerospace 
industry (Prado et al. 2014). In these industries, fibers are 
typically wound or braided on full surface mandrels or com-
plex pre-fabricated molds (Fig. 2). As architecture rarely 
goes into serial production and almost every project is a 
unique structure, complex formwork often defies the eco-
nomical applicability of FRP in architectural projects. Still, 

FRP also show great potential for strong and lightweight 
structures in architecture (Reichert et al. 2014; Doerstelmann 
et al. 2015; Vasey et al. 2015); (Felbrich et al. 2017; Bodea 
et al. 2020; Kayser et al. 2019). In particular carbon fiber 
reinforced polymers (CFRP) can reach impressive tensile 
strength, much higher than steel wires, while their densities 
are much lower (Liu et al. 2015). Their anisotropy and low 
weight make them excellent material for high-performance 
structures with programmed directionality. The current state 
of the art in Coreless Filament Winding (CFW), specifically 
in architectural research - demonstrates how a full surface 
mandrel can be reduced to anchor points arranged on a linear 
scaffolding (Menges 2016). The Fibre Facade project dem-
onstrates a different approach in which the general concept 
behind CFW is applied to a truss-type structure (Solly 2020). 
The structural capacity of CFRP is visually demonstrated by 
using a minimal amount of material to configure the final 
supports of the facade panels (Solly 2020).

1.3  Multi‑robot fabrication

Multi-robot fabrication methods allow for complex fabri-
cation tasks through cooperative routines (Alvarez et al. 
2019). Multi-robot systems can be categorized as homo-
geneous and heterogeneous robot teams. Just as it is easier 
for humans to produce something with two hands rather 
than only one, homogeneous cooperation of two robotic 
arms can drastically increase the achieved dexterity (Par-
ascho et al. 2017). On the other hand, there have been 

Fig. 1  Demonstrator one: Spatially wound table (size: 1.6 x 0.8 x 0.75 m)
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successful examples for heterogeneous teams of bespoke 
mobile robots that are very task-specific and essentially 
able to walk over, under or in between the structure. The 
increased complexity of fabrication goals can be divided 
into an array of simpler tasks that can then be distrib-
uted to single-task construction robots (Bock and Linner 
2016). Bespoke mobile robots could augment or poten-
tially replace off-the-shelf industrial machines (Yablonina 
and Menges 2018). These machines could work individu-
ally but also cooperatively. Such heterogeneous coopera-
tion can be seen in the Minibuilders project by Jokic et al. 

(2014) where each machine is building upon the previous 
machine’s step.

Some projects have demonstrated the potential of multi-
ple machines cooperating using filament materials. Mirjan 
et al. (2013) present an aerial construction process in which 
tensile structures are autonomously built with unmanned 
aerial vehicles (UAV). Choreographed movements of the 
multiple machines cooperating in the assembly task ena-
bles new material arrangements. Since the spool is directly 
attached to the quadcopters, they are able to fly through and 
weave between the existing ropes and essentially use part 
of the structure as formwork for the next part. By precisely 
calculated maneuvers, the quadcopters are able to assemble 
new fiber nodes in space. Except for the required anchor 
points at both ends of the structure, the demonstrators’ 
connections and links are entirely realized by the flying 
machines (Augugliaro et al. 2015).

The ICD/ITKE 2016/17 Research Pavilion demonstrates 
how heterogeneous multi-machine cooperation can be used 
to hand off material from one machine to another and there-
fore extend the reach of an industrial robot. It combines low 
payload yet long-range machines, such as UAVs with strong, 
precise but limited-reach industrial robots. This multi-
machine cooperation allowed the scalable fabrication setup 
of a long-span FRP structure. The novel robotically driven 
manufacturing process enabled a highly differentiated con-
tinuous fiber structure (Felbrich et al. 2017). The presented 
research aims to develop a novel bottom-up design logic 
for fiber-reinforced structures through the development of a 
heterogeneous multi-robot fabrication system that reduces 
the required formwork to a minimum while opening up new 
geometrical possibilities.

2  Methods

This research follows an integrated co-design methodology, 
in which geometry and material characteristics are tightly 
integrated with novel robotic fabrication techniques. The 

Fig. 2  Comparison of filament winding methods: a Filament winding 
on mandrel, b coreless filament winding, c spatial Winding

Fig. 3  Spatial winding: details of fiber-to-fiber interaction creating 
nodes in space
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three topics were explored and developed through physical 
and digital means. This paper focuses specifically on the 
development of the heterogeneous multi-robot fabrication 
system which allowed the fabrication of a long-spanning 
lightweight spatial structure through the introduction of 
fiber-fiber wound nodes. The methodology regarding the 
geometrical system and the computational tools will be 
briefly explained, while the methods for hardware and soft-
ware in the development of the multi-robot system receive 
greater attention.

2.1  Spatial winding

Coreless Filament Winding (CFW) methods typically use 
bespoke steel frames and are used to wind surface-based 
geometric typologies (Prado et al. 2014). In these cases, the 
interaction between fibers happens as an additive process, 
stacking layer after layer (Fig. 2). Although this enables the 
generation of a covered surface, a relatively big amount of 
fibers and anchor points are necessary, and the frame can 
become overwhelmingly complex.

The term Spatial Winding is introduced here as a new 
method for fabricating lightweight spatial structures. While 
CFW is based on winding the fiber around anchor points, 
Spatial Winding combines winding around anchors and 
winding around the fiber itself. In order to allow this method, 
the material is removed from its usually stationary condition, 
being able to freely move in space. Weaving, as a textile 
production technique, introduced the concept of warp and 
weft turning yarn into fabric. In a three-dimensional way, 
a similar principle of over-and-under motion is combined 
within the proposed method assuring proper fiber interaction 
(Fig. 3). A new set of syntax logics and geometric rules were 
developed, informed by both the fabrication process and the 
material system, enabling the creation of a catalog of diverse 
geometries within the same generic frame (Fig. 4) (Duque 
Estrada et al. 2020).

The principles were established on a minimal setup (four 
to eight anchors), setting the fundamental criteria to form 
a geometry. Through diverse iterations of empiric physical 
experiments, a range of material behaviors were observed 
and transformed into syntax logics, creating a rich set of 
parameters to be tuned to define the final geometry. For the 
physical experiments both off-the-shelf and custom-made 
pre-impregnated carbon fibers were tested.

Spatial Winding expands on the methodology of Coreless 
Filament Winding, further disentangling the direct depend-
ence between frame and object geometry. It extrapolates 
the boundaries of robotic fabrication and proposes a new 
set of geometrical rules for large-scale fibrous structures. 
This method enables the fiber to work as formwork for 
other fibers, resulting in the use of fewer anchors, therefore 
a simpler frame. Even with a simpler frame, the generated 

geometries can achieve a high level of complexity, which 
requires the use of computational tools to mediate design 
and materialization.

2.2  Digital tools

A digital form-finding tool was developed to assist the 
design process and rapidly iterate through possible geome-
tries. The design tool was created using spring based relaxa-
tion with the live physics engine Kangaroo (Piker 2013). The 
syntax was defined as straight lines between anchor points 
and node subdivisions. By relaxing those lines toward target 
points, different geometries were generated and informed 
the rest lengths of the individual edges for future fabrica-
tion. Taking the structural qualities of CFRP into account, 
in particular, its high tensile strength, it was important to 
inform the design decisions with the material properties. A 
structural optimization with Finite Element Analysis (FEA) 
was used to simulate the model under load and define the 
optimal cross-section of the fiber segments (Duque Estrada 
et al. 2020). By giving real-time feedback on how syntax 
strategies would interfere with the distribution of forces, 
the digital simulation allowed for a better understanding of 
the relationship between geometry, material, and structural 
behavior.

Fig. 4  Different geometries can be generated within the same generic 
frame. n shows the number of additional nodes in space created by 
the syntax
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2.3  Multi‑robot cooperation

The fundamental aspect for multi-robot cooperation (MRC) 
in this project stems from the need of having two agents 
working on opposite sides of a workpiece. MRC enables 
material manipulation with a free end, combining differ-
ent tasks such as unspooling the material, winding around 
anchors and exchanging the spool (Fig. 9). By placing the 
material spool directly on the end effector, the system allows 
to wrap the fiber around other fibers in the workspace ena-
bling an interlocked fiber interaction, which is the core 
concept of the proposed geometrical system (Fig. 3). Two 
crucial robotic fabrication routines were established: wind-
ing and material exchange. The routines were distributed 
between two robotic agents as follows: the winding agent 
performs the winding around the anchors and most of the 
material transportation; the material exchange agent receives 
and delivers the material, allowing the spool to pass under 
or around the already wound fibers. Given the need to apply 
a high force during winding, to ensure the tension on the 
material, a 6-axis robotic arm was chosen as the winding 
agent. Taking into account the importance of precision and 
speed required for the material exchange agent, a CNC gan-
try was defined (Fig. 5a). Both agents received customized 
end-effectors that increased the final dexterity of the robotic 
system. A variety of spatial relationships between the robotic 
agents were identified: Vertical exchange, lateral exchange 
and angular exchange. While the lateral exchange presents 
advantages regarding the geometry of the fabricated artifact, 
it implied a level of unnecessary complexity of the robotic 
maneuvering and control. Within the scope of this project, 
the vertical and angular exchanges were identified as the 
most promising and thus have been investigated further in 
the demonstrator.

3  Development

3.1  System overview

The fabrication setup is composed of two active agents and 
an adaptable frame (Fig. 5a). The frame is located between 
the agents and consists of a simple stiff structure to hold 
the few anchor points in place (Fig. 5b). The position of 
each anchor can be adjusted, enabling the fabrication of 
elements with different boundary conditions. Both agents 
were equipped with customized end-effectors including 
the necessary mechanisms to perform specific tasks, aug-
menting their abilities and reachability (see Sect.  3.3). 
Through the research, two demonstrators were built. A 
spatially wound table (Fig. 1) was a proof of concept of 
the proposed material system and was used to fine-tune the 

Fig. 5  a Fabrication agents with custom end-effectors and reconfigur-
able frame, b complete multi-robot fabrication setup showing wind-
ing of an element, c multi-robot fabrication setup for demonstrator 
two
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simulation and optimization tool. The second demonstrator, 
a spatially wound long-span structure (4 x 0.9 x 0.7 m) was 
designed and built to validate the robotic fabrication routines 
(Figs. 5c, 10). The dimensions of both demonstrators were 
constrained by the size of the curing oven (see Sect. 3.4).

3.2  Design to fabrication workflow

The workflow begins with a design loop, in which global 
design intentions, boundary conditions, and syntax logic 
inform each other giving form to an initial geometry (Fig. 6). 
Furthermore, the global geometry can be connected to 
the form-finding tool, with which it is possible to iterate 
through different shapes by moving the position of some 
of the spatial nodes. Once the geometry is satisfactory, it is 
transformed into a parametric model that enables the control 
of the boundary condition. At this point, the ranges of dis-
placement for each anchor and spatial nodes are set and will 
define how much the structure can change during the opti-
mization process. Structural results from the FEA are con-
nected to the evolutionary solver Galapagos (Rutten 2013) 
that optimizes the cross-sections of the fiber segments as 
well as the placement of anchor points within the design 
intention. The solution with the best fitness is then used to 
generate the motion paths for both agents. Custom offline 
path planning methods were developed for the material 
exchange and anchoring routines, which allowed to adapt the 
robot paths to different geometries directly from the digital 

model. The robotic arm receives the RAPID code (high-
level programming language used to control ABB industrial 
robots) for the material exchange positions and anchoring 
routines and the CNC gantry receives the G-Code for the 
material exchange positions. Both end-effectors receive their 
task-specific commands as a serial message.

3.3  End‑effectors

Bespoke end-effectors were developed for both robotic 
agents to perform the actions needed to complete the fab-
rication process (Fig. 7). To avoid unwanted unspooling 
and facilitate the material exchange, the material is stored 
in spools protected by a case and, when necessary, can be 
changed for new ones (Fig. 7b).

Winding Effector (on Robot) The robot end-effector has three 
tasks: hold the spool case, lock the spool rotation and extend 
itself to grab and pass the spool case through the fibers to the 
CNC gantry effector. For the first goal, an electropermanent 
magnet (EPM) was placed inside the cup holder and con-
nected to a microcontroller. After activated the EPM creates 
a magnetic field until the next activation, presenting a good 
solution to avoid overheating and constant power consump-
tion of regular electromagnets (Knaian 2010). The EPM’s 
payload is about 15 kg and can be controlled with 5V. The 
locking mechanism was designed to stop the spool rotation, 
enabling the robot to selectively apply tension on the fiber 

Fig. 6  Design to fabrication workflow
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during winding. Different strategies were tested and a servo 
with a double spur gear mechanism and metal pins on a rack 
presented to be the best solution. By going halfway down, 
the metal pins can lock the case rotation and when going 
fully down, it locks the spool rotation as well. An off-the-
shelf linear actuator of one meter was installed on the adap-
tor attached to the robot’s flange. It was possible to use the 
linear actuator to extend the reach of the robot enabling the 
effector to approach the CNC gantry and exchange the spool 
with the material through the fibers (Fig. 7a).

Material Transport Effector (on CNC Gantry) The task 
of the CNC gantry end-effector was simpler. It needed to 
receive and give the spool case at a specific angle when nec-
essary. Two servos with position feedback and high torque 
were used to assemble a pan and tilt mechanism, adding 
two more degrees of freedom to the 2-axis CNC gantry (the 
Z-axis was not installed). This way the CNC gantry was 
able to move the effector around and for complex angular 
material exchanges, it would rotate to adjust the cup’s posi-
tion (Fig. 7c).

Machine Control and Communication In conventional path 
planning for CFW, the robot winds each fiber segment by 
connecting anchors. In contrast, our path planning method 
consists of a set of planes in space for the exchange of mate-
rial for both robotic arm and CNC machine. For the anchor-
ing routines, the paths are created considering the best orien-
tation for the robot tool center point in relation to the anchor, 
trying to avoid stress on the material while unspooling. The 
positions for the exchange of material were synchronized 
for both the robotic arm and CNC gantry and the angles for 
specific exchanges were defined. A touch up of the winding 
anchors allowed to calibrate the CAD data with the physical 
setup and calibrate both the coordinate systems of the robot 
and the CNC gantry. The CNC gantry received G-code con-
sisting of X and Y coordinates as well as A and B rotations 
for the additional degrees of freedom of the end-effector. 
A custom tool was developed to control and visualize its 
current state from within Grasshopper. The robot’s bespoke 
end-effector receives signals to position the linear actuator 
to reach through the fibers, activates or deactivates the EPM 
to pick up the spool and lock the spool rotation with a servo-
gear-mechanism (Fig. 9a).

3.4  Multi‑step curing

In contrast to typical manufacturing methods based on the 
assembly of discrete elements with distinct functions, this 

Fig. 7  Exploded isometric of the custom end-effectors: a Winding 
(robot) effector, b material bobbin, c material transport (CNC gantry) 
effector

▸
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research proposes a hybrid between component-based and 
continuous systems, in which the fabrication method enables 
the structure to grow through a multi-step process and tries 
to benefit from both systems. The hybrid system happens 
through a multi-step curing process, in which the first ele-
ment is fabricated and after cured, it changes its position 
on the frame, shifting the attachment of the anchor points, 
enabling the next element to be fabricated on the same pre-
vious anchors (Fig. 8). This way, the structure can grow in 
different directions sharing the same anchors and avoiding 
weak mechanical connections. By merging both systems, 
it is possible to keep the frame small and simple and stay 
within the regular reach of the robot, removing the need for 
external axes or tracks. The frame sets the boundary con-
dition and size of each element produced, but it does not 
directly refer to the size and complexity of the final structure. 
However, the dimensions of the curing oven will constrain 
its final size. For each element, the amount of nodes and 
connections inside the boundary is not immediately related 
to the number of anchors. The multi-step curing process and 
the multi-robot fabrication system were proven with dem-
onstrator two (Fig. 10). It was possible to re-anchor already 
cured elements to the frame and interweave it with the new 
element (Fig. 8b). The structure was able to support itself 
and cantilever out of the frame, even for the last, fourth ele-
ment no additional support was needed during curing.

4  Discussion

The work presented here introduces a novel methodology 
integrating computational design, digital fabrication and 
material performance. Through Spatial Winding, it was 
demonstrated how two non-identical machines can coop-
eratively wind, weave and exchange material, enabling the 
fabrication of large-scale, non-uniform spatial structures. 
Two prototypical demonstrators exemplify the potentials 
for such lightweight structures. Nonetheless, some aspects 
of the research would require further technical development 
which will be discussed in this section.

4.1  System potentials and limitations

Apart from the structural potential as a load-path optimized 
space frame, the Spatial Winding system implies aesthetic 
potentials such as density tailoring and placement and siz-
ing of apertures. The system’s potential of achieving a wide 
range of varying geometries within a simple generic frame 
is to be further explored in future research. It will require 
a more detailed investigation of frame hardware and geom-
etry, towards more configurable boundary conditions. The 
proposed hybrid system with the multi-step curing process 
allows to build long-span structures agnostic of the limited 
robot reach. However, the size of the structure is currently 

Fig. 8  a Frame with two wound elements in curing oven, b Interface between previous (cured) element and newly wound element, c Multi-step 
curing schematic
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dependent on the size of the curing oven. A different curing 
solution, such as electrical curing for carbon (Sarles et al. 
2006) or UV curing for glass fibers (Kayser et al. 2019) 
could potentially be used to bypass those limitations.

4.2  Further development

The robotic path planning in a highly constrained three-
dimensional space is a challenging task (Fig.  9a). The 
inverse kinematics solver had to be continuously surveyed 

to avoid collisions with either frame or fibers and each new 
element that was fabricated required adjustments to the path 
planning algorithm. A possible solution for a fabrication 
environment that changes over time could be the integra-
tion of live sensor data. Such a cyber-physical system allows 
constant feedback between the actual fabrication environ-
ment and the digital generation of robot control codes in 
real-time (Vasey et al. 2015). Surveying methods such as 
optical 3D scanners or LIDAR (Light Detection and Rang-
ing) could potentially be used to iteratively record data of 
the physical structure. Changing the directionality of the 
fibers is usually considered to be detrimental to the fiber’s 
performance (Knippers et al. 2011). As this is inherent to the 
spatially wound nodes, further research should be carried out 
by structural testing of the fiber-fiber nodes.

5  Conclusion and outlook

The fabrication of the final demonstrator (Fig. 10) repre-
sented a crucial moment in the research as all areas of devel-
opment came together in one integrated system. The multi-
robot system is not limited to two agents. It could reach a 
much higher degree of complexity when other machines are 
added to it. Even a second fiber bobbin could be considered 
to create temporary nodes in space without the immediate 
need for anchoring. Scale is an interesting factor for this 
research, in terms of resolution as well as physical dimen-
sions. The proposed system is situated in a lab environment 
but could be made more robust and taken on site. This would 
allow the continuous structure enabled by the multi-step cur-
ing process to bypass size limitations of transportation or 
fabrication space. The proposed system, where both mem-
bers and nodes are of the same continuous material could be 
a solution to the usually highly expensive node fabrication 
in traditional space frame structures. By creating a robotic 
system in parallel to the material system a reciprocal rela-
tionship between material, technology and design emerges, 
expanding the boundaries of known systems and design pos-
sibilities for robotically fabricated lightweight structures.

Fig. 9  a Material exchange routine (left), b unspooling extra material 
to create desired length of slack and winding around anchor (right)
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