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The research work fueling this paper examines οptimal approaches for bridging
design analysis and robotic spatial construction. In this context, the paper
presents the development of a unified platform for managing a swarm of robotic
fabrication agents. The goal is the development of a streamlined methodology
that guides the conversion of a design model into construction data code that can
be assigned to the robotic swarm for fabrication.The work focuses on bridging
architectural design platforms and distributed automation processes, on the one
hand, and on the other, it targets the development of a functional management
tool for adjusting and optimizing fabrication. A crucial parameter considered is
the monitoring and assessment of all stages of the proposed process. This
involves a constant exchange of information between the various actors, such as
the swarm agents, the construction data and the designer - user. As a result, the
construction process is treated as a constant reassessment and re-adjustment of
the design parameters rather than the linear result of the original set of
construction data. Therefore, the proposed system cannot be described as
reactive, but acts responsively in a ``sensible`' manner.
Keywords: Swarm Robotics, Adaptive Fabrication, Robotic Construction
Communication Platform, Sensible System

INTRODUCTION
The paper presents the conceptual framework and
preliminary results on the development of a platform
that aims to bridge contemporary Digital Design
Tools and Robotic Fabrication Methods (Fig. 1).Four
individual aspects of the ongoing research are discussed.

Firstly, the paper highlights the main characteristics of the proposed Design Platform Framework.
Secondly, two types of Robotic Fabrication Platforms
are described. Thirdly, the paper analyzes the conceptual framework of the Fabrication Methodology,
that leads to the fourth part presenting preliminary experiments regarding the development of the
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robotic platforms. The paper concludes with future
directions of the research on bridging Digital Design
and Robotic Fabrication.

design as blocks, it is able to reduce the complexity,
requiring less computational power during construction, while remaining true to the original model. Finally, the ability to simulate the environment allows
for the integration of the relevant parameters in the
early design phases.

ROBOTIC FABRICATION TOOLS

DESIGN PLATFORM CHARACTERISTICS
The main objective of the proposed platform is to
provide an optimized framework for communication
between design and fabrication. Speciﬁcally, the
platform provides a bridge connecting Digital Design
Tools and Robotic Fabrication Methods for open terrain, allowing the designer to directly communicate
with the robotic fabrication units and guide eﬀectively a dynamic construction process.
The design platform deﬁnes Building Blocks for
achieving spatial transformation through the analysis and utilization of environmental and geomorphological data. As a basis for this approach,
the Minecraft software environment was selected.
Minecraft provides a new way to represent an environment through discrete cubic elements. These elements can be assigned with diﬀerent material properties. Users can then utilize the elements in order
to assemble complex structures. The Minecraft platform is easy to use, requiring little or no programming skills, in order to be modiﬁed according to speciﬁc requirements. Furthermore, the software’s versatility allows for the development of diﬀerent scenarios and the introduction of machine-learning algorithms. Thus, a large number of experiments can
be conducted in a short time period (Aluru et al 2015).
Therefore, instead of creating a new software
from scratch, the proposed platform operates as a
plugin in Minecraft, taking advantage of the aforementioned characteristics. Furthermore, it provides
tools to translate the design information into fabrication data for the robotic units. By describing the

The second aspect of the present work is the utilization of robotic fabrication methods in conjunction
with the aforementioned platform. The use of robotic
means in the ﬁeld of architecture has been on a continuous rise during the past 20 years (Kamimura et
al 2001). This proliferation leads to a corresponding increase in the number of applications in which
the ﬁeld of robotics may create new opportunities for
synergies within the design process (Brell-Cokcan &
Braumann 2013). There are multiple beneﬁts to the
utilization of robots in design, since they can consistently perform roles within controlled environments
(Corke 2013) (Fig. 2).

The method utilized in the context of the proposed
framework is based on practices from the ﬁeld of
swarm robotics. Designers are already employing
small robotic swarms that allow design ﬂexibility
(Sahin & Spears 2005). These have been mainly employed within controlled environments and following simpliﬁed set of commands. However, when scaling up this approach to a non-controlled environment and through an increased complexity in design,
robotic swarms are faced with increasingly complicated tasks that require them to be deployed in large
numbers.
The deployment of robotic swarms in environments of increasing complexity requires the development of new algorithms as well as new, enhanced de-
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Figure 1
Snapshot of the
platform created for
managing a Swarm
of Robotic
Fabrication Agents.

Figure 2
(Left) In Situ
Fabricator [1] (ETH
Zurich 2017).
(Right) TERMES
Project [2] (WYSS
Institute 2014).

sign tools. Relevant research focuses on three main
areas. The ﬁrst one is based on Brooks’ approach
and guides the increasing of the accuracy of the
robotic swarm (Brooks 1989). The second is directed
towards improving the detail of their programming
(Gramazio et al 2014), while the third one allows for
better utilization of the design model (Achim et al
2017). To facilitate a better understanding of the
concepts discussed, two such case studies are brieﬂy
presented: the In Situ Fabricator (Gramazio & Kohler
2014) and the TERMES project (Petersen et al 2011).

In Situ Fabricator Mobile Robotic Unit
The Digital Fabrication of the In Situ Fabricator Mobile Robotic Unit (Fig. 2), developed at the National
Centre of Competence in Research (NCCR), consists
of an industrial robotic arm placed on top of a mobile robotic platform. What is of special interest is the
fact that the robotic unit is equipped with 3D scanning devices and sensors. These sensors constantly
provide the robotic unit with data regarding the environmental setting in which it operates. Therefore, the
robotic unit is able to adapt in real time to changes
in its environment. The fact that robotic platforms
are able to receive, ﬁlter and act upon real-time data
received during the construction task, eliminates the
need for adjustment to the operating environment.
This allows for future deployment of similar platforms
in construction sites.
The integration of sensors on robotic construction platforms signiﬁcantly expand their capabilities,
paving the way for an enhanced, yet seamless collaboration between humans and robots. This initiates
a dialogue in which the robot -having a certain level
of autonomy- takes independent decisions based on
the data received by its sensors (Fig. 2). Additionally, the robot is able to provide data to the designer,
based on a feedback loop of the process. This allows
for a design process in which humans and robots engage in a dialogue, through a continuous exchange
of questions and answers (Negroponte 1973).
In this dialogue, the human designers are responsible for setting the design parameters and con-

straints as well as being in charge of the broader design concept. The robotic agents on the other hand,
being able to process complex geometries in a fast
and accurate manner, are responsible for translating
them into fabrication data. The process then unfolds
until a satisfactory level of implementation has been
achieved.

TERMES Project
The TERMES project (Fig. 2) examines the capabilities
of a new type of robotic fabrication system that is adjusted to the speciﬁc needs of a construction site. The
research focuses on the fabrication of simple geometries utilizing a Robotic Swarm. The swarm consists of
a number of small size autonomous robots that interact with each other as well as with the environment
on a local basis. Each Robotic Swarm operates individually, and as a result, small-scale collective behavior emerges (Gadsby 2010).
The approach is inspired by biological clusters
and follow simple rules (Napp & Klavins 2010). Furthermore, there is no collective audit principle to
govern their behavior, which is determined locally
through the interaction between the members of the
swarm. This leads to the emergence of a collective intelligent behavior, independent from each individual
robot (Werfel et al 2011).
The case of the TERMES project demonstrates
certain advantages in the Robotic Swarm approach
to fabrication. These include high reliability, reduction in the complexity level of the design and signiﬁcantly lower costs per unit. Moreover, the utilization
of swarms limits the possibility of a catastrophic failure or of signiﬁcant deviation. It further guarantees
the continuation of the construction process, even
in the event that a signiﬁcant number of the swarm
members are out of commission. This distributed and
open structure facilitates deployment of the swarm
in all types of terrain. Furthermore, it ensures operational ﬂexibility during the fabrication process since
it allows for changes and revisions during operation,
thus signiﬁcantly reducing costs.
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FRAMEWORK OF DESIGN PLATFORM
Analysis of the state-of-the-art highlights a gap
in communication between Design Standards and
Swarm Robotic Fabrication Units. This leads to significant limitations in relation to the ﬂexibility of the fabrication process and the complexity of the ﬁnal product.
The research presented in the present paper
aims to ﬁll this gap through the development of a
tool consisting of two key innovative elements: on
one hand direct connection between Digital Design
Environments and the Robotic Swarm, on the other
hand development of a platform that allows for realtime management of fabrication analytics. These elements will facilitate the implementation of swarm
robotic fabrication in architectural construction processes.
Incorporating the aforementioned elements, the
presented tool aims to provide a bridge between Design Software and Robotic Software. This in turn will
facilitate the further development of a framework for
integrating robotic fabrication methods in the architectural design process.
The tools described in the previous sections have
been implemented in the proposed framework. The
resulting design methodology is comprised of four
stages : (a) Scanning, (b) Data Analysis, (c) G-Code
Generation and Construction, (d) Monitoring and
Evaluation.

Scanning Stage
The process begins with the Scanning Stage (Fig. 3).
It involves the mapping of the selected area and the
identiﬁcation of the prevailing elements. This maps
out the environment in which the Robotic Swarm will
be deployed, and operate. The stage consists of two
discrete steps: Geographical Mapping and Data Processing.
The Geographical Mapping step includes, two
groups of actions: recording and data-collection.
Speciﬁcally, during the recording action, all relevant
data regarding the environment, such as visualization of ground materials, search for waypoints (where

the Robotic Swarm will be deployed) and so forth,
are recorded, ﬁltered and stored. This is achieved
through aerial reconnaissance via drones, as well as
on-site high-resolution photographic survey. The
resulting data is further processed through various
software tools. Through the use of photo scanning
software as well as three-dimensional CAD software,
a ﬁrst representation of the environment is created
(Fig. 3).
Figure 3
Stage 1 : Scanning
Process. From point
cloud to data (using
existing area as a
case study).
Based on this representation, Grasshopper 3D plugin
for Rhinoceros is utilized in order to identify and classify the environment materials, in accordance with
the recorded database. As a result, the process deﬁnes patterns to encode the diﬀerent materials. In
case of errors in the analysis via Grasshopper, the user
can intervene using a virtual reality framework, based
on the Oculus Headset and the Unreal Engine, in order to correct the model. Finally, the data is exported
to formats that can be incorporated in design software platforms (Data Collection Actions). Additionally, during this step, classes and ﬁlters for organizing
the data are identiﬁed and indexed data sets are created, which will facilitate the synthesis of the model
of the “working surface”.
The second step involves Data Processing (Fig.
4). During this step, the data collected through the
Geographical Mapping phase is processed, through
a vb-script in Grasshopper 3d, in order to create
a three-dimensional model of the environment in
question. At the same time, the collected data is categorized according to the ﬁlters and classes deﬁned
in the previous phase. This allows for a further analysis of the environment and creation of a database of
the site properties. This database is then exported to
Stage 2.
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Figure 4
Stage 3: Data
Analysis. Material to
pixels - data
(Bridging Minecraft
with Grasshopper
3d)(using existing
area as a case
study).

Data Analysis
Following the collection and classiﬁcation of data in
the Scanning Stage (Stage 1), the second stage, Data
Analysis, focuses on information processing as well as
optimization of the created three-dimensional environment. Key challenge in this stage is the processing and management of large volumes of data and
the simultaneous reduction of required computing
power. This is essential for limiting the complexity
of the proposed platform, ensuring an eﬃcient and
user-friendly environment.
Utilizing the existing open world threedimensional platform (Kamimura et al 2001) previ-

ously described (Minecraft) the proposed methodology is able to model and compile the geographical
mapping of Stage 1 into structural blocks. Furthermore, each block is assigned with properties, based
on the database imported from Stage 1.
This is achieved through the creation of a
Grasshopper Deﬁnition that translates triangular surfaces (meshes) into three dimensional cubes. Following this translation, each block is inserted into
the Minecraft plugin and is assigned with parameters drawn from the material database, utilizing the
Minedit software. As a result, the diversity of the
mapped environment is represented in the three-
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dimensional model. Upon completion of the model,
both topographical maps, as well as diagrams of material distribution, are available for the next stages
(Fig.4)(Fig.5).

G-Code Generation and Construction
In this stage, the information collected and processed in previous stages is fed to the Robotic Swarm
(Fig. 6). During this stage, the desired design is introduced into the platform and projected onto the
three-dimensional model, allowing the extraction of
G-Code in order to commence construction by the
robotic swarm. This utilizes the database of topographic maps and material distribution diagrams created during stage 2. During the processing of the
model, the user is provided with reports regarding
the limitations and feasibility of the construction process, as the system calculates the collection points,
properties and quantity of materials present in the
site, as well as the available fabrication units.
Once the user decides on the ﬁnal design solution, the process of encoding the structure for construction begins. Calculating the economy of material and work required, the system processes the design model. Based on the complexity of the form,
it calculates the material resolution (high complexity equals high analysis, low complexity equals low
analysis). Furthermore, the system checks the required material quantities in relation to the available collection points and their proximity, in order to
achieve the optimal supply-demand ﬂow during the
construction process. Following the encoding process, the user has the option to alter the analysis as
well as the design model itself.
When the construction process commences, the
Robotic Swarm initially performs an environmental

survey and sets construction constraints. Based on
the data collected, the platform processes implementation scenarios in order to identify the optimal
manufacturing solution. After the optimal solution
has been identiﬁed, it is cross-checked with the parameters set by the designer. Upon completion of
this veriﬁcation process, the design code is created
and downloaded to the Robotic Swarm.
The design code consists of four parts (Fig. 6): a)
The creation of reference points on each cube, which
are placed in a matrix and classiﬁed according to their
characteristics, b) Connection of reference points, in
order to create a toolpath, c) Distribution of the various construction tasks to the various members of the
robotic swarm, based on the individual unit’s characteristics and the complexity of the task, and d) Estimation of construction completion time, based on
the average time required by each individual robotic
agent to complete a speciﬁc task.

Monitoring and Evaluation
With the creation of the G-Code complete, the
robotic swarm follows a series of missions before
commencing the construction. First, a reconnaissance of the area is performed, in order to create a
detailed topographic map as well as waypoints and
beacons. Second, a Central Support Unit is created, in
order to collect and process the materials, as well as a
network of Secondary Facilities in various Sectors of
the site, that support and streamline local construction tasks. Finally, a hierarchy of the various construction tasks is deﬁned, and they are assigned to individual robotic units based on the speciﬁc nature of the
task and each unit’s capabilities.
In parallel to the fabrication process carried out
by the Robotic Swarm, the control platform is continuously fed with data from the Swarm’s sensors. This
allows for the collection of additional information regarding both the progress of the construction process as well as changes to the environment.
At all stages of the process, the designer is able
to monitor and evaluate the construction progress
(Fig. 6). Therefore, the design model can be updated
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Figure 5
Stage 2 Data
Processing. From
pixel to data (using
existing area as a
case study).

Figure 6
Stage 3:
(Top)Construction
A. Assembly
process and
toolpath simulation
(encoder).
(Down)Construction
B, C. Digging and
3d printing process.
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with new data which can then be fed to the Robotic
Swarm in the form of new construction goals, creating a dynamic feedback loop that constantly evolves
as the fabrication process unfolds

ROBOTIC FABRICATION PLATFORM EXPERIMENTS
Following the previous description of the conceptual
framework showcasing the proposed platform ’s design methodology , preliminary research results regarding the development of the collaborative multiagent Swarm Fabrication platforms will be presented.
These involve two experiments regarding the development of the robotic fabrication swarm agents:
Hexbug Swarm of Robots and Robotic Units based on
Braitenberg vehicles. The research is based on a combination of tools, including Grasshopper 3D, Processing, Python, ReacTIVision, drones and small commercially available robots.

Hexbug Swarm
The ﬁrst experiment focuses on the investigation of
swarm behavior and control. The robots are directly
controlled through Grasshopper and their location is
identiﬁed utilizing ReacTVision (Oungrinis et al 2015).
The goal of this phase of the research is the investigation of the robots behavior in simple scenarios. These
include transition to speciﬁc points, self-organization
in order to navigate obstacles, collision detection,
transportation of building materials and construc-

tion at designated location (Fig. 7). The agents are
considered to have an exploration task, covering an
unknown area as a cooperative acting robotic swarm.
The robotic agents are assigned with an exploration task, covering an unknown area as a cooperative acting Robotic Swarm. In the context of the presented experiment, small scale commercially available robots were used. Modiﬁcations were made to
their controlling software and communication protocols. This is in-line with the stated goal of the research
to minimize the cost of deploying a robotic swarm, by
utilizing inexpensive agents in large numbers.
The robotic platforms utilized in the experiment
are the following: (a) Arachnoid (ﬁg.7) : 6 legs - 1
arm robot equipped with a robotic arm for use in 3d
Printing and Excavation tasks, (B) Nano - Arachnoid :
Robotic Platform utilized for Networking Tasks, and
(C) Arachnoid Drone : Robotic Platform equipped
with a scanner system utilized in Exploration and
Coordination Operations Carrier: 12 legged Robotic
Platform tasked with material Transportation and Relocation.

Robotic Units based on Braitenberg vehicles
Reactive systems are comparatively new to the ﬁeld
of robots. They are based on the combination of
sensors with a group of low level behavior programming, based on neuronics and cognitive psychology (French & Canamero 2005). The variety of acFigure 7
(Left) Hexbug
Swarm Of Robots,
Communication
Platform. Digital
and physical Model
Simulation,
Rhinoceros 3d &
Grasshopper.
(Right) Braitenberg
vehicles, test
models (ongoing
experiments).
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Figure 8
Braitenberg
vehicles. Ongoing
Experiment V1,
single agent and
V2b collaborative
tasks.

tions stems from the interaction between diﬀerent
behaviours, the readings of the sensors and the environment. Reactive systems are suited to dynamic environments which are in constant ﬂux, thus excluding
the utilization of a static map.
The main characteristics of reactive systems can
be described as follows: (a) Behaviors are essential
parts of design. A behaviour in reactive systems is
usually a combination of sensor and motor activity.
The sensor-reading triggers the motor in order to
move towards or away from the source (e.g. destination or obstacle). (b) General knowledge of the environment is avoided. The creation and maintenance
of a detailed representation of an environment is a
time-consuming and costly procedure, prone to errors. On the contrary, reactive systems do not store
a representation of their surroundings, but react to
stimuli from the environment. As stated previously,
this is of value in unpredictable and dynamic environments. (c) Reactive systems are usually modelled
on animal behaviour patterns. Frameworks from the
ﬁelds of neuronics and cognitive sciences are used to
model the behaviours necessary for the robot’s interaction with the environment.
In the second experiment, Braitenberg Vehicles
are utilized in order to understand the movement
of plants and animals towards or away a source in a
reactive manner (Braitenberg 1984). The type considered in the present paper are symmetrical assem-

blies, equipped with two frontal sensors, along with
a stabilizing wheel as well as two rear wheels, connected to two independent motors (Fig. 7)(Fig. 8).
The vehicle is controlled through a system that
connects the right sensor with the right wheel and
the left sensor with the left wheel. When a sensor is
triggered, the corresponding motor is activated, thus
rotating the vehicle in the corresponding direction.
The process is repeated until the vehicle reaches the
source of the signal. An alternative system involves
connecting opposite sensors and motors (right sensor with left motor and vice versa). In this case, the
vehicle is guided away from the source of the signal
(Fig. 8).

CONCLUSIONS
The research work presented in this paper aims to
explore issues arising from the diﬃculty of handling
complex data produced from architectural design
processes in the context of robotic fabrication.
This diﬃculty is due to the fact that contemporary architectural design contains embedded within
it multiple layers of information, with plenty of abstractions. This information is varied in nature, ranging from geometric data, which is accurate, to material information, which is given as an abstraction/connotation. Due to this fact, the translation of this data
to fabrication ﬁles and codes remains a daunting task.
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The proposed platform aims to handle the conversion of design data to fabrication code, adjusting dynamically the resolution and the materials required. This is achieved through the parceling of the
information into manageable sub-groups, that are
in turn further analyzed, according to the application context, in order to provide a speciﬁc fabrication
code for the Robotic Swarm for the distinct condition. This is made possible by two key features implemented in the proposed platform. Firstly, the combination of already existing technologies within a new
framework of data analysis and data processing. As
a result, the application is cost eﬀective, since it embeds already developed technologies, on a diﬀerent
operational matrix. Secondly, the proposed framework is scalable and adaptable to a large variety of
tasks. materialities and environments.
In conclusion, the proposed platform aims to create a new paradigm for integrating architectural design and robotic fabrication. This integration can lead
to an evolution of the design process by facilitating a
dialogue between designers and robots during the
architectural process.
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