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Abstract
The development of digital and physical tools is highly dependent on
interfaces, which define the terms of interaction both between humans
and machines, as well as between machines and other machines.This
research explores how new, advanced human machine interfaces, that
are built upon concepts established by entertainment electronics can
enhance the interaction between users and complex, kinematic
machines. Similarly, physical computing greatly innovates machinemachine interaction, as it allows designers to easily customize
microcontroller boards and to embed them into complex systems,
where they drive actuators and interact with other machines such as
industrial robots.These approaches are especially relevant in the
creative industry, where customized soft- and hardware is now enabling
innovative and highly effective fabrication strategies that have the
potential to compete with high-tech industry applications.
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1. INTRODUCTION
In recent years, architects and designers have become interested in how
code and software can affect the physical environment via actuators,
emitters etc. – so called physical computing. Due to powerful and accessible
interfaces like Arduino, we are now able to prototype and program complex
electrical circuits without the help of electrical engineers. A similar
development can be observed in the area of industrial robotics, where
software written by architects (see Section 2) is enabling a wider range of
users from the creative industry to control robots out of affordable,
architecture-centric Computer Aided Design (CAD) software.This
development is not only driven by the desire to streamline the workflow or
to reduce costs, but aims to free users from the constraints of current
Computer Aided Manufacturing (CAM) software, by letting them create
their own parametric design and fabrication environments instead of having
to rely on preset fabrication strategies.
Being inherently multifunctional machines, industrial robots are very
much dependent on their end-effectors, which often have to be custombuilt by engineers for the robot’s particular task. Using a physical computing
platform for prototyping robotic end-effectors allows architects and
designers to create their own hardware tools for robotic fabrication and to
directly control the data-flow between the robot’s control unit and any kind
of external devices.
Furthermore, this data flow can become bidirectional by having external
devices send data to the robot.The ability to collect external data allows
users to move away from regular, static robot programming, towards more
responsive and flexible programming strategies.
The following chapters will provide an introduction to industrial robots
and physical computing and discuss existing work where non-standard
robotic end-effectors and non-standard interfaces have been used.
We will present new interfaces that use the parametric visual
programming environment Grasshopper to process data and to
communicate with industrial robots, as well as interfaces that link the
robots themselves with custom endeffectors based on physical computing
microcontrollers.

2. INDUSTRIAL ROBOTS
In the scope of this paper, the term “industrial robot” refers to robotic
arms, or serial articulated robots, which are most commonly seen in the
automotive industry where they are used for a wide variety of tasks such as
spot-welding or spray-painting.This multifunctionality, which allows a robot
to change from being a milling machine to being a 3D-scanner, just by
switching its end-effector, along with its large non-cubic working space and
– compared to multi-axis Computer Numeric Control (CNC) machines –
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the affordable price, has sparked the interest of both the construction and
creative industry in robotic arms.
In the past few years, architectural faculties at institutions such as the
ETH Zurich,TU Vienna, University of Stuttgart, MIT, Harvard and the
University of Michigan have acquired industrial robots and are actively
researching the use of robots in architecture. However, this research is not
limited to academia, with architectural offices like Snøhetta in Norway now
using robots in-house.
The main challenge when dealing with industrial robots is to efficiently
program their movements. Moving from CAD to a physical output involves
a unidirectional workflow consisting of up to three software packages, in
addition to the handling of the robot itself. (see Brell-Cokcan and Braumann
[1], and Bechthold [2]).These issues encouraged the development of plugins
such as KUKA|prc [3] and SuperKUKA [4], which are integrated into
software used for architectural design and enable users to plan and simulate
the robot’s movement within a CAD environment and to ultimately
generate robot control data files that can be directly executed at the robot.
By using these plugins, the user is no longer forced to work with predefined
fabrication strategies, but can program individual, parametric toolpath
strategies that are immediately transformed into robot control data by the
robot-plugin.This approach offers several advantages:
• A direct feedback loop, which allows a more intuitive grasp of the
robot’s action-reaction relationship, as changes to the parametric
geometry are immediately reflected by the virtual robot simulations.
• The possibility to automate the generation of robot control data.
• A much more affordable price compared to commercial CAM
software.
However, the primary goal of these plugins is to offer an interface that
converts CAD-toolpath data into robot control data files – by default they
do not create code that can interact with external sensors or actuators.

3. INTERFACES
3.1. Interfacing industrial robots and physical computing
The main challenge for getting very different elements to communicate is to
find a common language. In this context, it requires finding an interface that
can be accessed by the robot programming environment, the industrial
robot and the microcontroller-system. Grasshopper was chosen as the
software environment, Arduino as the platform for physical computing, and a
KUKA KR5 as an exemplary industrial robot.Transmitting data between
such different devices calls for interfaces that are as simple as possible, in
order to reduce the margin for errors.
The Arduino environment, an “open source physical computing platform
based on a simple input/output (I/O) board and a development environment
that implements the Processing language” [5] is highly flexible as it can be
544
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expanded with both software libraries and hardware add-ons.The same
applies to the KUKA|prc based robot programming environment, which is
built upon Microsoft’s .NET platform and can therefore use all the
communication interfaces of a modern personal computer. In contrast, the
robot’s control unit offers the least amount of connectivity, being limited to
the robot’s digital and analogue I/O ports along with an Ethernet and a
serial interface.
Currently, the most common industrial communication interfaces for
robotic arms are Ethernet based (e.g. fieldbus via Ethernet, Ethernet realtime sensor interface) due to its high speed and low latency. However, the
problem is that these Ethernet interfaces are often proprietary, require the
purchase of additional technology packages, and may not be compatible with
all types or generations of industrial robots. In contrast, the serial interface
is available in most robots, depends on a simple and standardized
communication protocol and is able to transfer more complex information
than single digital or analogue ports [6]. Aiming to keep both complexity
and costs down, communication via the RS232 serial port (Figure 1) seems
to be the best choice of interface for connecting industrial robots with
external devices.

 Figure 1: KUKA control unit
sending data to the control panel, the
robot, and an Arduino board, which
controls a 3D-printed gripper.

3.2. Previous research on interfaces and custom end-effectors
The interfacing of external devices with PCs and industrial robots is mostly
researched in electrical engineering and computer sciences, where these
interfaces are used for robotic vision, pick-and-place systems etc. However,
these systems are complex, specialized, and usually running on top of
software such as MATLAB [7], instead of design tools that are commonly
used in the creative industry. In an architectural context, the past years saw
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the development of several robot programming tools that work inside
architectural CAD software (see Section 2). Jason K. Johnson and Andrew
Payne published Firefly, a plugin that allows Grasshopper to interact with
physical computing microcontrollers. A five-axis digitizer that records
motion and then replays it on an industrial robot, was also presented by
Andrew Payne [8] as a new robotic interface that relies on serial
communication.
In high-value industrial applications, the development of custom
endeffectors, e.g. grippers, milling spindles, or welding equipment, is state of
the art. However, in the creative industry and academia, where cost
amortisation is much more difficult, literature yet shows only few
customized end-effectors in that context, such as the robot-based rod
bender by MacDowell and Tomova [9] (Figure 2), and a robot-mounted
hotwire cutter that was used by Pigram and McGee [4] for the construction
of the Periscope Tower.
It is to be expected, that with the increasing proliferation of industrial
robots in the creative industry, along with the easier accessibility of
powerful microcontroller boards, the number of custom interfaces and
robotic applications will increase rapidly in the coming years.
 Figure 2: Robotic rod-bending9
(left), hotwire-cutting4 (right). Image by
University of Michigan

4. MAKING ROBOTS ACCESSIBLE
The easy accessibility of robotic programming is not only an area of interest
in the architectural community or the creative industry – demographic
change has made it a special focus for many industries, as the lack of
specialized workers makes adaptable and easily programmed robotic labour
increasingly important.
The Sparkling Science research project Genibotics (gender equitable
development of interest in the natural sciences using robotics) is funded by
the Austrian Research Promotion Agency FFG and explores the pedagogical
use of robots as gender-independent teaching tools for children from
kindergarten to secondary school.This project covers a wide range of
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different kinds of robots, with the authors participating as experts on easyto-use interfaces for industrial robots.
In previous research, it has been the goal of the authors to make
industrial robots accessible to the creative industry, by creating interfaces
that anyone with basic CAD knowledge can use. Allowing children – users
that have never been exposed to CAD or CNC fabrication before – to
interact with industrial robots requires the creation of completely new, nonstandard interfaces, which we also expect to be able to apply in fabrication
projects, when unskilled labour has to interact with robotic arms.

4.1. Common robot programming
In industry applications, the most common way of programming simple
robotic tasks is so-called online/automatic programming [10]. Online
programming works in a way that the user maneuvers the robot into the
desired position using the robot’s control panel, via either axis or Cartesian
movements.This position is then saved into a robot control data file and the
process repeated, until all positions have been recorded.The resulting robot
control data file can then be replayed, with the robot moving along the
previously recorded path.
In an architectural context, this programming method is not highly
effective, as architecture deals mostly with prototypes and individual
elements, while the lengthy process of teaching points is only effective when
repeated many times, along with being unsuited for subtractive
manufacturing.
For children, the main issue with that programming strategy is the
control unit itself, which offers an exhaustive amount of options, often
combining buttons and touchscreen input in a way that users are not used
to from electronic entertainment devices. Furthermore, due to safety
reasons, these control units frequently require the user to press two
buttons at the same time to confirm an operation, making the handling of a
control unit even more complicated.
We therefore propose that any interaction between children and
industrial robots would have to be based on an interface that children can
relate to, and not on an industry-standard interface such as the robot
control panel. Nowadays, children are exposed to technology at an early
stage, frequently interacting with mobile devices, touch screens, and gaming
consoles. Consequently, we developed various interfaces for robotic
interaction, based on these interaction-strategies making complex kinematic
machines accessible and therefore interesting for aspiring robot users.
The following prototypes were evaluated at full-day robot workshop
that took place as part of the 2012 children’s university in Vienna.
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4.2.Touch-based robot control
The first step involves the replacement of the control panel with a device
that children could more easily relate to and that would only contain the
immediately relevant movement operations, instead of the multitude of
functionality that a robot control panel offers. As today’s mobile phones and
portable gaming devices depend near exclusively on touch interaction,
children are well versed in these interfaces. Using a multiplatform 3D
engine, we developed a custom application that provides six sliders – each
referring to one of the robot’s axis, and a 3D viewport that renders the
movements of the robot (Figure 3). In “offline” mode, the students can just
experiment with the robot’s kinematics - which are immediately visualized
in the viewport - while the “online” mode sends the collected data
wirelessly to a host computer.The host computer itself is connected to the
iPhone via WLAN, and to the robot via a serial connection. A plugin for
Grasshopper collects the sent data, reformats it, and sends it with a
checksum via the serial port to the robot. Using a custom-written robot
program, the machine interprets this data and moves in near real-time to
the position of the transmitted axis-value. Being a fully bi-directional
workflow, the current robot-position data is periodically sent back to the
host computer, and visualized immediately in the iPhone user interface.
This allows the users to intuitively interact with the industrial robots in
a fast and fluid fashion, as it relies purely on control strategies that are well
known from mobile computing platforms.
 Figure 3:Touch-based interface for
video-game like robot control.
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4.3. Gestural robotic interaction
Gestural robotic interaction is another strategy that relies on an established
interface that, in that case the Microsoft Kinect device, which was originally
built for the company’s Xbox gaming console.The Kinect houses a
stereoscopic camera, which is used to accurately capture the movement of
a person. In the context of videogames, this data allows the player to
directly interact with the environment, e.g. by moving his arm towards an
object.
Using the Kinect SDK, we created a custom software that would capture
the Kinect’s data via USB and represent it in the Rhinoceros CAD
environment as a virtual skeleton.Then, using the kinematic solver, a 3D
model of the industrial robot was added, along with sets of rules that define
how the robot would react towards the virtual skeleton. (Figure 4)
As the students did not know these rules, they interacted with the
virtual robot and tried to discover how the robot would respond to certain
gestures or relationships, e.g. the proximity of the head node and the arm
node. Using that experimental knowledge, every student composed a
sequence of movements, which was recorded and saved as a robot control
data file that could be replayed on the robot.

 Figure 4: Gestural interaction using
a Kinect device: Motion capture, data
processing, and robotic reaction

4.4. Mass customization for robot drawing
A different approach for making industrial robots accessible to students is
the complete abstraction of the robotic fabrication from the design process.
Here, the students were given an iPad with a vector drawing software to
paint an image and to upload it wirelessly to a personal computer.This data
is then loaded into the CAD software Rhinoceros, where a KUKA|prc
based script immediately converts it into robot code. As the robot is placed
in a way that it can reach every place on the drawing paper – thereby
covering the whole sample space – the script requires no interaction or
simulation and can automatically output robot control data files.This
process can be compared to mass customization, where the automaticallyDigital and Physical Tools for Industrial Robots in Architecture: Robotic Interaction and 549
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produced, self-similar, parametric object is simply a canvas of a predefined
size.

5. USING CUSTOM ENDEFFECTORS
As discussed in Section 3.1, Arduino offers powerful tools for creating
custom endeffectors that can be integrated into robotic fabrication
strategies. Once communication has been established, the actuation logic
has to be implemented in the robot programming. In previous research that
was demonstrated at a robotic graffiti workshop in Berlin, a spraygun was
mounted onto a KUKA KR5 robot. By linking an Arduino board with the
compressor’s electronics, we were able to control the airflow to the
spraygun using serial commands coming from the KUKA robot.The
parametric robot programming in KUKA|prc was then set up in a way that
the robot would send a command to enable the spraygun at the beginning
of each toolpath, and to disable it at the end. (Figure 5)
During the full-day workshop, customized end-effectors and physical
computing interfaces were also utilized. In order to divide the complexity of
a fabrication process, the students were split into two groups, with one
group tasked with operating the robot, and the other one given control of
the gripper device, with the common goal of constructing a high tower out
of polystyrene cubes.

 Figure 5: Spraypainting process
scheme (upper left), spraypainting
(lower left), students interacting with a
gripper, powered by a physical
computing microcontroller (right).

Using a custom-made gripper had various advantages for that project, as
shifting the endeffector control from the KUKA robot to the students was
simply a matter of rewiring one cable. Instead of having to rely on the
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dimensions of commercially available equipment, we designed the gripper
ourselves in CAD and had it built via selective laser sintering. As the nylon
plastic used in that process is quite flexible, and the jaws were operated by
small servo motors, the gripper was safe to operate around humans.While
the construction logic in the robotic spraypainting project was set by an
algorithm, the gripping project required communication between the team
controlling the gripper, and the one controlling the robot – similar to what
happens inside the Arduino microcontroller, when e.g. the robot inquires
the status of the spraygun.

6. REAL WORLD APPLICATIONS
6.1. Recent developments
The interfaces demonstrated in Section 4 show new approaches for
interacting with industrial robots.While the Genibotics research focuses on
the interaction between children and robots, it is important to emphasise
that these innovations definitely have applications in industry.Touch-based
interfaces as in Section 4.2 are increasingly common in the robot industry,
as e.g. demonstrated by the release of the KUKA smartPAD, a touch-based
robot control panel with a much improved user interface compared to its
predecessors. (Figure 6)
Mass customization has been a topic in automation since decades, but
especially now in architecture, new developments are taking place.With the
increasing use of intelligent, parametric objects – e.g. using the
aforementioned Grasshopper environment – it is becoming possible to use
this intelligence to automate the fabrication process of self-similar
parametric objects i.e. lot size one. As it is often not economically viable to
use physical prototypes for evaluating individual products, the digital
simulation of material properties is especially important in such a context.
In regards to custom endeffectors, Schunk recently announced a range
of modular grippers, which can use customized, 3D printed jaws for the
improved handling of fragile parts.

 Figure 6:Touch-based KUKA
smartPAD controller (left), commercial
gripper with 3D-printed jaws by
Schunk (right).
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6.2. Robotic forming of SplineTex
As part of the SplineTex project, funded by the Austrian Research
Promotion Agency FFG along with SuperTex, the authors are currently
researching the use of industrial robots for shaping SplineTex – a task that
will require the integration of several new interfaces along with a new way
of interaction between simulation and physical space.
SplineTex is a composite material developed by the Austrian startup
SuperTex. It is available as tubes of different diameter and stiffness,
consisting of an outer plastic layer, and an inner layer of either carbon- or
glass fibre mesh. In its default state, the stiffness of the SplineTex material is
comparable to a rope or a garden hose and can be easily manipulated.
However, once the material gets infused with epoxy, it gains the extreme
strength and durability associated with fibre-reinforced plastic.The goal of
this research project is to find ways how robots can be used to form
SplineTex in an accurate and repeatable fashion and to develop an interface
that allows the user to simultaneously control material and robots.
On the hardware side, the pump for the infusion process as well as the
gripping device for holding the SplineTex tubes will have to be connected to
the robot, similar to the projects in Section 4.4., using affordable materials
and physical computing devices for a prototypical proof of concept until the
general feasibility of the process is proven.
However, the main challenge lies in the software side, especially in the
development of an accessible robot control interface.The idea is that the
whole forming process – both robot and material – can be simulated in a
virtual environment before moving into physical production. A first step is
therefore the collection of material data, to be able to simulate the
performance of the tubes. Once the simulation well enough approximates
the physical behaviour, robot strategies will have to be developed that allow
multiple robots to create SplineTex-based structures, without colliding with
each other or damaging the material. (Figure 7)

7. CONCLUSION AND OUTLOOK
This research represents another step towards a more open and adaptable
system for the design and fabrication with industrial robots.
While the investigation into robotic forming of SplineTex is ongoing, we
can already observe that many playful uses such as the Arduino-based
robotic spraypainting contain valuable concepts that can find applications in
industry-based projects. In that regard, the robot’s scalability of code is a
special advantage, as the programming for a small robot with 5kg payload is
the same as for a 1000kg KUKA Titan.This allows designers to prototype
processes on small robots and then simply scale them up for full-scale
production without having to change the underlying logic.
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 Figure 7: SplineTex composites:
Robotic forming (above), material
prototypes (below).

However, even the playful projects would not have been possible, were it
not for the development of powerful interfaces.These interfaces support
the user by taking care of repetitive tasks and exposing complex structures
in accessible form.
Arduino hides the complexity of microcontroller programming behind
the well-documented Processing programming language, while KUKA|prc
enables a direct interaction with the virtual robot, allowing immediate
fabrication feedback that goes beyond the simple transformation of
toolpaths into robot control data.
We imagine, that in the near future architects will not only program
industrial robots, but will soon learn from the automation industry to
develop their own physical tools. Similarly, the automation industry is gaining
interest in the creative plug and play interfaces for industrial robots, leading
to new and fruitful cooperation. Architects have therefore become not only
users of digital and physical tools, but creative developers that can
independently control fabrication of mass customized parts, assembly and
mounting alike - enabling new designs that would otherwise not been
possible.
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