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ABSTR ACT
This research presents a novel construction method that links robotic assembly and
in place 3D printing. Rather than producing custom joints in a separate prefabrication
process, our approach enables the creation of highly customized connection details that
are 3D printed directly onto off-the-shelf building members during their assembly process.
Challenging the current fashion of highly predetermined joints in digital construction,
detailing in place offers an adaptive fabrication method, enabling the expressive tailoring
of connection details while addressing its specific architectural conditions. In the present
research, the in place detailing strategy is explored through robotic wire arc additive
manufacturing (WAAM), a metal 3D printing technique based on MIG welding. The robotic
WAAM process coupled with localization and path-planning strategies allows a local
control of the detail geometry, enabling the fabrication of customized welded connections
that can compensate material and construction tolerances. The paper outlines the potential of 3D printing in place details, describes methods and techniques to realize them, and
shows experimental results that validate the approach.
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INTRODUCTION
Current developments in digital fabrication integrate
design-to-construction workflows, increasingly allowing
for continuous control from the design to the materialized product. However, if we look closer at the contact
interfaces between elements of discrete structures, we
often find that inconsistencies between the planned model
and the physical output are still present (e.g., parts are
not precisely the same or not exactly located where they
are supposed to be). This phenomenon traces back to our
methods for encoding physical properties and manufacturing processes into drawings and digital models, an issue
that has been historically addressed with architectural
detailing (Cardoso Llach 2015).
While most of what constitutes the design-construction process is shifting with digital technologies, today’s
idealized CAD models do not yet contain all the information
needed to process the constant changes of physical reality.
This possible divergence between the planned and the built
form is particularly relevant in discrete assemblies, where
these divergences can accumulate. To this end, the concept
of architectural detailing has been evolving: what once
was a resource for negotiating tolerances of standardized
prefabricated components (Marble 2012), today is aiming
to become a system of material interdependencies. In this
direction, the detail description has become parametric
and is better described as a set of constraints instead of
static fragmented drawings (Shelden 2014). Nevertheless,
today most of the required information needed to process a
suitable detail solution is modelled blindly. Site information
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and material tolerances are described as close as possible
to what we expect to happen during construction (Nolte
and Witt 2014). Thereafter, connection details are typically
manufactured and then assembled following instructions. But this fragmented approach is not fully functional
to construction nor to design, as computational design
intelligence is lost in the transition of mediums. Even with
the most robust and accurate detail model and the latest
precision machining processes, differences at the assembly
stage may still exist.
However, by unifying design and production phases, robotic
fabrication might change how we think about connecting
elements. In this project, the robot’s flexible and generic
nature is integrated with localization and path-planning
strategies to produce adaptive connection details that are
both designed and executed in place and in sync with the
assembly process. Gathering information from the current
state of assembly, the adaptive detailing process devises
the basis for a novel algorithmic framework for connection
details.
Standard, Custom, and Adaptive Connections

The concept of standardization, when coupled with mechanized manufacturing, is tied to achieve interchangeability
of parts and precision (Giedion 1948). While the use
of standard components is a fast, cheap, and reliable
building strategy, it also presupposes uniformity to achieve
compatibility. To this end, the standard connection detail
had the role of controlling the down-the-line outcome of
a fragmented production process constituted by a set of
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Methodology steps from digital to physical and related modules: geometry (G), localization (L), path-planning (P), detailing (D) and communication (C).

compatible predefined components (Deamer 2010; Figure
2).

an algorithmic and adaptive logic to the tectonics of
architecture.

More recently, the introduction of digital fabrication
disestablished the need for repeatability without losing
precision, thus provoking a new approach: the custom
connection. The increasing availability of affordable CNC
machining and 3D printing supported and encouraged the
use of mass-customized connections (Williams et al. 2015).
Although the fabrication process is comparatively slower
and more expensive than mass-produced standard components, designers have found a geometric freedom in one-off
connections that respond locally to geometric and structural requirements (Galjaard, Hofman, and Ren 2015; Ariza
et al. 2017). However, this approach finds its limitation on
the construction site, where the manual assembly process
of a large number of unique parts is logistically challenging,
and depending on the technique, usually unforgiving to
dimensional differences found during assembly.

Each connection detail approach presented above—standard, custom and adaptive—has an advantage in terms
of economy and flexibility. By using standard elements
combined with an additive robotic joining in place, we aim
to combine the efficiency of each in a unified approach: the
economy of standard components, the expanded design
space of customization, and the flexibility of adaptive
building.

3

METHODS
The in place printing approach is based on the exchange
of physical and digital information of the current assembly
during construction. To this end, we propose a method
comprised of a digital setup that structures the building
data and functions, a sensing strategy for gathering physical data, and a detailing processing unit for generation,
processing, and production of connections (Figure 3).

To overcome these limitations, current research investigates the use of robots to reposition design and
construction in a closed-loop process to handle unprogrammed variation (Doerfler et al. 2016; Vasey, Maxwell,
and Pigram 2014). At the detail level, this process continuity provokes a fundamental change: the detail’s final
geometry is now executed as needed during the assembly
process based on the information gathered from the
current assembly configuration, eliminating the need
for predefining a particular fitting or tolerance-handling strategy. As a result, in place detailing brings forth

The digital model consists of five types of modules integrated in GhPython: geometry, localization, path-planning,
detailing, and communication. The geometry module is
in charge of describing the geometry and topology of the
building members and structure. The localization module
collects spatial information and inputs it back into the
digital model. The path-planning module evaluates and
outputs feasible robot paths for each of the robotic operations (sensing and printing). The detailing module integrates
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Digital Setup

4

WAAM experimental setup.

4

the different modules with the WAAM process parameters
to produce a suitable member–member connection geometry. Finally, the communication modules are in charge of
sending and receiving messages between the computer, the
sensor, the welding machine, and the robot controller.
Sensing

The goal of integrating sensing into the in place detailing
method is to gather spatial information from the physical
model to inform the digital model of the current state of
assembly. In this project, this is performed at a local level
with a profile laser sensor for round objects,1 with depth
of view between 100 and 250 mm. The sensor does not
manage multiple pipes in its field of view; therefore, only
one object can be scanned at a time. To achieve this, and
to locate the sensor precisely, we evaluate the geometry
of the digital model to find possible positions for scanning.
With this information, the path-planning module evaluates
and outputs a feasible robot path for positioning the sensor.
Finally, the profile sensor scans and outputs the center
of the pipe and the localization module generates a new
and more precise reconstruction of the pipes in the digital
model.

implementation, the connection detail geometry is produced
based on two sets of data: (a) the current geometric configuration of the building members and (b) the fabrication
process parameters and constraints (see Implementation
and Results section). The resulting connection detail
geometry after integration of (a) and (b) is translated into
robot poses, which are then checked for collisions by the
path-planning module until a solution is found. If there is no
solution, a translation of the starting and ending connection
points can be done along the axis of one or both of the pipes.
The final step is assigning time intervals and robot motion
speeds to the resulting feasible connection geometry. This
data is then sent to the robot to start building.

IMPLEMENTATION AND RESULTS

Detailing

The method is exemplified through robotic wire arc
additive manufacturing (WAAM), also known as robotic
spatial welding (Cros 2017), in two experiments, one
a member–member connection and the other a threemember structure. The first experiment explores two
different deposition strategies: discrete and continuous.
The second experiment tests the robustness of the in place
detailing method when integrating path-planning in more
constrained setups. In both cases at this stage of the
research the base pipes are positioned manually.

The realization of in place detailing relies on an online
coordination of digital and physical data and processes.
This requires a processing and control unit: the detailing
module. The module generates connection detail solutions
bounded by the specific process parameters and produces
the final fabrication data. At this stage of the module

The experimental setup is comprised by an ABB IRB
4600/40 with a custom end-effector equipped with: a
profile sensor,1 and a gas metal arc welding torch (GMAW)
connected to a MIG/MAG inverter (Figure 4).2 In both types
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Setup and Materials

Deposition Strategies

We study the WAAM technique for adaptive detailing
through two deposition strategies: discrete and continuous.
The first strategy exploits the ability of the robot to move
precisely in space to generate linear connections from the
accumulation of discrete “point” depositions. The second
strategy explores the efficiency of the WAAM process with
a continuous deposition without turning the wire feeding on
and off during the robot movement. Figures 6 and 7 show
diagrams of the deposition sequence for a connection detail
using each strategy. Used as a connection strategy, continuous depositions need a base to build upon; therefore, a
discrete connection is built first as a support (Figure 7). A
collision-free toolpath is the main defining factor to control
the position of the start- and endpoints of the connection
along the pipes.

5

5

WAAM process parameters for discrete and continuous strategies: 1.
nozzle vector, 2. nozzle angle, 3. build-up vector, 4. gravity, 5. production
angle, 6. base pipe vector, 7. target pipe vector, 8. stick-out.

of experiments, the geometric configuration of the pipes
was limited to the following: an angle between pipes in plan
between 40° and 110°; an angle between pipes in section
between 0° and 30°; a minimum distance between pipes of
4–15 mm and a gap to bridge of 20–60 mm. The material
selection is based on availability and potential use in architectural-scale applications. The pipe material is S235, 2 mm
thick and 30 mm in diameter. The wire material is CARBOFIL
1, a copper-coated MIG welding wire suitable for welding a
wide range of structural steels.
Process Parameters

While both strategies fall into a high-deposition welding
rate category, a continuous deposition is considerably
faster (approx. 12 times) than the point strategy. In terms
of quality of geometry, in comparing the digital input
and physical result, the discrete strategy shows a more
consistent and relatively less sensitive process compared
to the continuous strategy, where process parameters
during build-up are more easily affected by material and
environmental properties that are more difficult to predict
or feedback (Figures 8 and 9). Further characterization
methods of samples are needed to determine the material
and structural performance of both strategies compared to
standard welded connections.
Adaptive Detailing with WA AM

Both the self-supporting nature and the lack of post-processing requirements make the WAAM process suitable for
in place detailing. The results of the three-member experiment show the versatility of the method: the connection
details change according to its construction sequence, the
need of adaptation to the actual geometric configuration of
the base elements retrieved from the localization process,
and the reachability of the connection location (Figure 10).

The WAAM parameters were empirically tested both
manually and robotically, and confronted with the literature of the WAAM process (Kazanas et al. 2012; Joosten
2015; Liberini et al. 2017), we confirmed the sensitivity and
interdependency of the parameters. In the experiments we
successfully tested connection details with the following
fixed and variable parameters: voltage (variable, 16–19 V);
current (variable, 70–110A); wire feed rate (fixed, 4.9 m/
min); robot motion speed in continuous deposition (fixed, 6
mm/s); welding pulse or deposition time in point strategy
(fixed: 1˝); time between depositions or cooling time (fixed:
5˝); layer height (variable, 1–2 mm); nozzle angle relative to
build-up vector (variable, 0°–45°); production angle relative
to gravity (variable, 0°–90°); and stick-out or distance
between nozzle tip and target bead (fixed, 12 mm) (Figure 5).

The in place detailing method enables the materialization
of locally differentiated structures, allowing the deposition
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Given a correct set of WAAM parameters, the major
constraint of the process is to keep the nozzle angle relative
to the build-up vector as small as possible while avoiding
a collision between the torch and the pipes (Figure 5). This
aspect results in detail geometries that are larger in area
than the typical welded connection, and are therefore more
visible and expressive of the joining process.

CONCLUSION

6

Build-up sequence diagram for discrete depositions.

7

Build-up sequence diagram for continuous depositions.

8

Discrete deposition results.

9

Continuous deposition results.

6

7

8

9

of material only where it is needed to accommodate both
programmed and unprogrammed variation. The relatively
small deposition volume of the WAAM process allows a
precise unit of control of the detail geometry, therefore
enabling local adaptation to the existent geometric configuration found during assembly that may differ from the
connection modeled a priori (Figure 11).
Regarding architectural applications where scale, number
of elements, and workflow robustness are defining factors,
the process would benefit from a multi-robotic setup: one
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robot for assembly and support of building members, and
a second robot for joining. In this context, the path-planning module will have a key role in the early design phase
for evaluating the assemblability of the structure as
demonstrated by Parascho et al. (2017), as well as finding
reachable connection detail locations and geometries, ultimately leading to a new joining vocabulary.

com/ch/en/poscon-cm-for-measurement-of-round-objects-without-reflector/n/
news-poscon-cm-march2017.
2. CITOMIG 200MP, Oerlikon Welding https://www.oerlikonwelding.com/mig-mag-welding-equipment-citomig-200-m
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11 In place robotic WAAM connection.
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