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FOREWORD

Ulrich Knaack, Oliver Tessmann, Philipp Rosendahl, Bastian Wibranek, Chris Borg Costanzi

It started in 2015 when we developed the idea of 

having people interested in additive manufacturing 

coming together and sharing ideas, thoughts, and 

technology – to improve the AM part for buildings. At 

that time, the theme was a field for specialist – you 

might call them freaks and believers – interested in 

digital tools, robots, and home-build printers, trying to 

adapt the technology for the construction and building 

of special houses. As always in our field, things change, 

become broader and more serious in a technical and 

professional way. Now, we see the field emerging 

intensively. New technologies appear constantly, 

companies bring products and construction methods 

to the market, and the demand from clients proves that 

additive manufacturing is now seen as an upcoming 

technology for a broader profession.

Interestingly, the same happens to our BE-AM 

activities: we started as a workshop with friends and 

nerds, improved the network, the audience, and the 

content. Now we present in the context of Formnext, one 

of the largest trade shows for additive manufacturing – 

with an exhibition, a symposium, and this publication – 

for the third time in this setup.

BE-AM with its symposium, exhibition, publications, 

website, and research cluster at TU Darmstadt is now 

a platform for innovators, inventors, dreamers, and 

makers, all united in the aim of improving the way we 

envision and materialize our Built Environment.
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ESSAYS



Figure 1: WAAM printed specimen
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Introduction
Additive Manufacturing (AM) has developed rapidly 

in the construction industry in recent years. Lots of 

different materials are printable. For structural steel Wire 

Arc Additive Manufacturing (WAAM) seems promising, 

as it focuses on the production of comparatively large 

components [1]. The process can be classified as Direct-

Energy-Deposition-Process (DED). With the help of 

welding robots or CNC systems, the melted filler wire, 

which in conventional steel construction connects two 

components, becomes the component itself by welding 

multiple layers on top of each other (see Figure 2). 

This process can print complicated 3D steel structures 

comparatively quickly. As direct deposition process 

no extra material is needed and waste is reduced. 

Investigations show good material behavior nearly 

equivalent to rolled steel [2–4]. 

DESIGN OF OPTIMIZED 
3D-PRINTED STEEL NODES

MAREN ERVEN, JÖRG LANGE
INSTITUTE FOR STEEL CONSTRUCTION AND MATERIALS MECHANICS 

TECHNICAL UNIVERSITY OF DARMSTADT

FRANZISKA-BRAUN-STRASSE 3

64287 DARMSTADT, GERMANY
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Abstract

Additive Manufacturing allows the creation of new structures; structures which were not thinkable before 

according to the manufacturing constraints. For structural steel this can save material and facilitate construction. 

However, when designing these structures some points need to be considered. The following article shows the 

different limitations when designing 3D-Printed Steel nodes using WAAM. 

Figure 2: WAAM Printing process 



WAAM-Process

WAAM systems are divided into stationary 3- or 

5-axis CNC systems and 6-axis welding robots. Robot 

systems can have lower accuracies than CNC systems, 

depending on the stiffness of the robot. However, 

robots offer greater flexibility in terms of installation 

space, especially when large structures or existing 

components are to be manufactured. For research 

on WAAM with carbon steel, the institute of Steel 

Construction and Materials Mechanics at TU Darmstadt 

has a Comau six-axis welding robot and a Fronius CMT 

Advanced 4000 R power source. The CMT Cycle Step 

process control variant with reduced arc power and low 

heat input is suitable for welding additive manufactured 

components. 

The printing process is based on the Gas-Shielded 

Metal arc welding (GMTAW). As WAAM is a quite young 

process there are no sets of parameters available like 

there are for plastic 3D-printers. Parameters which 

define the geometry and the behavior of one welding 

seam are at least the travel-speed (TS) of the robot arm 

and the wire-feed-speed (WFS). For the CMT Cycle Step 

process there are additionally the CMT-regulation, 

the number of cycles before a pause and the pausing-

time. Additionally to the process parameters the 

printing material which vary from normal carbon steel 

(e. g. G3Si1) to weldable stainless steel as well as the 

active part of the shielding gas play a significant role in 

the outcoming welding bead [5].

Steel Nodes
Joints between elements in steel structures are small 

parts but a significant performance factor of a building 

structure. Therefore, structural engineers, fabricators 

and erectors characterize good steel structures by the 

simplicity of these connection points. However, it often 

conflicts with the desire of architects and building owners 

for unusual, exceptional shapes, which are then realized 

with ceilings or facades to hide the simple structure. Here, 

additive manufacturing and especially the WAAM has the 

potential to combine both desires and ensures simple 

assembly and preparation of the remaining components 

and creation of unusual load-bearing structures. The 

complexity is shifted from the overall structure to the few 

3D-printed nodes (see Figure 4). These node structures 

are individually adapted to their respective geometric 

installation situation as well as the loads acting at 

this point. It saves material and production time and, 

additionally, shows the observer how the forces act.

Figure 3: WAAM System at TU Darmstadt 

Figure 4: Freeform node leaving the conventional lattice by using the same head plate for all beams
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Form Finding 

Topology optimization, a subfield of structural 

optimization, can help to find appropriate structures 

for different geometric and load conditions [6]. This 

type of optimization brings in voids at less loaded 

points of the body, thus reducing the mass. For the 

following investigations the mathematical topology 

optimization was used. The optimization problem was 

solved using the density distribution of the body. The 

density distribution of the body can be implemented 

with different approaches, like the SIMP („Solid Isotropic 

Material with Penalization“) approach. The aim of an 

optimization run is to arrange a given mass fraction of 

the initial body (mass restriction) in such a way that its 

mean compliance is the lowest. The results for different 

load cases and the same mass restriction are shown in 

Figure 5. 

Some newer investigations even consider an 

anisotropy of the layer-wise printing in topology 

optimization [7]. For such an optimization the printing 

direction needs to be chosen before the optimization 

and the E-Modulus for the different axes can mirror 

the behavior corresponding the layer-direction. In order 

to obtain reasonable solutions, restrictions from the 

manufacturing process as well as from the subsequent 

assembly should be included in the form finding (see 

Figure 6).

Figure 5: Topology optimization for different load cases with the same restriction of mass
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Figure 6: Form finding limitations for WAAM nodes
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Limitation: Structural behavior 

The optimization does not consider the load-bearing 

capacity of the node, which needs to be calculated in a 

subsequent structural analysis. As the yielding strength 

is not considered in the optimization this sometimes 

leads to unreasonable small local cross-sections. Here 

the load-bearing capacity can be increased easily by 

adjusting these critical places. If a structure is subjected 

to more than one load-case, the optimized structure 

should be tested for all of them [8]. For very differing 

cases (see Figure 6) a superposition of two cases needs 

to be done. 

Limitation: Printability
Although WAAM can realize almost all geometries, 

even bridges over flowing water [9], some structures 

are easier, and thus faster to create than others are, 

and their production is more reliable. For example, the 

vertical angle of a structure should not exceed a certain 

value. For perpendicular welding this value is between 

30° and 40° from the vertical. If a higher angle is needed 

the welding torch or the table needs to be rotated. 

Anyway, a higher angle always comes with less speed 

of the printing process. Spot welding which combines 

the irregular process at the start and the end of a weld, 

needs higher attention. Filigree wall-like structures tend 

to high warping, so closed cross-sections (e. g. tubes) 

seem to be the best.

Limitation: Assembly
The structures should be designed in a way that the 

subsequent assembly process is facilitated as much 

as possible. This is why the node should consider 

typical connections of steel constructions, like end-

plates or flag-plates. This brings the advantage that 

the components adjoining the nodes can be prepared 

quickly without the need for time-consuming assembly 

preparations such as miter cuts. The design-space 

needs to be checked for space where tools for assembly 

need to be set.

Figure 7: Different types of common connections
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Optimization

To find an adequate structure two load cases are 

investigated: normal forces and shear forces at the head 

plates. For subsequent assembly, space for tools is left 

out in the design space (cf. Figure 6). For different mass 

restrictions the optimization is shown in Fig. 10 A and 

10 B. As the design-space is very big there is still lots of 

mass which is not needed. It is intended to just print the 

shell of the structure. Therefore, in a parameter study a 

matching thickness of this has to be found.

Design Example

A node for the connection of three trusses from 

different directions and a column shall be designed 

(Figure 8, left). A conventional way could look like the 

middle in Figure 8 with stiffeners and plates to transfer 

the forces. In order to provide enough space

 for tightening the bolts, the assembly area (head plates) 

needs to be shifted to the outside. In a 3D-printed node 

there is no need for that, and the design space can be 

decreased. The conventional node has a weight of about 

55 kg, the 3D-printed node might have at most the 

same mass but actually should save mass. 

Figure 8: Design example

Figure 9: Different shell thicknesses for one optimized structure
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Figure 10 A: Topology optimization for normal forces at the head plates

Figure 10 B: Topology optimization for shear forces at the head plates
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Making the Structure printable
To print the structure the vertical angle has to be 

checked and the structure needs to be modified at 

some points. Therefore, the structure is divided into 

parts where the geometry is similar. These parts also 

represent the different parts for printing, as the strategy 

maybe needs to be changed. Each part is then adjusted 

according to the printing limitations, here a minimum 

vertical angle with a gradient of 80 %. 

As the behavior and the geometry of the weld 

changes by a changed vertical angle of the structure, 

it is useful to parametrize the structure according to 

the printing height. Therefore, every point that will be 

printed is defined by a function of the actual printing 

height z. There are different approaches to realize that 

[10]. Here, each shell of the structure is split by a vertical 

plane which rotates with a predefined angle around the 

center of mass. The cutting curves then represent the 

vertical path of each printing point. These vertical lines 

are then described for xz- and yz-direction by 

mathematical functions using linear regression. By 

giving the robot number of points i and the corresponding 

regression coefficients for xz- and yz-direction, it can 

calculate its printing path for every given height. 

Conclusion
With 3D-printing it is possible to print new structures. 

How mathematical topology optimization can find new 

structures and what needs to be done in addition was 

shown. Therefore, different steps of the design of 

3D-printed steel nodes were explained. The aim is to 

automatize the design-workflow to adopt as many 

load and geometric cases as possible. Structural tests 

on planar WAAM nodes already show good structural 

behavior. The next step is to test three-dimensional 

nodes.

Figure 11: Workflow from the whole structure to printable parametrized parts
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Figure 1: The final constructed Glass Vault



25

Introduction

For several years, the structural group of Skidmore 

Owings and Merrill (SOM) has been hosting traveling 

exhibitions showcasing the research work conducted 

within the group. The content of these exhibitions is 

intended to bring the public closer to the technical principles 

and ideas revolving around structural engineering. The 

structural exhibitions are an opportunity to display some 

of the latest technologies in design and construction with 

small scale structures. 

A few examples of these structures are illustrated in Fig.2 

showing the kinematic pavilion exhibited at the MAK center 

for art and architecture in Los Angeles in 2018 (Fig. 2 left) 

and the timbrel vault exhibited at the COAM in Madrid in 

2019 (Fig. 2 right).

The research in timbrel vaults that resulted in the COAM 

exhibit was developed in collaboration with the timbrel vault 

workshop and the University of Alcala in Madrid by means 

of a number of workshops [1]. Timbrel vaults are very 

efficient masonry shell structures that have the additional 

benefit of being self-supporting as they are built and can 

be constructed without falsework. Unreinforced masonry 

structures in general are very common worldwide due to the 

low cost of building materials and their availability in various 

parts of the world, especially in developing countries. After 

the completion of the timbrel vault exhibition, some 

aspects of its construction were closely studied to identify 

opportunities for development for the next generation of 

vaults which resulted in the robotic construction glass vault 

exhibited at the Ambika Gallery in London in 2020.

THE GLASS VAULT

ALESSANDRO BEGHINI*, STUART MARSH*, MASAAKI MIKIa, SAMANTHA WALKERb,
ISLA XI HANc, SIGRID ADRIAENSSENSc, STEFANA PARASCHOc

* SOM | SKIDMORE, OWINGS & MERRILL LLP

  ONE MARITIME PLAZA, SAN FRANCISCO, CA, USA

  ALESSANDRO.BEGHINI@SOM.COM
a THE UNIVERSITY OF TOKYO
b FOUNDER BUILDML
c PRINCETON UNIVERSITY

Abstract

The construction of vault structures dates back centuries; several examples of domes and vaults can be found 

in several historical structures around the world. Recently, various research groups have been interested in timbrel 

vaults: a self-supporting type of vault that does not require temporary falsework for construction. 

Such vaults are constructed in layers of thin tiles held together by mortar. In parallel with this renewed interest in 

traditional construction technologies, there have been recent advancements in the application of robotic technology 

to the automation of construction processes. This paper describes the design process that led to the final form and 

tessellation of a 2m tall shell identified using the Airy’s stress function and constructed using glass bricks and robotic 

technology. 
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The construction of the timbrel vault, for example, 

required the masons to perform some repetitive tasks 

like placing mortar on a brick and then place the brick in 

a certain position in space. To properly place the bricks 

in space, the masons would use “visual guides” that 

resembled a wooden skeleton of the vault. 

Given the recent developments in applications of 

robotic technology to the automation of construction 

processes [2], robots were considered to perform the 

repetitive tasks of the vault construction. Robots have 

the additional benefits of been able to precisely locate a 

point in space and thus eliminate the need for the guides 

used by the masons in the previous vault design.

The following sections will describe in detail the 

design process that led to the final form of the vault and 

incorporated the constructability considerations. The 

details of the structural analysis of the vault are covered 

in [4] and additional details on the robots set up and 

vault prototyping conducted can be found in [6]. 

Glass as Structural Material
The material considered for the project was inspired by 

the sculpture “Qwalala” by artist Pae White exhibited at 

the 2017 Venice Biennale. The sculpture is an undulating 

wall made with glass bricks of various colors. The use of 

glass as a structural material is relatively uncommon. 

However, the material has a high compressive capacity 

which makes it an ideal candidate for a compression 

only shell structure. The glass brick for the projects were 

supplied by Poesia glass studio, the same company that 

supplied the bricks for the Qwalala sculpture.

Barrel Vault Construction Techniques

The assembly approach for the vault was inspired 

by ancient barrel vault techniques from the Byzantine 

and Assyrian eras as illustrated in [3]. Such techniques 

did not require the use of temporary falsework during 

construction and reflected the aspirations of the glass 

vault project. 

One of the techniques illustrated in [3] relies on a 

series of inclined courses of bricks layered against a 

vertical end wall to construct the vault without falsework. 

The form is essentially constructed as a series of arches 

leaning against each other as the structure moves 

away from the vertical wall. This approach guarantees 

stability throughout the construction process at each 

step of the assembly. Such construction methodology 

was applied in the construction of the robotic glass vault 

and influenced its design. 

Robot Setup and Vault Design
The setup for the robots for the construction of 

the vault is illustrated in Figure 3. This diagram shows 

the workspace of two large robotic arms set at a fixed 

distance from one another. The workspace of each 

robot resembles a sphere and, by overlapping the two 

workspaces, two regions are created: a collaborative 

region where the robots work together to construct 

a central arch and two independent regions where 

each robot can continue the construction of the vault 

independently.

Another important element in the definition of the 

design was consideration for the robot’s movement 

and path planning. The design was developed to avoid 

Figure 2: (left) Kinematic pavilion exhibited at MAK centre in Los Angeles, USA and (right) Timbrel vault exhibited at the COAM in Madrid, Spain
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any potential clash between the constructed portion of 

the vault and the articulated movement of the robots 

highlighted by the cyan hatch in Fig. 3. 

The final design of the vault (shown in Fig. 4) reflects 

the various constraints and aspirations that emerged 

throughout the design process. The vault is formed by 

a series of leaning arches that increase in size moving 

away from the central arch in the middle of the vault, 

which is built collaboratively by the robots. The leaning 

arches are stable and do not require falsework during 

construction based on the ancient technique described 

in [3]. In addition, the vault form is asymmetric to 

mitigate any potential conflict between the robot’s 

articulated movement and the vault itself as illustrated 

in Figure 3. The form finding of the vault was conducted 

using a custom tool developed in house and based on 

the Airy’s stress function, see [7, 8, 9, 10] for details on 

the form finding process.

The resulting form is very elegant and incorporates 

all the design considerations from structural efficiency 

to constructability to avoiding robot clashes. The 

application of Robotic technology shaped the form of 

the vault and influenced the construction methods that 

need to respond to the way this new technology works.

Figure 3: Robot setup for the construction of the vault

Figure 4: Final form for the vault



Figure 5: The final constructed Glass Vault
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Tessellation
After defining the form for the vault, the shape 

was tessellated to identify the bricks placement. As 

mentioned in a previous section, one of the overall goals 

for the project was the use of standardized brick units. 

Despite the shape complexity, the form was tessellated 

with only two types of units: a full brick (approximate 

size: 250x110x50mm) and half size units (size: 

125x110x50mm). Several different types of tessellation 

patterns were considered during the design as indicated 

in Fig. 6 (left). The herringbone pattern was ultimately 

selected because it allowed the bricks to naturally lock 

themselves into place providing higher stability to the 

construction process. The final tessellation used for the 

vault is indicated in Fig. 6 (on the right). The connection 

between the bricks was made of a fast-setting, rigid 

epoxy putty in combination with acrylic pieces for the 

larger gaps.

Prototyping and Final Construction
After finalizing the design of the vault, the 

tessellation, robot setup and connection strategy, 

extensive prototyping was conducted at Princeton 

University starting with small scale tests with small 

robots to full scale tests as documented in [6]. 

The final vault was constructed over the course of two 

weeks at the exhibition hosted at the Ambika Gallery at 

Westminster University in London and titled “Anatomy 

of Structure”. Several of the technologies developed 

during prototyping were successfully adjusted in the  

     

final setting of the exhibition. A few images of the final 

constructed vault are shown in Fig. 5 & 8.

Conclusions
This paper described the design process for the 

construction of a doubly curved shell glass structure. 

Every aspect of the design was carefully considered 

to achieve an automated construction using robots 

resulting in a self-supporting system that removes the 

need for falsework and leverages standardized brick 

units. 

Application of robotic construction could be critical 

in the future for applications where human access is 

difficult or in places where environmental conditions 

are very harsh. Another potential application for robots 

could be in deployable structures that can be quickly 

assembled and disassembled by robots in places where 

natural disasters may have happened.
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Figure 6: (left) tessellation patterns considered during design see [5] and (right) final tessellation



Figure 7: The final constructed Glass Vault



Figure 8: The final constructed Glass Vault
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Figure 1: Visualization of cooperating mobile robots performing extrusion-based 3D printing for curved wall structures on building sites.
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The next wave of in situ Additive Manufacturing begins with mobile robots — 
here is why

Development of digital fabrication methods such as 

Additive Manufacturing (AM) has led to rapid transitions 

from laboratory experiments to residential and civil 

buildings [1]. Recently it was shown that even two-

story buildings with large scale stationary gantry 

systems can be produced additively [2]. However, this 

solution requires that the facility is larger than the 

manufactured object, which limits the scalability due to 

the encapsulated construction volume. While efficiency 

increases have been achieved by the integration 

of multiple nozzles into these stationary systems, 

effectively increasing deposition rate [3], the overall 

scope of AM applications with the use of stationary 

systems for construction on site is still limited to new 

buildings in vacant lots. A possible alternative are mobile 

robots, with multi-robot systems capable of providing 

scalability through both their unbounded dynamic 

workspace and the capacity of task parallelization [4], [5] 

(see Figure 1). This combination of a static workspace and 

the ability to reposition allows them to create structures 

larger than themselves, in which their autonomy and 

context-awareness facilitates cooperative operation 

with other robots or human operators to improve 

process efficiency. Most importantly, mobile robots can 

flexibly access enclosed spaces and operate in dynamic 

environments, making them a useful future tool for 

renovating, retrofitting, repairing, and maintaining our 

buildings and infrastructure. Therefore, mobile robots 

propose an expansion of the AM application space from 

scalability for new constructions to adaptability for 

constructions within existing contexts.
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Figure 2: System setup visualization of the mobile additive manufacturing system. Credit original: Robotnik Automation S.L.L, edited.
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Architectural robotics research is not 
done alone

Research on mobile AM closely integrates 

architectural, mechanical, and materials design, the 

manufacturing process, sensing, and control, it is an 

inherently multidisciplinary challenge. The research 

is therefore embedded in the interdisciplinary DFG 

Collaborative Research Centre TRR 277  Additive 

Manufacturing in Construction as project B05, and set 

up as a collaborative research combining architecture, 

robotics, computer science, and materials science. It 

aims to examine the architectural implications of mobile 

robotics for AM in construction and to develop methods 

for their implementation [6]. The material deposition 

method of clay and concrete extrusion is used to 

investigate mobile part-based AM strategies to produce 

large objects whose size exceeds the static workspace 

of one robot. By implementing advanced sensor and 

control solutions, autonomous localization and precise 

manipulation techniques for mobile AM are explored. In 

addition, this research aims to provide scalability to AM 

processes by examining the use of cooperative robots to 

collaborate on single fabrication jobs. The ultimate aim 

of this research is to develop mobile AM technology for 

its direct implementation on construction sites.

How we conceived and designed a 
platform for experimental research 
and prototyping

The exploration of new architectural possibilities 

in this research is enabled through an experimental 

approach, for which we designed and set up two 

autonomous research platforms (see Figure 2) [7]. With 

this designed mobile AM system, we aim to perform 

research on extrusion-based AM of both clay and 

concrete, where opted is for a two-tier localization and 

positioning strategy with a tethered material supply 

system.

Construction sites are by definition rough and 

unpredictable environments, which inhibits the 

performance of mobile systems [8]. Fabrication of 

objects using AM relies highly on localization, with the 

result of deviations in accuracy ranging from decrease 

in resolution to complete inability of fabrication. These 

deviations can be minimized by utilizing a two-tier 

localization system for the mobile system and the 

end-effector. Applied for navigation and localization 

of mobile systems is often Simultaneous Localization 

and Mapping (SLAM) [9], which utilizes the fitted wheel 

encoders and laser scanners to continuously record 

the environment and cross-reference the current and 

recorded data. Secondary sensing systems can serve 

for end-effector localization [10], ranging from height 

measurement sensors [11], 3D scanning and point 

cloud matching [12], to camera-based sensing [13].

By integration of a vertical linear axis, the static range 

of the system is extended, reaching a height for material 

deposition of 2.7m. 

Building-scale elements are planned to be fabricated 

as part of experiments using both a print-drive-print as 

a print-while-driving approach, while using two identical 

systems that are capable of executing coordinated tasks 

between both robots and. Fabrication constraints, such 

as open time of concrete, contact area, and overhang 

angle, will be integrated in the discretization of building 

components and task distribution, while all nine degrees 

of freedom of the system will be utilized to minimize 

these constraints [14]–[16]. The autonomy and 

context-awareness of the mobile systems will further 

be utilised to test and explore the direct and indirect 

interaction of human operators and site workers (i.e. 

collaboration, cooperation, and coordination) with 

collaborative multi-robot systems.
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Figure 1: Tecla 3d printed earth wall section by Crane WASP
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THE CHALLENGE OF TECLA, 
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Material Providing
 To reduce the impact of the construction industry, 

WASP decided from the beginning to focus the research 

on the use of raw earth. If we imagine that today one-

third of the global population is living in an earth-based 

house, we can immediately understand that the raw 

earth is a powerful construction material. 

Unfortunately, only a small percent of this population 

considers this a comfortable solution, mainly for 

two reasons: salubrity and the trend imposed by 

industrialization. Due to these reasons, the aim of 

WASP is to develop a technology able to transform raw 

earth in a printable mortar and to use 3D printing to 

obtain construction integrated with the ecosystem and 

with a high living performance. Starting with chemical 

and geological analysis of the local soil it is possible to 

formulate an accurate and customized mix-design in 

order to reach the necessary performance in terms of 

structural strength and printability. 

At the base of the raw earth working process 

there is the extraction of the raw material, each time 

heterogeneous according to the mineralogical 

characteristics of the extraction soil. The collection 

process is followed by a dry filtering phase of the 

soil, with the use of a disc screen separator capable 

of eliminating the presence of stones larger than 10 

mm, thus creating a grading curve in accord with the 

mix design. Thanks to this and the addition of natural 

fibres and binders (NHL) according to the mix-design, it 

is possible to have a printable mortar based on 95% of 

local raw material. The latter is carried out through the 

use of the wet pan mill, a rotating kneading machine, 

with the addition of water. Mixing with a muller allows 

you to make a homogeneous and well-kneaded mixture 

effectively and quickly. Once the mixture is completed, 

the earth mixture is conveyed through continuous 

pumping systems to the extruder inlet with constant 

flow and pressure regulation through specific sensors.

Abstract

Inspired by potter wasp, since 2012 WASP (World’s Advanced Saving Project) have been developing viable 

construction processes based on the principles of circular economy and digital fabrication. To reach the aim of the 

project, the research of WASP is divided in three separate fields: 

Material providing, 3D printing technology and architectural design.
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Figure 2: TECLA under construction: the use of raw Earth as a building material offers exciting opportunities for low cost and eco-friendly architecture.

Figure 3: TECLA is made up of two interconnecting dome-like structures; geometries that are very fitting for the natural raw mortar.
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Crane System

 Since 2016, WASP has been working on the WASP 

Crane system in order to produce 3D-printed houses in 

the shortest possible time and in the most sustainable 

way. Crane WASP is the world’s first modular and 

multilevel 3D printer designed to collaboratively build 

singular and even more extensive architectural works. 

The system is configured according to project needs and 

defines the structure of a safe and extremely efficient 

construction site. Each printer unit has a printing area 

of 50 square meters and therefore makes it possible 

to build independent living modules with consistent 

shaping freedom. For the first time, multiple printing 

arms have been synchronized inside a construction site 

like in an industrial production line. Thanks to a software 

synthesis of years of research in WASP, the system is 

capable of optimizing movements, avoiding collisions 

and ensuring simultaneous operation. The redundancy 

of the system allows a consistent reduction of the 

printing time and the possibility of operating ordinary 

maintenance during the printing.

Tecla
Tecla is a prototype of sustainable habitat developed 

by WASP and Mario Cucinella Architects to show the 

potential of the 3D printing technology applied on the 

earthen based architecture. It is the demonstration that 

3D technology is able to create buildings by optimizing 

the construction process and minimizing the use of 

human and energy resources. The double dome solution 

made it possible to cover at the same time the roles 

of structure, roof and external cladding, making the 

house high-performance on all aspects. TECLA can be 

synthesized in: 200 hours of printing, 7000 machine 

codes (G-code), 350 layers of 12 mm, 150 km of 

extrusion, 60 cubic meters of natural materials for an 

average consumption of less than 6 kW.

Figure 4: TECLA at night; the angulating surface patterning emphasized by soft lighting
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Figure 5: The WASP crane system allowed different sections of TECLA to be printed simultaneously, greatly reducing the amount of time needed on the construction site. 





Figure 1: Balustrade block of Striatus 3D concrete printed masonry bridge [Photo credits: incremental3d]
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Masonry and 3DCP
This specific research is motivated by the current 

development of hardware for, commercial availability 

of and interest in 3DCP, and addresses the present 

lack of both viable design tools and integrated design-

to-production solutions [2]. The work is guided by the 

insight regarding the applicability of design and analysis 

methods used in unreinforced masonry to large-scale, 

layered 3D printing with compression-dominant 

materials such as concrete. Specifically, the research 

aims to develop both a computational framework and an 

integrated design environment that extends and adapts 

advances in the computational design and analysis 

of unreinforced masonry structures to 3D-concrete-

printed masonry blocks.

Integrated structure and fabrication-
informed design

The principal contribution of the research is the 

formulation of designer-friendly, didactic, shape-design 

tools. These tools specifically take advantage of the 

possibilities of precise, force-aligned placement of 

material offered by advances in 3DCP. They also address 

critical constraints, such as the requirement of spatial 

coherence of print paths whereby each consecutive 

layer onto which material is deposited changes gradually 

and with sufficient overlap with the preceding layer. 

Furthermore, these tools deeply integrate with other 

design and analysis algorithms available in the open-

source computational platform COMPAS [3]. Together, 

they enable an integrated structure and fabrication-

informed computational design for 3DCP structures 

(Figure 2). 

Abstract

The Block Research Group (BRG) focuses on the discovery, computational extension and application of historic 

techniques of design and analyses of masonry and shell structures to address the pressing ecological need to change 

the paradigm of design, engineering, fabrication and construction of structures. The importance of geometric methods 

of structural design and the integration of structural and fabrication-aware computational methods in the early-

design phase to achieve these goals is thoroughly argued by Rippmann [1]. This article summarises the application of 

both the mind set and tool sets to 3D concrete printing (3DCP).
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Figure 2: Integrated design, engineering, and fabrication of 3D concrete printed masonry structure.
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Form finding

The dominant structural properties of printed 

concrete are high compressive strength, relative 

weak flexural strength, and an orthotropic behaviour 

induced by the layered printing process, yielding a 

weak tensile bond between layers [4, 5, 6] (Figure 

3). Given their suitability, form-finding methods of 

unreinforced masonry structures methods can be 

adapted and extended for the equilibrium modelling of 

the discrete shell surfaces that will be materialised with 

3D-concrete-printed stones [7, 1] .

Stereotomy
The structural practice of stereotomy, which aligns 

material layout with expected force flow through the 

structure, is an important design concern [1]. This is true 

both at the macro scale of the orthonormal alignment 

of the printed blocks to the global force flow in the 

arched and skeletal structures and for the perpendicular 

alignment of the layered filaments of the individual 

concrete printed blocks to the expected local force flow 

through the block (Figure 4, 5). Fully parametric shape 

descriptions have been developed to represent both 

the global planes of the stereotomy and the morphing 

cross-sectional print paths between them [8, 9].

Cross-section design 
Design of the cross section is critical to counter 

local flexural behaviours and account for the precise 

placement of material, weight reduction and printing 

parameters such as layer heights, print-plane 

inclinations, etc. A Function Representation (FRep) 

schema can be used to handle the intricate cross-

section design and to explicitly represent print paths [8, 

9] (Figure 6). 

Discrete-element-modelling 
The global equilibrium and the variations of the flow 

of forces within the structure in response to boundary 

conditions and loads can be analysed using Discrete 

Element Modelling (DEM). The DEM analysis helps verify 

and inform the overall, iterative design process [10]. 

The principal components of the integrated structure and fabrication-informed computation design framework are:

Figure 3: Compression dominant, orthotropic material properties of 3D concrete printed blocks. [Image rights [6]]



Figure 4: Typical deck blocks of Striatus 3D concrete printed masonry bridge, highlighting the force-aligned plane printing. [Photo credits: incremental3d]



Figure 5A: Force-aligned, inclined-plane 3DCP of nodes in a funicular skeleton. [Photo credits: incremental3d]
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Conclusion: 
Design for reuse, design to reduce 

The expected impact of the research is a twofold 

demonstration of 

•   Design-for-reuse with focus on separable materials     

      and glue-free assembly of parts that can be subsequently    

     disassembled and reassembled.

•   Reduction of material use through the design of both 

     material-appropriate, compressive forms and the precise   

     placement of material, cleanly separating compression 

     from tension. 

Together, the work points to a new structural and 

architectural language of force-aligned precision 3DCP 

emerging from the historic paradigm of unreinforced 

masonry. 

Acknowledgements
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Figure 5B: Force-aligned, inclined-plane 3DCP of nodes in a funicular skeleton. [Photo credits: Shajay Bhooshan]
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Figure 6: Process-aware, force aligned processing of a node of a spatial funicular skeleton.



Figure 7: Striatus 3D concrete printed masonry bridge, Venice, Italy, 2021. Project by the Block Research Group (BRG) at ETH Zurich and Zaha     
                Hadid Architects Computation and Design Group (ZHACODE), in collaboration with incremental3d, made possible by Holcim. Photo © naaro
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Figure 1: Detail of the ceramic column showing the porous structure.
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Introduction
The 3D printed objects and experiments documented 

in this writing are the results from a research period 

of 3 years started in 2014 exploring the possibilities 

of digital manufacturing ceramics for architectural 

applications. The work was carried out during several 

residencies at the European Ceramic Work Centre [1], 

and a Craft Residency at Cove Park [2] in a design by 

doing manner; a hands-on exploration into novel ways 

of producing ceramics.

The goal from the onset was to explore the potential 

of digital fabrication to facilitate the return to a more 

local modus of producing buildings and by doing so, 

reducing its environmental impact. Free complexity, 

one of the advantages of Added Manufacturing often 

mentioned, was initially not a goal in itself, just a means 

to an end. Yet once exploring the possibilities of this 

relatively new technology, it becomes apparent that 

the aesthetics are closely linked to the printing process, 

and therefore both functional and aesthetic qualities of 

digital production with clay are explored.

During these explorations, developments were made 

on improving the printing hardware, software, and 

material tests were carried out. All these developments 

were done simultaneously in an iterative process in 

which separate improvements influence and reinforce 

each other.

Digital clay coiling
Clay is an age-old material and in its fired form widely 

used in our immediate environment with a wide variety of 

applications, from roof tiles, brick, and sewage to sanitary 

ware and crockery. Because of its familiarity and diverse 

functionality, ceramic seems to be a very suitable material 

to explore what its digital fabrication can contribute to our 

build environment. Moreover, the natural raw material clay 

is locally available worldwide and is potentially a suitable 

candidate for 3D printing local sustainable building elements.

3D PRINTED CERAMICS FOR 
ARCHITECTURAL APPLICATION

ERNO LANGENBERG
ELSTUDIO / AMSTERDAM UNIVERSITY OF APPLIED SCIENCES

INFO@ELSTUDIO.NL

Abstract

This article is a summary of the results from several research periods exploring the possibilities of digital 

manufacturing ceramics for architectural application. The goal was to explore the potential of digital fabrication to aid 

the return to a more local modus of producing buildings and by doing so, reducing its environmental impact. During 

these explorations, developments were made on improving the printing hardware, software, and material tests were 

carried out. This resulted in experimental prototypes for architectural building elements, showing the functional and 

aesthetic potential of this technology. 
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In the presented projects various types of clay were 

used; both powdered clay and ready-to-use clay bodies; 

earthenware, stoneware, and porcelain. Additives were 

kept to a minimum to keep the clay mix as simple as 

possible, to increase repeatability, and reduce cost for 

a potential scaling up. To improve working strength, clay 

was chosen with additional grog with a small grain and 

occasionally oxides were used for coloring. The ready-

to-use clay bodies were soaked in water overnight to 

improve printability.

To fully explore the potential of 3D printing, it is 

necessary to have a good understanding of the used 

material properties and the printing process. A place 

where this, often tacit, material knowledge can be found 

is in old, traditional ceramic production techniques. 

The techniques closest to additive manufacturing with 

clay is coiling. In this traditional way of constructing 

with clay, objects are made through constructing 

walls by stacking hand-rolled or extruded coils. The 

dimensions of the coils, wall thicknesses, and adhesion 

method (Adhesion is often improved by smoothening 

the exterior) are well known in the craft environment 

[3]. However, this knowledge lacks in the realm of 3D 

clay printing and should be build-up, using the already 

available knowledge.

Material limitations
3D printing malleable clay, like the hand coiling 

technique, is a process of building up an object layer 

by layer. However, the control over the thickness and 

placement of the clay, present in the craftsmen’s hands, 

has to be translated to the numerically controlled 3D 

printer. This was done during the many extrusion tests 

and will be an ongoing learning by doing process. One 

aspect of the process, important for design, which is 

the same for the craftsman and the 3D printer is the 

limitation dictated by the material; layers cannot be 

stacked indefinitely (the clay needs time to dry and 

become stable) and, the material cannot be added in 

mid-air, it needs support from a layer below.

These limitations have to be addressed, either in the 

printing method or in the geometry of the object to be 

produced. For example, the latter could be addressed 

by adding curvature to the object; straight walls will 

collapse easily, and adding curvature improves the 

stability during printing. In terms of the printing method, 

a solution for not being able to print mid-air could be 

the use of a ‚supporting material‘ that is printed along 

for support and removed after printing. This is common 

for printing with plastics but does not yet exist for clay 

printing. Both approaches were addressed during this 

research period.

Figure 2: printable support material which burns or disintegrates in the firing process to support overhangs or openings in the printed object.
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Incremental hardware improvements
The 3D printing technique used is essentially the 

numerically controlled extrusion of clay from a cartridge 

or container in a certain place in space. For the small-

scale tests in this project various 3-axis Cartesian-style 

3D printers are used. The experiments started in 2014 

at the EKWC on a hacked consumer desk-top printer [4] 

after which improved versions were built to allow for 

better control, larger prints end discontinues, and dual 

extrusion.

The project Print and Burn was an exploration into 

the use of support material for clay printing. For this, the 

control over the extrusion of the existing printer [4] had to 

be improved  and, a new larger printer was built on which 

an extra extruder was added to be able to extrude two 

different materials. Also, an extra auger pump was added 

to allow for discontinuous printing to make it possible 

to temporarily interrupt the clay flow to transfer to the 

support material. In addition to hardware and software 

improvements, material experimentation was done to 

find a suitable support material. To be successful the 

material needs to be both printable and disappear during 

the manufacturing process; either burn or disintegrate 

in the firing process (figure 2). To find such material 

appeared to be a challenging task. Several organic and 

inorganic materials were tested and finally a mix of 

Bentone, sand, and some extra additives were the most 

successful (figure 3). However, further research needs to 

be done to find a workable solution.

Figure 3:the printed supporting Bentone mix disintegrated after firing at 1100 °C.
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Figure 4: new formal expression and tactility through alternative toolpath strategy.
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Toolpath design

To control the clay 3D printer most existing 3D 

printing software, which is mainly developed for printing 

plastics, was not sufficient. Both printer firmware, in the 

case of the converted desktop printers, and software 

had to be adjusted to the special requirements of the 

clay printing process. Rhinoceros 3D + Grasshopper was 

used to generate geometry, toolpaths, and G-code for 

running the printer. This method gives full control over 

trajectory in three dimensions, the speed of the extruder 

and of the extrusion, which is needed to print with clay. 

This level of control also allows for alternative, 

non-planar, ways of deposition of the clay which was 

explored extensively.

In the project Print and Burn, for example, a novel 

way of extrusion was explored which consists of partly 

printing the object in a regular horizontal layered fashion, 

after which extra material was added on the exterior of 

the object in a vertical direction, to stabilize the print and 

improve layer adhesion, like in the hand coiling process. 

This resulted in a new formal expression and tactility, 

other than the common horizontal appearance (figure 4, 5)

Figure 5: new formal expression and tactility through alternative toolpath strategy & dual clay extrusion.



Figure 6: arched construction with progressive layer height and matching increased extrusion
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Below follows a brief description of two projects 

done within the research period. 

“Even Clay Wants to be Something “
3D printed clay experimentation was a substantial 

part of the project “Even Clay Wants to be Something”. 

One of the questions was how to produce terracotta 

building elements with an open lattice-like structure on 

the then available continuous extruder on a cartesian 

printer [4]. Using  Rhinoceros + Grasshopper to develop 

alternative toolpaths and custom G-code made it 

possible to produce a set of scale models for an arched 

construction and various open façade elements. For the 

façade elements, interlocking toolpaths were used to 

create the openings while at the same time improving 

the stability of the printed object (figure 7). For the 

arched construction, next to the interlocking toolpaths, a 

progressive layer height was introduced in combination 

with a matching increased extrusion rate to change the 

thickness of the elements in the direction perpendicular 

to the curve of the arch (figure 6, 8, 9). 

Figure 7: terracotta façade elements with interlocking toolpaths.

Figure 8: complete arched construction as a rendered image showing 
                all toolpaths



Figure 9: arched construction with progressive layer height and matching increased extrusion rate.





Figure 10: ornamental ceramic column
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Conclusions

It possible to produce 3D printing ceramics 

architectural elements from locally sourced clay 

with a great potential for new aesthetic expression. 

Also, the advantages the technology offers can be 

used to produces highly customized objects. Newly 

added functionality, however, is still a subject of 

further research; intricate porous structures could 

be a promising direction. Furthermore, to make the 

next step from prototypes to full-scale architectural 

applications, further technological developments need 

to be made; since ceramic elements are limited in size, 

a large amount is needed to construct (a part of) a 

building and therefore improvements need to be made 

to increase quality control and speed of production to 

meet the demands for implementation in the building 

practice. At the moment of this writing, the first projects 

at the architectural scale are under development [6], so 

it will be interesting to follow those to see how these 

problems of scale will be addressed.
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“Column 
11001111001010011000101000”

 “Columns 11001111001010011000101000” is an 

ornamental ceramic column, built out of 26 bespoke 

3D printed stacked stoneware elements, produced 

with two converted desktop printers [5]. The goal in 

this exploration was to add porosity to prints that 

were printed in a horizontally layered fashion, with a 

printer that was equipped with a discontinued material 

extruder. One of the previously mentioned limitations of 

the material, of not being able to print in mid-air, is used 

here as a means to create openings in the object. By 

changing the toolpath in alternating layers, the clay fails 

in a controlled manner, and by doing so creates openings 

in the structure while at the same time generating an 

unexpected intricate new aesthetic expression, which 

would be hard to achieve by hand coiling the object 

(figure 1, 11, 12).

Figure 11: ornamental ceramic column placed at the European Ceramic Work Centre. 



Figure 12: clay fails in a controlled manner during printing, and by doing so creates openings in the structure.
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Figure 1: Transition from an elastic material to a stiff material in the x-y direction.
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Introduction
Connecting individual components, elements, or 

materials is a fundamental part of the building process. 

While buildings are becoming more complex due to 

increasing requirements, construction methods have 

only evolved to a limited extend. A wide proportion of 

tasks still have to be carried out on-site through manual 

labor. Associated with this are a number of problems 

such as the susceptibility to construction errors due 

to poor communication between the planning and the 

execution as well as high construction tolerances and 

the associated effort to align components accordingly 

[1][2]. On top of that, a rising lack of skilled workforce 

poses additional pressure on construction activities [3]. 

At the same time, additive manufacturing in the 

field of architecture and construction is rapidly gaining 

interest, resulting in a fast-growing field of research in 

the academia and the construction industry. Thereby, 

it becomes apparent that this technology, through 

the introduction of a digital fabrication technology 

onto the construction site, has the potential to 

initiate a fundamental shift in the building process. 

One aspect that comes with this shift is the ability 

to directly link the digital design process with the 

process of materialisation; thereby making any form 

of communication of instructions, such as construction 

plans and verbal instructions, redundant. In contrast, the 

instructions for the construction process are embedded 

within the digital model [4].

In this research, a first approach is presented to 

substitute conventionally made connections with 

methods, based on multi-material or rather multi-

property additive manufacturing. 

STRUCTURED MATERIALS BY 
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Abstract
The approach and method described in this paper focus on the use of multi-material additive manufacturing, based 

on the Liquid Additive Manufacturing process, for the integration of mechanical logics into 3D printed components. 

This eliminates the need for manual assembly of individual parts, while allowing specific mechanical properties to be 

embedded in the manufactured object itself.

A manufacturing method is presented in conjunction with initial samples that exhibit specific mechanical properties 

generated by the structured combination of different material properties. Furthermore, this paper is part of a larger 

research on the creation of connections in the building envelope by multi-material additive manufacturing.



82

Structured Materials and 
Multi-Material Additive Manufacturing

Additive manufacturing comes with a number of 

benefits. The ability to manufacture objects that are 

composed of multiple materials or have varying material 

properties is one of them. In contrast to current methods, 

which are largely based on the assembly of individual 

parts in post-production, additive manufacturing with 

multiple materials enables the production of objects 

which are composed of different materials without any 

form of assembly. Ultimately, this approach has the 

potential to introduce significant changes in current 

manufacturing and construction methods [5][6]. 

The possibility to place a material in a fine resolution 

in relation to the overall size of the object is another 

benefit of additive manufacturing. This allows not 

only to use materials in a selective manner, but also 

to produce structured materials. Structured materials 

can be described as materials which are formed into 

specific structures, in order to obtain specific mechanical 

properties. This allows, for example, specific mechanical 

properties to be embedded into the component through 

the structuring of the material itself [7].

New types of connections with Additive 
Manufacturing and Multi-Materiality

While conventional processes usually rely on joining 

at least two separate objects or materials by methods 

such as screwing, gluing, welding. By contrast, in 

Additive Manufacturing this process can be bypassed 

by incorporating the formation of a connection into 

the printing process. Two different approaches can be 

identified for this: 

First, 3D printing of a second object directly on an 

existing object. The existing object serves on the one 

hand as a building plate for the 3D Print, and at the 

same time a fixed adhesive connection can be created 

when printing the first layer of the object. In this way, 

the creation of a new component can be combined with 

the creation of an adhesive connection. Compared to 

conventional processes, this approach only requires one 

already existing object. However, the prerequisite is that 

a firm bond can be established with the existing object 

[8].

Second, in multi-material 3D printing, different 

materials or material properties are combined in a 

single manufacturing process. Previously separate parts 

can be thus be combined into a single object, thereby 

incorporating the connection between the initially 

separated parts [9].

Figure 2a: Material change in different directions [a] transition from an elastic material to a stiff material in Z-direction...
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Material and Process: 
A Multi-Property setup with 
Liquid Additive Manufacturing

Recent advances in 3D Printing have added the 

use of reactive polymers with an extrusion-based 

technique known as Liquid Additive Manufacturing 

(LAM) to already established 3D printing methods such 

as Fused Filament Fabrication, Selective Laser Sintering, 

or 3D Concrete Printing. With this technique, two-

component polymers such as silicone or polyurethane 

can be processed in order to create a 3D printed object. 

Thereby, both components are processed in a specific 

ratio and mixed right before extrusion. Through fast 

setting times and a high initial viscosity of the extruded 

material enables the creation of 3D printed objects. The 

research presented here uses the LAM process and 

extends it in terms of incorporating different material 

properties into one printing process.

The setup consists of a print-head which is 

responsible for metering and mixing liquid polymers, 

multiple material containers for storing and transporting 

the respective material components to the print-head, 

and a controller that enables the material extrusion to 

be synchronized to the positioning of the print-head. 

Moreover, the print-head is mounted on a 6-axis robotic  

manipulator, which makes it possible to keep the build 

space, and thus the application range of the process

 flexible with regard to the possible object size, but also 

the location of use. Thus, not only can components be 

produced in a larger scale with the LAM process, but they 

can also be applied at different locations. Ultimately, this 

allows the process to be used as a method for directly 

3D printing an object on an existing object, as described 

in the section above.

Furthermore, in this research the LAM process was 

extended to allow different system components of 

the material system to be changed during the printing 

process. One benefit of the materials used in the LAM 

process is that different material properties can be 

obtained by combining different system components, 

depending on which components are combined. In 

the examples shown in this article, a polyurethane 

material with a high degree of stiffness is combined 

with a polyurethane material with a very low degree of 

stiffness. This makes it possible to produce components 

that can exhibit both stiff and elastic material behavior. 

To help visualize the different material properties within 

the final object, the elastic material compound is colored 

in a pink color, while the stiff material compound is 

colored in a blue color. 

Besides the hardware setup, another challenge posed 

by multi-material 3D printing is creating the instructions 

Figure 2b: ...[b] transition from an elastic material to a stiff material in the x-y direction.



Figure 3: Creating a series of structures, consisting of two different material properties with the LAM process.
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for the 3D printing process. Unlike 3D printing with one 

material, when combining multiple material properties, 

it is necessary to include the information at which point 

the respective material property must be implemented 

in the printed object. For this purpose, a specific program 

was developed that integrates the material information 

into the print path on the basis of a digital path model. 

In conjunction with a corresponding controller and the 

appropriate print-head the material information can be 

transferred directly into a 3D printed object. 

Application: fabricating Multi-
Property Structured Materials

When creating Structured Materials, the focus 

moves to the material itself and the way the material 

is structured. As a result, structured materials can 

have properties that go beyond the mere properties of 

a material. Especially when not just one, but several 

materials or material properties are combined for the 

creation of such structures.

Using the introduced process of multi-property 3D 

printing, a series of samples were created to illustrate 

and test the ability to create specific mechanical 

behaviour, using the approach of structuring materials 

with different material properties. More specifically, the 

structures produced consist of a combination of elastic 

and stiff sections of material, designed to allow or block 

different deformations under specific loads. For example, 

figure 03 demonstrate the ability to realize rotational 

motion around an axis by incorporating elastic material 

at the rotation axis. Figure 04 allow linear movment in 

one axis, while blocking motion in another axes. Figure 

05 shows the possibility of a decoupled structure that 

could, for example absorb movements from the building 

structure or the components themselve. 

Figure 4a: Combined linear movement and blocked movement [a-c] Figure 4b
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Conclusion
The presented experimental setup and the examples 

generated with it are only very early results of how 

specific mechanical properties can be embedded in 3D 

printed objects by using different material properties. 

Further studies on the topic and the associated 

possibilities is still needed in order to derive more 

specific use cased in respect to building construction. 

However, the examples show that multiple material 

properties can be realized using the LAM method. 

Furthermore, initial tests show that specific mechanical 

properties can be obtained by combining a stiff and an 

elastic material in certain structures. 

Furthermore, future work will focus on implementing 

other material properties such as varying material 

densities and different degrees of transparency. At 

the same time, future work will also have a strong 

focus on creating or substituting connections with the 

approaches of multi-material additive manufacturing 

and directly printing on an object.

Figure 4b Figure 4c
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Figure 5a: Rotational motion around an axis. [a-b]

Figure 5b
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Figure 6a: Decoupled structure [a-b]

Figure 6b
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Figure 1: Touch-Interaction with 3D-printed objects
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Introduction

“Despite our fascination with screens, we still live in the 

real world. It‘s the food we eat, our homes, the clothes we 

wear, and the cars we drive. Our cities and gardens; our 

offices and our backyards. That‘s all atoms, not bits.“ (Chris 

Anderson, 2012 [1])

For decades information technology aims at 

increasing digitization by converting previously 

analogous tasks (such as paperwork or communication) 

to the digital world. While this conversion is often 

beneficial, it frequently neglects more subtle 

information (such as the feel of a book or the non-

verbal cues in face-to-face communication), awakening 

the desire to increase the fusion of digital and real 

world. This desire manifests in the trends of ubiquitous 

computing, in which digital technology distributes and 

blends into the real world, and tangible interaction, in 

which the physical world provides the means to interact 

with the digital world. However, the interaction with 

ubiquitous or tangible devices often does not meet the 

custom requirements of users or application scenarios. 

One enabling technology to realize this fusion and at the 

same time maintain the need for customized interactive 

devices is 3D printing.

FROM ATOMS TO BITS: 
3D-PRINTED HUMAN-COMPUTER INTERFACES

MARTIN SCHMITZ
TECHNICAL UNIVERSITY DARMSTADT

DARMSTADT, GERMANY

SCHMITZ@TK.TU-DARMSTADT.DE

Abstract

The progressing digitalization increases the demand for interactive devices that bridge the physical and digital 

world. While there is great potential for customized interactive devices tailored to specific applications or users, until 

recently, integrating interactivity in custom devices required pre-defined components (e.g., rectangular buttons or flat 

touchscreens) that constrain the shape of the device.

A more flexible alternative has opened up with the advent of 3D printing which empowers companies, developers, 

and end-users to design and fabricate custom-shaped individual objects on-demand with relatively low effort. Even 

though recognized as revolutionizing the manufacturing process, the 3D printing of custom-made interactive devices 

still requires novel sensor concepts, that operate on complex geometries, and significant design or assembly effort.
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Figure 2: Itsy-Bits project: Methods for recognizing the position, rotation, and identity of 3D-printed objects

Figure 3: ./trilaterate project: Interaction through deformation
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Atoms: The Emergence of 3D Printing
3D printing is considered to have the potential to 

trigger a new industrial revolution [1]. It is intended 

to enable broad masses of creative developers, 

communities, or companies to invent new or improved 

individualized products and to produce them on demand 

in one step at low cost, even in small series, and, if 

necessary, to distribute them themselves. Affordable 

special requirements and individual products as well 

as a democratization of production offer opposition 

to uniform mass products of large companies. In the 

course of this development, open workshops (often 

called fab labs or maker spaces) with access to 3D 

printers have emerged worldwide. Even if no industrial 

revolution will take place, it is mainly undisputed that 

traditional industrial production will continue to develop 

in the direction of faster development of prototypes and 

customized products due to 3D printing.

Bits: The Need for Custom-Made 
Interactive Devices

Parallel to the development of 3D printing, 

the demand for custom-made interactive devices is 

continuously increasing in the field of human-computer 

interaction: information technologies support more and 

more everyday products and require more product-

specific interaction technologies (e.g., touch-sensitive 

desk lamps or smart kitchen appliances). Research 

has shown that for specialized tasks or user groups 

customized interactive devices can offer an improved 

user experience compared to standard techniques [2]. 

For instance, more precise [3] or faster [4] data entry 

is possible with a tangible device instead of a touch-

based interface. However, designing and manufacturing 

product-, task-, or user-specific interactions have so 

far been very time-consuming and costly. Therefore, 

custom-made interactive devices remain limited to 

expensive specialized systems or research prototypes.

The Gap Between Atoms and Bits
Apparently, 3D printing for custom-made interactive 

devices can profitably combine both motivating trends. 

From the perspective of 3D printing, this means that 

interactive devices could now be individually designed 

and produced in small quantities. From the perspective 

of custom-made interactive devices, there is the 

opportunity to benefit from the cost and effort-reducing 

effects of 3D printing. 

To beneficially combine both trends, it must 

be possible to 3D print interaction. That is, a digital 

blueprint of an interactive device is specifically 

generated according to custom requirements and 

automatically fabricated using 3D printing. For example, 

this combination may enable custom-shaped touch-

sensitive surfaces or optical elements that exactly fit 

the needs of users or application scenarios. Research is 

currently making significant progress in these directions 

[5–15].

Custom-made interactive devices can massively 

change the market if people, research groups, 

independent designers, or companies are enabled to 

design, print, and use interactive devices specifically 

made for their use case with minimal effort. However, 

considerable progress is still required before the 

benefits of 3D printing can be fully applied to custom-

made interactive devices. This progress includes 

improvements concerning a more user-friendly design, 

interactive structures that apply to a wide range of 3D 

geometries, and algorithms that generate and precisely 

fit such structures in 3D geometries.
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Towards 3D-Printed Custom-Made 
Interactive Devices

The vision of creating 3D-printed custom-made 

interactive devices is as follows: Like today‘s desktop 

2D printers, 3D printers will be fast, cheap, reliable, and 

widely available in almost every home or a professional 

3D printing store. Instead of mass production, users 

fabricate many objects on-demand in varying shapes, 

colors, and materials without the need for excessive 

post-processing. Inspired by this general vision of 

3D printing, we envision a potential future fabrication 

environment for interactive devices that enables 

researchers, application developers, and also end-

users without skills in computer-aided design to equip 

a selected 3D object with user-defined interactivity. 

As illustrated in Figure 4, this environment builds upon 

tangible interaction concepts (A), such as touching or 

moving an object. Users express their ideas in a digital 

design phase by adding various interactive structures 

to a 3D object (B). They can then fine-tune properties 

such as the desired size or resolution of the interactive 

structures. Users then (possibly repeatedly) 3D print 

their custom-made interactive object at home or a 3D 

printing 

store (C) and use it (D) either as a tangible stand-

alone device (red) or as an on-screen control (blue) that 

interfaces with commonly-used touchscreens (e.g., a 

smartphone, tablet, or wall-sized display).

This fabrication environment should be as natural and 

automatic as today‘s creation of paper documents using 

Figure 4: The envisioned fabrication environment to create custom-made interactive devices (based on [8]).
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word-processing software and a 2D desktop printer. 

For instance, end-users combine it with 3D scanning 

to adjust wearable devices to their body dimensions, to 

design entirely new interactive devices on top of existing 

objects, or to customize home appliances pre-designed 

by a company to their needs.

Addressing the Challenges
Towards this vision of easy and automatic fabrication 

environments, research needs to resolve numerous 

challenges: One research challenge concerns the 

exploration of interaction concepts and primitives for 

custom-shaped interactive structures, specifically 

tailored for the complex geometries of 3D-printable 

objects. Another research challenge involves algorithms 

that generate such structures on or in the 3D object since 

manual design today is lavish, requires considerable 

expertise, and is prone to errors. Moreover, the design 

of interactivity and the 3D geometry of the object are 

separated, i.e., fixed-form standard components (e.g., 

a flat display panel) are attached to or embedded into 

non-functional, passive 3D objects that have been 

mass-produced. Therefore, another research challenge 

is the investigation of novel design concepts that enable 

users to embed interactive free-form 3D structures at 

the design phase.
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Figure 5: A set of examples illustrating the interaction with 3D-printed objects via touch (top), deformation (bottom left), or the environment (bottom right).
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Touch Interaction
Since its everyday use in smartphones or tablets, 

touch interaction has become one of the most common 

forms of input along with mouse and keyboard. It enables 

more direct operation since interfaces can be touched 

directly and do not have to be controlled indirectly, as 

with a mouse or keyboard. However, touch recognition 

is often limited to simple flat surfaces and rectangular 

flat shapes (e.g., the display of a smartphone), making 

it conceptually and technologically difficult to integrate 

into 3D printing. As part of the Capricate project [9], 

we, therefore, have investigated opportunities for 3D 

printing sensor technology and electrodes that can be 

used for touch detection (see Figure 5 top left). To this 

end, we developed a fabrication pipeline that supports 

the digital creation, export, and subsequent 3D printing 

of touch-sensitive objects on low-cost 3D printers. In 

addition, we have developed algorithms that enable the 

detection of touch not only on flat surfaces but also on 

highly curved surfaces.

Furthermore, 3D-printed touch-sensitive objects in 

combination with tablets or larger touch displays can 

form a new kind of tangible interface that combines 

physically touchable objects with digital visual content. In 

the Itsy-Bits project [10], we have therefore contributed 

methods for recognizing the position, rotation, and 

identity of 3D-printed objects on commonly-used 

touchscreens (see Figure 5 top right). This approach can 

create a variety of new tangible user experiences that 

are no longer limited to mass production but also enable 

highly individualized user experiences (for example, 

custom game characters in a digital tangible game or 

interactive house models on a city map).

Deformation Interaction
Complementary to touch interaction with 3D-printed 

objects, deforming an object itself for interaction is 

another promising research direction as it adds another 

haptic input dimension. In general, deformation can 

manifest in a variety of ways, for example, pressing 

These challenges can be considered for different styles of interaction:

Figure 6: Interaction with deformable 3D-printed objects
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into the surface, bending an entire subpart of an object, 

or squeezing it with the thumb and index finger. While 

touch input is in general binary (i.e., either an object is 

touched or not), deformation input holds the potential 

for a more continuous way of providing input to 

computers by varying the strength applied during the 

deformation. To investigate this research direction, the 

Flexibles project [11] and the ./trilaterate project [12] 

have contributed sensing structures and algorithms 

to detect various deformations either via an attached 

microcontroller as a standalone tangible device or in 

combination with standard touchscreens commonly 

used in today’s smartphones and tablets (see Figure 5 

bottom left).

Environmental Interaction
The detection of influences from the environment 

is another important category in interactive systems. 

In particular, the increasing production of 3D-printed 

objects offers great potential for embedded sensor 

technology, as time-consuming and cost-intensive 

assembly steps are minimized. However, such sensing 

systems often still require an energy source. In the 

projects Off-Line Sensing [13] and Liquido [14], we have, 

therefore, explored mechanisms that can detect a 

change in the state caused by an external influence (for 

example, the shaking or tilting of an object, or a change 

in environmental temperature) and record it irreversibly 

in the object structure without requiring any power 

source (see Figure 5 bottom right). Whether the state 

of such an object has changed can be read out through 

an app on a standard touchscreen. Such mechanisms 

could, for example, be integrated directly into building 

components to provide low-term information about 

changes in important parameters (for example, the 

exceeding of load limits) without power requirements. 

Building on this principle, the 3D-Auth project [15], for 

example, has used such state changes as a second 

factor for authentication with 3D-printed objects.

Conclusion
3D printing holds the potential for a revolution, as 

it offers the possibility to individually manufacture 

very complex structures. In addition to a plethora of 

applications in mechanical and building engineering, 

the production of interactive objects, which are already 

increasingly finding their way into everyday lives, can, 

with the help of this technology, also be made more 

user-friendly, more individual, and more precisely 

tailored to the respective individuum and application. 

This opens up the opportunity to move away from the 

mass production of uniform interaction devices to a 

world in which interaction with computers is tailored 

to the needs and capabilities of each individual. The 

projects presented in this paper are one of the first 

steps toward this vision, whose potential is far from 

exhausted.
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Introduction

Highly performing buildings are able to meet 

high standards for multiple requirements. They 

are increasingly necessary, also in view of urgent 

sustainability goals. They require an integral design 

approach from the early stages of design, toward 

integration of multi-disciplinary criteria. Next to 

achieving higher building performances, an integral 

approach allows the designers to foster technical 

requirements as essential part of the design identity. 

It promotes technical requirements to drive innovative 

and creative design solutions. Enhancing the interaction 

between creative form-finding and scientific inquiries 

on performances can be supported by a range of 

computational design methods, techniques and tools. 

Integrated computational models can incorporate 

different criteria to facilitate the multidisciplinary 

team to analyse different scenarios exploring very 

large numbers of design alternatives, under different 

simulated conditions. The design team can be facilitated 

to identify optimal and preferred design solutions for 

highly performing buildings and to endow the integration 

of technical performances in the creative design 

thinking. The potentials of additive manufacturing 

empower such direction. Additive manufacturing allows 

the production of unique and eventually geometrically 

complex designs, where multiple functionalities can be 

integrated and optimized and where the designer has 

large freedom in geometry.  

Investigating how additive manufacturing empowers 

integral design is one of the key research lines at 

LAMA, Laboratory for Additive Manufacturing in 

Architecture at the Faculty of Architecture and the 

Built Environment. The research line develops as part 

of the cluster Integral Design & Engineering in the 

research group Architectural & Geo Informatics hosted 
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Highly performing buildings require an integral design approach from the early stages of design. The research 
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from daylight to thermal and structural performances. 
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by the Digital Technologies Section at the Architectural 

Engineering + Technology Department. The research 

line fosters additive manufacturing in the larger 

context of performance-based design. In it, parametric 

design is exploited for generating geometric design 

alternatives, assessable based on measurable criteria. 

Computational intelligence and optimization algorithms 

are exploited to favour the design exploration of optimal 

and sub-optimal solutions, to support decision making 

in design explorations; and extract new general design 

knowledge (including criteria for rationalisation toward 

manufacturing). Additive manufacturing is exploited to 

allow both the exploration (linked to rapid prototyping) 

and the final production (linked to fabrication) of 

optimized designs. This is because optimizing the 

design implies also the necessity of manufacturing 

components that are not anymore standardized based 

on average needs and traditional production constraints. 

Moreover, additive manufacturing is investigated in 

relation to creative design solutions as well as in view of 

sustainable production methods toward circularity, use 

of bio-materials and in general reduced use of materials.     

Additive Manufacturing in Integral 
Design & Engineering 

With focus on integral design and engineering, 

a proposed computational approach is illustrated 

in Figure 2 , encompassing parametric design, 

computational performance assessment and 

computational intelligence including optimization to 

enhance the interaction between creative form-finding 

and scientific inquiries on performances. Additive 

manufacturing is pictured as empowering option for 

materialisation.  

Integrating the potentials of new 3D printed materials 

and of fabrication criteria implies the convergence of 

advances in the technical sector of additive manufacturing 

and in the computational design methods as well as 

in design thinking. Especially for building components, 

using advanced 3D printed materials and fabrication 

based on additive manufacturing allows the production 

of optimized shapes to achieve optimal performance 

considering multiple criteria and/or high-performance at 

a price becoming increasingly acceptable for the building 

industry [1] [2]. It allows producing high-performing 

geometries with minimal material use; integrating 

multiple functionalities in one component; controlling 

locally the material properties; defining new ways for 

reuse (including leasing concepts) and recyclability 

(within the building industry and streaming into the 

building industry usable (bio)waste from other sectors). 

In computational design and engineering, research is 

needed to exploit these potentials; and to advance the 

computational methods accordingly. 

Figure 2: Iterative loop in computational design for integral design and engineering



Performance-based design projects: 
examples 

Some selected research and teaching projects 

exemplify diverse features for which integral design by 

additive manufacturing is exploited in a range of different 

building performances, from daylighting to thermal 

and structural performances. The teaching projects 

(mostly MSc graduation projects) try also to convey how 

students familiarize themselves with the constraints and 

potentials of additive manufacturing when incorporating 

in the design the logic of the fabrication process; and 

how they experiment with it when optimizing the design, 

including the production of complex shapes, of customized 

solutions, of items with integrated multiple functionalities, 

of items with localized differentiations in material 

properties. 

The “Pulse” project [3] [4] is concerned with daylight, 

in combination with other performances. The research 

project was conducted in collaboration with practice and 

involved various expertise. The project aimed to design and 

prototype a 3D printed shading system, customized upon 

computationally optimized daylight. Parametric modelling 

was used to generate geometric configurations integrating 

multiple requirements regarding visual perception, 

structural principles, optimized daylight performance and 

fabrication. The shading system consisted of 707 modules 

of about 1.0x0.6x0.4 meters each.

Figure 3: The Pulse project. Left: A printed module (photo courtesy of Ector Hoogstad Architecten). Right top: The parametric logic (model and image 
by Milou Teeling). Right bottom: Impression of a portion of the sun shading system (image by Ector Hoogstad Architecten). 
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The geometry included double-curved surfaces 

and gradual transitions that made each panel 

unique. Thus, the use of additive manufacturing was 

investigated. Production criteria were incorporated in the 

computational optimisation, ultimately to rationalise the 

design to minimize production time and reduce costs. 

Various scenarios for the fabrication of the final product 

were analysed. The research included also the preliminary 

1:1 prototyping of one shading module. Figure 3 shows 

the construction logic. Among the teaching projects, the 

topic of  3D printed customized shading systems was 

investigated for example by Karagianni [5] [6].

 The “Spong3D” project [7] exemplifies the potentials 

of additive manufacturing in respect to thermal 

performances. The research project aimed to develop 

a concept design and prototype for an adaptive 3d 

printed facade system integrating multiple functions 

for optimizing thermal performances under different 

seasonal and daily conditions. The system focused on 

cellular structures to provide thermal insulation and on 

integrated channels to incorporate a liquid (water/glycol 

mixture) as heat storage where and when needed. Based 

on tests and measurements on 3D printed samples, the 

project investigated several cell structures with respect 

to thermal resistance, principles of structural stiffness 

and fabrication. The final concept was designed based 

on the results from these three main criteria. Figure 4 

shoes the concept design and 3D printed module. 

Figure 4: The Spong3D project. Top: Detail of the printed module (photo by Marcel Bilow). Bottom left: 3D printed module (photo by Britt van Sloun). 
Bottom right: digital concept study (model by Valentini Sarakinioti). 
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 “The AM envelope” [8] [9] is a MSc thesis project that 

also explored the potentials of additive manufacturing 

in respect to thermal performances, in this case in close 

combination with optimized structural performances. 

It aimed to create a multi-functional façade concept 

for thermal insulation and structural stiffness, 

producible by additive manufacturing (specifically 

fused deposition modelling using polymers). The 

project used both physical tests and computational 

simulations to investigate porosity and material 

distribution as key features to design stiff and insulating 

envelope components. Based on the resulting design 

guidelines, the project developed a digital workflow 

including performance-driven geometry generation and 

performance assessment toward fabrication. A concept 

element was also designed. Figure 5 shoes an example 

of geometric morphing process. 

Figure 5: Example of workflow in the AM envelope project, investigating porosity for thermal resistance and structural optimisation. Images source: [9]
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Figure 6: DoubleFace 2: Robotic 3D printing process of the final prototype (left) and prototype installed at the TU 
Delft Green Village (middle) where its thermal behaviour was monitored. A close up on the right.

The DoubleFace2.0 project [10] also dealt with 

thermal performances, in this case by enhancing the 

behaviour of phase change materials. The project aimed 

to develop a novel type of Trombe wall, which consisted 

of a new system that passively improves thermal 

comfort using lightweight and translucent materials for 

latent heat storage and aerogel for insulation. 

The materials are encapsulated in a 3D printed 

container that can be shaped case by case based 

on thermal specificities and users’ preferences. A 

parametric script developed with Arup integrated also 

structural considerations. The project generated several 

design concepts and prototyped one of them, as shown 

in Figure 6. 



Figure 7: ADAM project, a prototype.
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The “ADAM” project [11] [12] exemplifies the 

potentials of additive manufacturing in respect to 

acoustic absorption. The research project developed 

a computational method and related digital tool to 

design panels for optimized and customized acoustic 

absorption. The computational method is based on 

parametric design, computational optimisation and 

fabrication by additive manufacturing. The parametric 

design variables are the ones relevant for the acoustic 

principle of quarter wavelength tubes, which allows to 

make an absorber for low frequencies in a compact shape, 

or to target customisable broad ranges of frequencies. 

The outcomes of the computational optimisation can be 

applied by the designer in a potentially endless variety 

of shapes, supported by a parametric workflow to 

automate the generation of the tubes in accordance to 

principles for additive manufacturing. Figure 7 shows a 

prototype. 

In the framework of ADAM several MSc thesis projects 

were also developed, one of them being a project for 

thin sound absorbing panels for low-frequencies [13]. 

The project focuses on the specific challenge of lower 

frequencies (which in classic absorbing materials require 

large thickness to efficiently dissipate sound energy) and 

Figure 8: AM Thin low-frequency sound absorbing panel: Investigating different configurations based on 3D printed samples assessed for acoustic 
performance with an impedance tube; and algorithmically designing a configuration to target wanted frequencies (the image shows an example of 
the possible configurations of the quarter-wave length resonators in the range between 100hz and 500Hz). Images source: [13]
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proposed a tube layouting process for it. The projected 

analysed experimental geometric configurations 

allowing sound absorption at low frequencies despite 

their limited thickness. Figure 8 exemplifies the process. 

Several other projects have investigated 

performances such as structural performance [14] [15], 

some of which also in relation with innovative materials. 

As an example, the combination with thin glass was 

investigated in several teaching projects led by with prof. 

Christian Louter, who promoted the idea of sandwich 

panels composed by layers of flexible thin glass with a 

3D-printed polymer core providing stiffness in eventual 

combination with other functions [16] [17]. One of these 

projects [18] is illustrated in Figure 9. 
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Conclusions

The research showcased in this paper focuses on 

the potentials of additive manufacturing to empower 

integral design. This paper presented examples in 

relation to daylight, thermal, structural, and acoustic 

performances; in some cases with combinations 

of these performances or with other requirements 

and functionalities. Most projects investigated how 

performances can be improved using the potentials of 

additive manufacturing; how an integral computational 

workflow can assist the multi-disciplinary design team 

from conception to optimisation to production; what 

are the limits of the current state of the art. All projects 

highlighted aspects to be improved both in the additive 

manufacturing production and in the computational 

processes. They also indicated key potentials for future 

development, such as in reference to integrated and 

customised functionalities and optimised performances. 

An example of further research direction currently 

developed at LAMA includes reusable and recyclable 

bio-materials, where the 3D printing process allows 

both the control of material properties (combined with 

the parametric optimisation of the geometry) and the 

reusability or recyclability per se. 
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Figures 9 (top and right): An example of sandwich panels composed by layers of flexible thin glass with a 3D-printed polymer core, by Tim Neeskens. 
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3D PRINTED CONCRETE SEATING SET

Röser GmbH
Dennis Bräunche
www.3dbetondrucker.de

3D printed prefabricated elements made from 

concrete. Röser GmbH is one of Germany’s pioneers 

using the 3D concrete printing process. Your project 

requires in-situ concrete due to a complicated shape? 

You always had to consider formwork restrictions for a 

precast concrete solution? Your architecture should be 

individual? Your idea was only possible with expensive 

specially produced formwork? Or due to the complex or 

curved structure not feasible, or only with restrictions 

on your creativity? The core advantage of concrete 3D 

printing: formwork-independent constructions are 

possible! A guaranteed dimensional accuracy, thanks to 

computer-controlled printing technology. Our example in 

the field of open space planning: Large outdoor furniture, 

garden houses or concrete sculptures. Especially in the 

open space area, 3D print is a new planning approach.
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FREEFORM FASSADE NODE

AMvelope
Martin Manegold, Kai Kegelmann, Martin Rossmanith
http://amvelope.com/

This mock-up designed by AMvelope for the 

aluminum façade system manufacturer Wicona 

showcases the flexibility of combining 3d printed façade 

components with extruded profiles. 

Additively manufactured nodes allow designers to 

explore new architectural shapes in glass facades. The 

node-based system provides a systematic solution for 

these complex façade types. By design, it adapts to 

non-uniform, three-dimensional façade grids. Up to 

eight profiles from different directions can be connected 

within one node.

The complexity of the joinery is moved into the 

approx. 150x150x150mm hollow center node reducing 

the profile machining and assembly time to a minimum. 

The geometry of the joint also smoothly transitions 

between the profile rotated in 3D Space. The monolithic 

water bearing surface of the node eliminates this risk 

of leaking water in the otherwise vulnerable area of the 

profile joint. 
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3D PRINTED ACOUSTIC ABSORBERS

Technical University of Darmstadt, Institute of Structural Mechanics and Design
Dunia Abdullah Agha, Ulrich Knaack
https://www.ismd.tu-darmstadt.de

The project  researches the production of 3D 

paper printing that achieves functionality for the built 

environment. Also, aims to develop and optimizes  

the  production to reach  customized products with 

better quality and desired accuracy. Many trial mixes 

have been done to optimize a mixture according to the 

extrusion ability and buildability, and for controlling the 

deformation and shrinkage after drying. Furthermore, 

for dealing with buckling issues, large-scale printing, 

and for manufacturing objects with better material 

properties.
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REINFORCING AND FUNCTION INTEGRATION 
OF THIN SHEET METAL WITH WAAM
Technical University of Darmstadt, Institute of Structural Mechanics and Design
Christopher Borg Costanzi, Ulrich knaack, Philipp Rosendahl
https://www.ismd.tu-darmstadt.de

Wire Arc Additive Manufacturing (WAAM) is an 

additive manufacturing process used to build up three 

dimensional structures in metal. This research explores 

the potentials of combining the metal AM technique 

with free-form thin sheet metal as a means of stiffening 

and detailing facade elements. It addresses issues such 

as heat-induced deformation, 3D scanning and adaptive 

print-path generation along free-form surfaces. 
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FREE-FORM LATTICE STRUCTURES 
PRODUCED USING WAAM
Technical University of Darmstadt, Institute of Structural Mechanics and Design
Chris Borg Costanzi, Thomas Wenzel, Ulrich Knaack
https://www.ismd.tu-darmstadt.de

Lattice structures are desirable as they open up 

opportunities for light-weight construction. While 

these structural typologies are already quite common 

in the realm of powder-based metal printing, their 

potential use in large-scale construction becomes 

apparent when combined with AM technologies such 

as Wire Arc Additive Manufacturing. The demonstrator 

objects illustrate the potentials for using WAAM-

produced lattice structures in the context of free-form 

architecture.
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WAAM-PRODUCED ARCHITECTURAL 
COLUMN STRUCTURES
Technical University of Darmstadt, Institute of Structural Mechanics and Design
Benedikt Waldschmitt, Chris Borg Costanzi, Jorg Lange, Ulrich Knaack
https://www.ismd.tu-darmstadt.de/

Additive Manufacturing in metal opens up new 

possibilities for producing elements with geometrical 

freedom for the built environment. This research 

illustrates the potentials for architectural column 

structures produced using Wire and Arc Additive 

Manufacturing. Moreover, investigations into material 

performance, as well as process control through adaptive 

touch sensing and parametric robotic programming are 

carried out.
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CERAMIC AM GANTRY STRUCTURE

Design Institute of Guimarães, Advanced Ceramics Laboratory
João Carvalho, Paulo J. S. Cruz, Bruno Figueiredo
https://www.aclab-idegui.org/
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This project proposes the use of Ceramic Additive 

Manufacturing in order to produce functional hybrid 

frame structures for building skeletons. The structural 

elements simultaneously use ceramic, wood and steel 

elements to respond to different mechanical demands 

in the most efficient way. 

The columns are made with ceramic staves separated 

by planar wooden elements and connected with a steel 

cable to tension the elements, preventing the column 

from collapsing.

Beams use a wooden transverse body that is crossed 

by a steel cable that allows post-tensioning the element. 

Attached to the wooden beam using screws, the ceramic 

pieces improve its response to compression loads and 

prevent the beam from deflecting. After assembly, 

the ceramic pieces are filled with high-performance 

concrete. The interconnections between beams and 

columns are made by wood elements, providing a solid 

connection with the necessary flexibility.

This construction system also foresees the execution 

of slabs following the same constructive logic, being 

able to formalize and implement all structural aspects 

inherent to the construction of a building.
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FLIPPED DESK

Technical University of Darmstadt, Institute of Structural Mechanics and Design, Generative Design Lab
Philipp Amir Chhadeh, Khodor Sleimann, Robert Akerboom
https://www.am-glass.net/

Within the am glass + network the Institutes 

of the Lazerzentrum Hanover and the Technical 

University Darmstadt research the application of 

additive manufactured glass components in the built 

environment. The prototype flipped desk shows a 

construction, which for example can in future be used to 

mount glass plates to facades.
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PORCELAIN LIGHT STUDY

University of Waterloo, School of Architecture
Isabel Ochoa, James Clarke-Hicks, David Correa
https://www.instagram.com/is_oc/

‘Porcelain Light Study’ is a 3D printed porcelain 

light screen that explores light transmission and light 

scattering as functions of extrusion variability. ‘Porcelain 

Light Study’ was crafted using a set of variable digital 

parameters that map performance requirements and 

material properties across its surface. In this series 

of studies, special care was given to examining the 

relationship between buckling during the firing process 

and material distribution. 

This small study is part of a larger body of research 

by Isabel Ochoa and James Clarke-Hicks entitled 

‘Grading Light.’ ‘Grading Light’ explores how plastic 

deformation in digitally crafted ceramics can alter light-

scattering behaviour.  The work focuses on developing 

a computational methodology to manipulate ceramic 

surfaces to produce texture and sculptural relief. The 

research outputs are a series of 3D printed stoneware 

and porcelain screens that vary in brightness and 

illumination based on how light may be obstructed, 

reflected or transmitted across their surfaces.
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DEVELOPING A DIGITAL WORKFLOW FOR THE 
DESIGN AND MANUFACTURING OF CIRCULAR 
3D PRINTED BRIDGES
Eindhoven University of Technology, 3D Concrete Printing research group
Matthew Ferguson, Rong Yu, Rob Wolfs, Theo Salet 
https://www.tue.nl/en/research/research-groups/structural-engineering-and-design/3d-concrete-printing/

This project is interested in how 3D printed concrete 

could create bridge infrastructure suitable for a circular 

economy. 

The ambition is to produce a workflow that provides 

the necessary steps to move smoothly from design 

to production, including structural analysis and 

optimisation, for prestressed 3D printed concrete bridge 

beams. To create beams suitable for a circular economy, 

the elements should be disassemblable, aiding reuse or 

repair.

Material characteristics, structural behaviour and 

the manufacturing constraints of 3D concrete printing 

are included in the development of the workflow. This 

workflow will provide a parametric design space where 

multiple bridges could be designed and manufactured in 

an integrated process.

Small scale beams of 1.5 meters in length are created 

as part of the development of the workflow as a way 

to iterate the design, optimisation, fabrication and load 

testing processes.
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TRÄGERHAKEN

Technical University of Darmstadt
Thilo Feucht

Automated production is finding its way into 

the fabrication of structural steel. One robot holds 

attachments (stiffeners, end plates, etc.) on a steel beam 

or column and another robot produces weld seams. 

However, welding robots can also be used for Additive 

Manufacturing (Wire and Arc Additive Manufacturing, 

WAAM). The wire electrode serves as a printing material. 

The Institute of Steel Construction and Materials 

Mechanics in Darmstadt is investigating how typical 

connecting elements for steel structures can be printed 

directly on steel beams using Additive Manufacturing 

with arc welding and robots. The main focus is on 

determining suitable welding and process parameters. 

In addition, topology optimization is necessary in order 

to achieve good structures using a small amount of 

material. The girder hook exhibited here, which has been 

designed for connecting a bending beam to a column, 

is an example of a connection element that can be 

produced cost-effectively with the WAAM. 



143



144

ROBOT AIDED FABRICATION OF 
RAMMED EARTH
Technical University Braunschweig, Institute for Structural Design
Harald Kloft, Joschua Gosslar, Daniel Fernández Barba, Gerardo Pacillo
https://www.tu-braunschweig.de/ite

The research project is dealing with the robotically 

supported production, with the aim to generate an 

economical and practical process for the decentralized 

production of rammed earth. Based on the fact that 

rammed earth walls can be stripped immediately 

after compaction, an active, robotically guided light-

wheight compaction- and formwork system working 

in a continuous forward motion is being developed. The 

advantages of robotic manufacturing are a high degree 

of precision, significantly less effort for the setting of 

the formwork, consistent material properties and an 

expansion of geometric possibilities. With the increase 

in material quality and economic efficiency through 

the integration in a digitally controllable, automated 

manufacturing process, a broader application of load-

bearing earthen construction methods is possible.
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STRUCTURAL TIMBER BY INDIVIDUAL LAYER 
FABRICATION (ILF)
Technical University of Munich, Chair of Timber Structures and Building Construction
Daniel Talke, Birger Buschmann, Bettina Saile, Klaudius Henke
https://www.cee.ed.tum.de/hb/startseite/

In the project ‘structural timber by individual layer 

fabrication (ILF)’a novel fabrication process is to be 

researched that allows the use of wood in the additive 

manufacturing of structural elements. In this process 

the parts are built up by laminating contoured panels 

of wood composites, that are fabricated additively by 

binder jetting. 

In detail, the production of a component takes place in 

the following steps: Wood particles are spread in a thin 

layer on a base by a scattering device. On this particle bed 

liquid adhesive is applied locally, limited to those areas 

that are intended to be bound. The particle adhesive 

layer is then pressed and a sheet with bound and 

unbound bulk material is obtained. Finally, the unbound 

bulk is removed and the completed panel is transferred 

and laminated onto the stack of the previously fabricated 

panels. Panel production and lamination are repeated 

until the desired object is completed. 

Through the application of mechanical pressure in the 

fabrication of the panels, the required amount of binder 

can be significantly reduced and material strengths are 

increased.
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FOREWORD

Ulrich Knaack, Oliver Tessmann, Philipp Rosendahl, Bastian Wibranek, Chris Borg Costanzi

It started in 2015 when we developed the idea of 

having people interested in additive manufacturing 

coming together and sharing ideas, thoughts, and 

technology – to improve the AM part for buildings. At 

that time, the theme was a field for specialist – you 

might call them freaks and believers – interested in 

digital tools, robots, and home-build printers, trying to 

adapt the technology for the construction and building 

of special houses. As always in our field, things change, 

become broader and more serious in a technical and 

professional way. Now, we see the field emerging 

intensively. New technologies appear constantly, 

companies bring products and construction methods 

to the market, and the demand from clients proves that 

additive manufacturing is now seen as an upcoming 

technology for a broader profession.

Interestingly, the same happens to our BE-AM 

activities: we started as a workshop with friends and 

nerds, improved the network, the audience, and the 

content. Now we present in the context of Formnext, one 

of the largest trade shows for additive manufacturing – 

with an exhibition, a symposium, and this publication – 

for the third time in this setup.

BE-AM with its symposium, exhibition, publications, 

website, and research cluster at TU Darmstadt is now 

a platform for innovators, inventors, dreamers, and 

makers, all united in the aim of improving the way we 

envision and materialize our Built Environment.
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Introduction
Additive Manufacturing (AM) has developed rapidly 

in the construction industry in recent years. Lots of 

different materials are printable. For structural steel Wire 

Arc Additive Manufacturing (WAAM) seems promising, 

as it focuses on the production of comparatively large 

components [1]. The process can be classified as Direct-

Energy-Deposition-Process (DED). With the help of 

welding robots or CNC systems, the melted filler wire, 

which in conventional steel construction connects two 

components, becomes the component itself by welding 

multiple layers on top of each other (see Figure 2). 

This process can print complicated 3D steel structures 

comparatively quickly. As direct deposition process 

no extra material is needed and waste is reduced. 

Investigations show good material behavior nearly 

equivalent to rolled steel [2–4]. 

DESIGN OF OPTIMIZED 
3D-PRINTED STEEL NODES

MAREN ERVEN, JÖRG LANGE
INSTITUTE FOR STEEL CONSTRUCTION AND MATERIALS MECHANICS 

TECHNICAL UNIVERSITY OF DARMSTADT

FRANZISKA-BRAUN-STRASSE 3

64287 DARMSTADT, GERMANY

ERVEN@STAHLBAU.TU-DARMSTADT.DE

Abstract

Additive Manufacturing allows the creation of new structures; structures which were not thinkable before 

according to the manufacturing constraints. For structural steel this can save material and facilitate construction. 

However, when designing these structures some points need to be considered. The following article shows the 

different limitations when designing 3D-Printed Steel nodes using WAAM. 

Figure 2: WAAM Printing process 



WAAM-Process

WAAM systems are divided into stationary 3- or 

5-axis CNC systems and 6-axis welding robots. Robot 

systems can have lower accuracies than CNC systems, 

depending on the stiffness of the robot. However, 

robots offer greater flexibility in terms of installation 

space, especially when large structures or existing 

components are to be manufactured. For research 

on WAAM with carbon steel, the institute of Steel 

Construction and Materials Mechanics at TU Darmstadt 

has a Comau six-axis welding robot and a Fronius CMT 

Advanced 4000 R power source. The CMT Cycle Step 

process control variant with reduced arc power and low 

heat input is suitable for welding additive manufactured 

components. 

The printing process is based on the Gas-Shielded 

Metal arc welding (GMTAW). As WAAM is a quite young 

process there are no sets of parameters available like 

there are for plastic 3D-printers. Parameters which 

define the geometry and the behavior of one welding 

seam are at least the travel-speed (TS) of the robot arm 

and the wire-feed-speed (WFS). For the CMT Cycle Step 

process there are additionally the CMT-regulation, 

the number of cycles before a pause and the pausing-

time. Additionally to the process parameters the 

printing material which vary from normal carbon steel 

(e. g. G3Si1) to weldable stainless steel as well as the 

active part of the shielding gas play a significant role in 

the outcoming welding bead [5].

Steel Nodes
Joints between elements in steel structures are small 

parts but a significant performance factor of a building 

structure. Therefore, structural engineers, fabricators 

and erectors characterize good steel structures by the 

simplicity of these connection points. However, it often 

conflicts with the desire of architects and building owners 

for unusual, exceptional shapes, which are then realized 

with ceilings or facades to hide the simple structure. Here, 

additive manufacturing and especially the WAAM has the 

potential to combine both desires and ensures simple 

assembly and preparation of the remaining components 

and creation of unusual load-bearing structures. The 

complexity is shifted from the overall structure to the few 

3D-printed nodes (see Figure 4). These node structures 

are individually adapted to their respective geometric 

installation situation as well as the loads acting at 

this point. It saves material and production time and, 

additionally, shows the observer how the forces act.

Figure 3: WAAM System at TU Darmstadt 

Figure 4: Freeform node leaving the conventional lattice by using the same head plate for all beams
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Form Finding 

Topology optimization, a subfield of structural 

optimization, can help to find appropriate structures 

for different geometric and load conditions [6]. This 

type of optimization brings in voids at less loaded 

points of the body, thus reducing the mass. For the 

following investigations the mathematical topology 

optimization was used. The optimization problem was 

solved using the density distribution of the body. The 

density distribution of the body can be implemented 

with different approaches, like the SIMP („Solid Isotropic 

Material with Penalization“) approach. The aim of an 

optimization run is to arrange a given mass fraction of 

the initial body (mass restriction) in such a way that its 

mean compliance is the lowest. The results for different 

load cases and the same mass restriction are shown in 

Figure 5. 

Some newer investigations even consider an 

anisotropy of the layer-wise printing in topology 

optimization [7]. For such an optimization the printing 

direction needs to be chosen before the optimization 

and the E-Modulus for the different axes can mirror 

the behavior corresponding the layer-direction. In order 

to obtain reasonable solutions, restrictions from the 

manufacturing process as well as from the subsequent 

assembly should be included in the form finding (see 

Figure 6).

Figure 5: Topology optimization for different load cases with the same restriction of mass
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Figure 6: Form finding limitations for WAAM nodes
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Limitation: Structural behavior 

The optimization does not consider the load-bearing 

capacity of the node, which needs to be calculated in a 

subsequent structural analysis. As the yielding strength 

is not considered in the optimization this sometimes 

leads to unreasonable small local cross-sections. Here 

the load-bearing capacity can be increased easily by 

adjusting these critical places. If a structure is subjected 

to more than one load-case, the optimized structure 

should be tested for all of them [8]. For very differing 

cases (see Figure 6) a superposition of two cases needs 

to be done. 

Limitation: Printability
Although WAAM can realize almost all geometries, 

even bridges over flowing water [9], some structures 

are easier, and thus faster to create than others are, 

and their production is more reliable. For example, the 

vertical angle of a structure should not exceed a certain 

value. For perpendicular welding this value is between 

30° and 40° from the vertical. If a higher angle is needed 

the welding torch or the table needs to be rotated. 

Anyway, a higher angle always comes with less speed 

of the printing process. Spot welding which combines 

the irregular process at the start and the end of a weld, 

needs higher attention. Filigree wall-like structures tend 

to high warping, so closed cross-sections (e. g. tubes) 

seem to be the best.

Limitation: Assembly
The structures should be designed in a way that the 

subsequent assembly process is facilitated as much 

as possible. This is why the node should consider 

typical connections of steel constructions, like end-

plates or flag-plates. This brings the advantage that 

the components adjoining the nodes can be prepared 

quickly without the need for time-consuming assembly 

preparations such as miter cuts. The design-space 

needs to be checked for space where tools for assembly 

need to be set.

Figure 7: Different types of common connections
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Optimization

To find an adequate structure two load cases are 

investigated: normal forces and shear forces at the head 

plates. For subsequent assembly, space for tools is left 

out in the design space (cf. Figure 6). For different mass 

restrictions the optimization is shown in Fig. 10 A and 

10 B. As the design-space is very big there is still lots of 

mass which is not needed. It is intended to just print the 

shell of the structure. Therefore, in a parameter study a 

matching thickness of this has to be found.

Design Example

A node for the connection of three trusses from 

different directions and a column shall be designed 

(Figure 8, left). A conventional way could look like the 

middle in Figure 8 with stiffeners and plates to transfer 

the forces. In order to provide enough space

 for tightening the bolts, the assembly area (head plates) 

needs to be shifted to the outside. In a 3D-printed node 

there is no need for that, and the design space can be 

decreased. The conventional node has a weight of about 

55 kg, the 3D-printed node might have at most the 

same mass but actually should save mass. 

Figure 8: Design example

Figure 9: Different shell thicknesses for one optimized structure
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Figure 10 A: Topology optimization for normal forces at the head plates

Figure 10 B: Topology optimization for shear forces at the head plates
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Making the Structure printable
To print the structure the vertical angle has to be 

checked and the structure needs to be modified at 

some points. Therefore, the structure is divided into 

parts where the geometry is similar. These parts also 

represent the different parts for printing, as the strategy 

maybe needs to be changed. Each part is then adjusted 

according to the printing limitations, here a minimum 

vertical angle with a gradient of 80 %. 

As the behavior and the geometry of the weld 

changes by a changed vertical angle of the structure, 

it is useful to parametrize the structure according to 

the printing height. Therefore, every point that will be 

printed is defined by a function of the actual printing 

height z. There are different approaches to realize that 

[10]. Here, each shell of the structure is split by a vertical 

plane which rotates with a predefined angle around the 

center of mass. The cutting curves then represent the 

vertical path of each printing point. These vertical lines 

are then described for xz- and yz-direction by 

mathematical functions using linear regression. By 

giving the robot number of points i and the corresponding 

regression coefficients for xz- and yz-direction, it can 

calculate its printing path for every given height. 

Conclusion
With 3D-printing it is possible to print new structures. 

How mathematical topology optimization can find new 

structures and what needs to be done in addition was 

shown. Therefore, different steps of the design of 

3D-printed steel nodes were explained. The aim is to 

automatize the design-workflow to adopt as many 

load and geometric cases as possible. Structural tests 

on planar WAAM nodes already show good structural 

behavior. The next step is to test three-dimensional 

nodes.

Figure 11: Workflow from the whole structure to printable parametrized parts
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Figure 1: The final constructed Glass Vault
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Introduction

For several years, the structural group of Skidmore 

Owings and Merrill (SOM) has been hosting traveling 

exhibitions showcasing the research work conducted 

within the group. The content of these exhibitions is 

intended to bring the public closer to the technical principles 

and ideas revolving around structural engineering. The 

structural exhibitions are an opportunity to display some 

of the latest technologies in design and construction with 

small scale structures. 

A few examples of these structures are illustrated in Fig.2 

showing the kinematic pavilion exhibited at the MAK center 

for art and architecture in Los Angeles in 2018 (Fig. 2 left) 

and the timbrel vault exhibited at the COAM in Madrid in 

2019 (Fig. 2 right).

The research in timbrel vaults that resulted in the COAM 

exhibit was developed in collaboration with the timbrel vault 

workshop and the University of Alcala in Madrid by means 

of a number of workshops [1]. Timbrel vaults are very 

efficient masonry shell structures that have the additional 

benefit of being self-supporting as they are built and can 

be constructed without falsework. Unreinforced masonry 

structures in general are very common worldwide due to the 

low cost of building materials and their availability in various 

parts of the world, especially in developing countries. After 

the completion of the timbrel vault exhibition, some 

aspects of its construction were closely studied to identify 

opportunities for development for the next generation of 

vaults which resulted in the robotic construction glass vault 

exhibited at the Ambika Gallery in London in 2020.

THE GLASS VAULT

ALESSANDRO BEGHINI*, STUART MARSH*, MASAAKI MIKIa, SAMANTHA WALKERb,
ISLA XI HANc, SIGRID ADRIAENSSENSc, STEFANA PARASCHOc

* SOM | SKIDMORE, OWINGS & MERRILL LLP

  ONE MARITIME PLAZA, SAN FRANCISCO, CA, USA

  ALESSANDRO.BEGHINI@SOM.COM
a THE UNIVERSITY OF TOKYO
b FOUNDER BUILDML
c PRINCETON UNIVERSITY

Abstract

The construction of vault structures dates back centuries; several examples of domes and vaults can be found 

in several historical structures around the world. Recently, various research groups have been interested in timbrel 

vaults: a self-supporting type of vault that does not require temporary falsework for construction. 

Such vaults are constructed in layers of thin tiles held together by mortar. In parallel with this renewed interest in 

traditional construction technologies, there have been recent advancements in the application of robotic technology 

to the automation of construction processes. This paper describes the design process that led to the final form and 

tessellation of a 2m tall shell identified using the Airy’s stress function and constructed using glass bricks and robotic 

technology. 
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The construction of the timbrel vault, for example, 

required the masons to perform some repetitive tasks 

like placing mortar on a brick and then place the brick in 

a certain position in space. To properly place the bricks 

in space, the masons would use “visual guides” that 

resembled a wooden skeleton of the vault. 

Given the recent developments in applications of 

robotic technology to the automation of construction 

processes [2], robots were considered to perform the 

repetitive tasks of the vault construction. Robots have 

the additional benefits of been able to precisely locate a 

point in space and thus eliminate the need for the guides 

used by the masons in the previous vault design.

The following sections will describe in detail the 

design process that led to the final form of the vault and 

incorporated the constructability considerations. The 

details of the structural analysis of the vault are covered 

in [4] and additional details on the robots set up and 

vault prototyping conducted can be found in [6]. 

Glass as Structural Material
The material considered for the project was inspired by 

the sculpture “Qwalala” by artist Pae White exhibited at 

the 2017 Venice Biennale. The sculpture is an undulating 

wall made with glass bricks of various colors. The use of 

glass as a structural material is relatively uncommon. 

However, the material has a high compressive capacity 

which makes it an ideal candidate for a compression 

only shell structure. The glass brick for the projects were 

supplied by Poesia glass studio, the same company that 

supplied the bricks for the Qwalala sculpture.

Barrel Vault Construction Techniques

The assembly approach for the vault was inspired 

by ancient barrel vault techniques from the Byzantine 

and Assyrian eras as illustrated in [3]. Such techniques 

did not require the use of temporary falsework during 

construction and reflected the aspirations of the glass 

vault project. 

One of the techniques illustrated in [3] relies on a 

series of inclined courses of bricks layered against a 

vertical end wall to construct the vault without falsework. 

The form is essentially constructed as a series of arches 

leaning against each other as the structure moves 

away from the vertical wall. This approach guarantees 

stability throughout the construction process at each 

step of the assembly. Such construction methodology 

was applied in the construction of the robotic glass vault 

and influenced its design. 

Robot Setup and Vault Design
The setup for the robots for the construction of 

the vault is illustrated in Figure 3. This diagram shows 

the workspace of two large robotic arms set at a fixed 

distance from one another. The workspace of each 

robot resembles a sphere and, by overlapping the two 

workspaces, two regions are created: a collaborative 

region where the robots work together to construct 

a central arch and two independent regions where 

each robot can continue the construction of the vault 

independently.

Another important element in the definition of the 

design was consideration for the robot’s movement 

and path planning. The design was developed to avoid 

Figure 2: (left) Kinematic pavilion exhibited at MAK centre in Los Angeles, USA and (right) Timbrel vault exhibited at the COAM in Madrid, Spain
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any potential clash between the constructed portion of 

the vault and the articulated movement of the robots 

highlighted by the cyan hatch in Fig. 3. 

The final design of the vault (shown in Fig. 4) reflects 

the various constraints and aspirations that emerged 

throughout the design process. The vault is formed by 

a series of leaning arches that increase in size moving 

away from the central arch in the middle of the vault, 

which is built collaboratively by the robots. The leaning 

arches are stable and do not require falsework during 

construction based on the ancient technique described 

in [3]. In addition, the vault form is asymmetric to 

mitigate any potential conflict between the robot’s 

articulated movement and the vault itself as illustrated 

in Figure 3. The form finding of the vault was conducted 

using a custom tool developed in house and based on 

the Airy’s stress function, see [7, 8, 9, 10] for details on 

the form finding process.

The resulting form is very elegant and incorporates 

all the design considerations from structural efficiency 

to constructability to avoiding robot clashes. The 

application of Robotic technology shaped the form of 

the vault and influenced the construction methods that 

need to respond to the way this new technology works.

Figure 3: Robot setup for the construction of the vault

Figure 4: Final form for the vault
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Tessellation
After defining the form for the vault, the shape 

was tessellated to identify the bricks placement. As 

mentioned in a previous section, one of the overall goals 

for the project was the use of standardized brick units. 

Despite the shape complexity, the form was tessellated 

with only two types of units: a full brick (approximate 

size: 250x110x50mm) and half size units (size: 

125x110x50mm). Several different types of tessellation 

patterns were considered during the design as indicated 

in Fig. 6 (left). The herringbone pattern was ultimately 

selected because it allowed the bricks to naturally lock 

themselves into place providing higher stability to the 

construction process. The final tessellation used for the 

vault is indicated in Fig. 6 (on the right). The connection 

between the bricks was made of a fast-setting, rigid 

epoxy putty in combination with acrylic pieces for the 

larger gaps.

Prototyping and Final Construction
After finalizing the design of the vault, the 

tessellation, robot setup and connection strategy, 

extensive prototyping was conducted at Princeton 

University starting with small scale tests with small 

robots to full scale tests as documented in [6]. 

The final vault was constructed over the course of two 

weeks at the exhibition hosted at the Ambika Gallery at 

Westminster University in London and titled “Anatomy 

of Structure”. Several of the technologies developed 

during prototyping were successfully adjusted in the  

     

final setting of the exhibition. A few images of the final 

constructed vault are shown in Fig. 5 & 8.

Conclusions
This paper described the design process for the 

construction of a doubly curved shell glass structure. 

Every aspect of the design was carefully considered 

to achieve an automated construction using robots 

resulting in a self-supporting system that removes the 

need for falsework and leverages standardized brick 

units. 

Application of robotic construction could be critical 

in the future for applications where human access is 

difficult or in places where environmental conditions 

are very harsh. Another potential application for robots 

could be in deployable structures that can be quickly 

assembled and disassembled by robots in places where 

natural disasters may have happened.
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Figure 6: (left) tessellation patterns considered during design see [5] and (right) final tessellation
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Figure 1: Visualization of cooperating mobile robots performing extrusion-based 3D printing for curved wall structures on building sites.



37

MOBILE ADDITIVE MANUFACTURING 
IN CONSTRUCTION

KATHRIN DOERFLER, GIDO DIELEMANS
TECHNICAL UNIVERSITY OF MUNICH

ARCISSTRASSE 21, 80337 MUNICH

DOERFLER@TUM.DE

The next wave of in situ Additive Manufacturing begins with mobile robots — 
here is why

Development of digital fabrication methods such as 

Additive Manufacturing (AM) has led to rapid transitions 

from laboratory experiments to residential and civil 

buildings [1]. Recently it was shown that even two-

story buildings with large scale stationary gantry 

systems can be produced additively [2]. However, this 

solution requires that the facility is larger than the 

manufactured object, which limits the scalability due to 

the encapsulated construction volume. While efficiency 

increases have been achieved by the integration 

of multiple nozzles into these stationary systems, 

effectively increasing deposition rate [3], the overall 

scope of AM applications with the use of stationary 

systems for construction on site is still limited to new 

buildings in vacant lots. A possible alternative are mobile 

robots, with multi-robot systems capable of providing 

scalability through both their unbounded dynamic 

workspace and the capacity of task parallelization [4], [5] 

(see Figure 1). This combination of a static workspace and 

the ability to reposition allows them to create structures 

larger than themselves, in which their autonomy and 

context-awareness facilitates cooperative operation 

with other robots or human operators to improve 

process efficiency. Most importantly, mobile robots can 

flexibly access enclosed spaces and operate in dynamic 

environments, making them a useful future tool for 

renovating, retrofitting, repairing, and maintaining our 

buildings and infrastructure. Therefore, mobile robots 

propose an expansion of the AM application space from 

scalability for new constructions to adaptability for 

constructions within existing contexts.
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Figure 2: System setup visualization of the mobile additive manufacturing system. Credit original: Robotnik Automation S.L.L, edited.
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Architectural robotics research is not 
done alone

Research on mobile AM closely integrates 

architectural, mechanical, and materials design, the 

manufacturing process, sensing, and control, it is an 

inherently multidisciplinary challenge. The research 

is therefore embedded in the interdisciplinary DFG 

Collaborative Research Centre TRR 277  Additive 

Manufacturing in Construction as project B05, and set 

up as a collaborative research combining architecture, 

robotics, computer science, and materials science. It 

aims to examine the architectural implications of mobile 

robotics for AM in construction and to develop methods 

for their implementation [6]. The material deposition 

method of clay and concrete extrusion is used to 

investigate mobile part-based AM strategies to produce 

large objects whose size exceeds the static workspace 

of one robot. By implementing advanced sensor and 

control solutions, autonomous localization and precise 

manipulation techniques for mobile AM are explored. In 

addition, this research aims to provide scalability to AM 

processes by examining the use of cooperative robots to 

collaborate on single fabrication jobs. The ultimate aim 

of this research is to develop mobile AM technology for 

its direct implementation on construction sites.

How we conceived and designed a 
platform for experimental research 
and prototyping

The exploration of new architectural possibilities 

in this research is enabled through an experimental 

approach, for which we designed and set up two 

autonomous research platforms (see Figure 2) [7]. With 

this designed mobile AM system, we aim to perform 

research on extrusion-based AM of both clay and 

concrete, where opted is for a two-tier localization and 

positioning strategy with a tethered material supply 

system.

Construction sites are by definition rough and 

unpredictable environments, which inhibits the 

performance of mobile systems [8]. Fabrication of 

objects using AM relies highly on localization, with the 

result of deviations in accuracy ranging from decrease 

in resolution to complete inability of fabrication. These 

deviations can be minimized by utilizing a two-tier 

localization system for the mobile system and the 

end-effector. Applied for navigation and localization 

of mobile systems is often Simultaneous Localization 

and Mapping (SLAM) [9], which utilizes the fitted wheel 

encoders and laser scanners to continuously record 

the environment and cross-reference the current and 

recorded data. Secondary sensing systems can serve 

for end-effector localization [10], ranging from height 

measurement sensors [11], 3D scanning and point 

cloud matching [12], to camera-based sensing [13].

By integration of a vertical linear axis, the static range 

of the system is extended, reaching a height for material 

deposition of 2.7m. 

Building-scale elements are planned to be fabricated 

as part of experiments using both a print-drive-print as 

a print-while-driving approach, while using two identical 

systems that are capable of executing coordinated tasks 

between both robots and. Fabrication constraints, such 

as open time of concrete, contact area, and overhang 

angle, will be integrated in the discretization of building 

components and task distribution, while all nine degrees 

of freedom of the system will be utilized to minimize 

these constraints [14]–[16]. The autonomy and 

context-awareness of the mobile systems will further 

be utilised to test and explore the direct and indirect 

interaction of human operators and site workers (i.e. 

collaboration, cooperation, and coordination) with 

collaborative multi-robot systems.
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Material Providing
 To reduce the impact of the construction industry, 

WASP decided from the beginning to focus the research 

on the use of raw earth. If we imagine that today one-

third of the global population is living in an earth-based 

house, we can immediately understand that the raw 

earth is a powerful construction material. 

Unfortunately, only a small percent of this population 

considers this a comfortable solution, mainly for 

two reasons: salubrity and the trend imposed by 

industrialization. Due to these reasons, the aim of 

WASP is to develop a technology able to transform raw 

earth in a printable mortar and to use 3D printing to 

obtain construction integrated with the ecosystem and 

with a high living performance. Starting with chemical 

and geological analysis of the local soil it is possible to 

formulate an accurate and customized mix-design in 

order to reach the necessary performance in terms of 

structural strength and printability. 

At the base of the raw earth working process 

there is the extraction of the raw material, each time 

heterogeneous according to the mineralogical 

characteristics of the extraction soil. The collection 

process is followed by a dry filtering phase of the 

soil, with the use of a disc screen separator capable 

of eliminating the presence of stones larger than 10 

mm, thus creating a grading curve in accord with the 

mix design. Thanks to this and the addition of natural 

fibres and binders (NHL) according to the mix-design, it 

is possible to have a printable mortar based on 95% of 

local raw material. The latter is carried out through the 

use of the wet pan mill, a rotating kneading machine, 

with the addition of water. Mixing with a muller allows 

you to make a homogeneous and well-kneaded mixture 

effectively and quickly. Once the mixture is completed, 

the earth mixture is conveyed through continuous 

pumping systems to the extruder inlet with constant 

flow and pressure regulation through specific sensors.

Abstract

Inspired by potter wasp, since 2012 WASP (World’s Advanced Saving Project) have been developing viable 

construction processes based on the principles of circular economy and digital fabrication. To reach the aim of the 

project, the research of WASP is divided in three separate fields: 

Material providing, 3D printing technology and architectural design.



44

Figure 2: TECLA under construction: the use of raw Earth as a building material offers exciting opportunities for low cost and eco-friendly architecture.

Figure 3: TECLA is made up of two interconnecting dome-like structures; geometries that are very fitting for the natural raw mortar.
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Crane System

 Since 2016, WASP has been working on the WASP 

Crane system in order to produce 3D-printed houses in 

the shortest possible time and in the most sustainable 

way. Crane WASP is the world’s first modular and 

multilevel 3D printer designed to collaboratively build 

singular and even more extensive architectural works. 

The system is configured according to project needs and 

defines the structure of a safe and extremely efficient 

construction site. Each printer unit has a printing area 

of 50 square meters and therefore makes it possible 

to build independent living modules with consistent 

shaping freedom. For the first time, multiple printing 

arms have been synchronized inside a construction site 

like in an industrial production line. Thanks to a software 

synthesis of years of research in WASP, the system is 

capable of optimizing movements, avoiding collisions 

and ensuring simultaneous operation. The redundancy 

of the system allows a consistent reduction of the 

printing time and the possibility of operating ordinary 

maintenance during the printing.

Tecla
Tecla is a prototype of sustainable habitat developed 

by WASP and Mario Cucinella Architects to show the 

potential of the 3D printing technology applied on the 

earthen based architecture. It is the demonstration that 

3D technology is able to create buildings by optimizing 

the construction process and minimizing the use of 

human and energy resources. The double dome solution 

made it possible to cover at the same time the roles 

of structure, roof and external cladding, making the 

house high-performance on all aspects. TECLA can be 

synthesized in: 200 hours of printing, 7000 machine 

codes (G-code), 350 layers of 12 mm, 150 km of 

extrusion, 60 cubic meters of natural materials for an 

average consumption of less than 6 kW.

Figure 4: TECLA at night; the angulating surface patterning emphasized by soft lighting
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Masonry and 3DCP
This specific research is motivated by the current 

development of hardware for, commercial availability 

of and interest in 3DCP, and addresses the present 

lack of both viable design tools and integrated design-

to-production solutions [2]. The work is guided by the 

insight regarding the applicability of design and analysis 

methods used in unreinforced masonry to large-scale, 

layered 3D printing with compression-dominant 

materials such as concrete. Specifically, the research 

aims to develop both a computational framework and an 

integrated design environment that extends and adapts 

advances in the computational design and analysis 

of unreinforced masonry structures to 3D-concrete-

printed masonry blocks.

Integrated structure and fabrication-
informed design

The principal contribution of the research is the 

formulation of designer-friendly, didactic, shape-design 

tools. These tools specifically take advantage of the 

possibilities of precise, force-aligned placement of 

material offered by advances in 3DCP. They also address 

critical constraints, such as the requirement of spatial 

coherence of print paths whereby each consecutive 

layer onto which material is deposited changes gradually 

and with sufficient overlap with the preceding layer. 

Furthermore, these tools deeply integrate with other 

design and analysis algorithms available in the open-

source computational platform COMPAS [3]. Together, 

they enable an integrated structure and fabrication-

informed computational design for 3DCP structures 

(Figure 2). 

Abstract

The Block Research Group (BRG) focuses on the discovery, computational extension and application of historic 

techniques of design and analyses of masonry and shell structures to address the pressing ecological need to change 

the paradigm of design, engineering, fabrication and construction of structures. The importance of geometric methods 

of structural design and the integration of structural and fabrication-aware computational methods in the early-

design phase to achieve these goals is thoroughly argued by Rippmann [1]. This article summarises the application of 

both the mind set and tool sets to 3D concrete printing (3DCP).
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Figure 2: Integrated design, engineering, and fabrication of 3D concrete printed masonry structure.
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Form finding

The dominant structural properties of printed 

concrete are high compressive strength, relative 

weak flexural strength, and an orthotropic behaviour 

induced by the layered printing process, yielding a 

weak tensile bond between layers [4, 5, 6] (Figure 

3). Given their suitability, form-finding methods of 

unreinforced masonry structures methods can be 

adapted and extended for the equilibrium modelling of 

the discrete shell surfaces that will be materialised with 

3D-concrete-printed stones [7, 1] .

Stereotomy
The structural practice of stereotomy, which aligns 

material layout with expected force flow through the 

structure, is an important design concern [1]. This is true 

both at the macro scale of the orthonormal alignment 

of the printed blocks to the global force flow in the 

arched and skeletal structures and for the perpendicular 

alignment of the layered filaments of the individual 

concrete printed blocks to the expected local force flow 

through the block (Figure 4, 5). Fully parametric shape 

descriptions have been developed to represent both 

the global planes of the stereotomy and the morphing 

cross-sectional print paths between them [8, 9].

Cross-section design 
Design of the cross section is critical to counter 

local flexural behaviours and account for the precise 

placement of material, weight reduction and printing 

parameters such as layer heights, print-plane 

inclinations, etc. A Function Representation (FRep) 

schema can be used to handle the intricate cross-

section design and to explicitly represent print paths [8, 

9] (Figure 6). 

Discrete-element-modelling 
The global equilibrium and the variations of the flow 

of forces within the structure in response to boundary 

conditions and loads can be analysed using Discrete 

Element Modelling (DEM). The DEM analysis helps verify 

and inform the overall, iterative design process [10]. 

The principal components of the integrated structure and fabrication-informed computation design framework are:

Figure 3: Compression dominant, orthotropic material properties of 3D concrete printed blocks. [Image rights [6]]
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Conclusion: 
Design for reuse, design to reduce 

The expected impact of the research is a twofold 

demonstration of 

•   Design-for-reuse with focus on separable materials     

      and glue-free assembly of parts that can be subsequently    

     disassembled and reassembled.

•   Reduction of material use through the design of both 

     material-appropriate, compressive forms and the precise   

     placement of material, cleanly separating compression 

     from tension. 

Together, the work points to a new structural and 

architectural language of force-aligned precision 3DCP 

emerging from the historic paradigm of unreinforced 

masonry. 
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Figure 5B: Force-aligned, inclined-plane 3DCP of nodes in a funicular skeleton. [Photo credits: Shajay Bhooshan]
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Figure 6: Process-aware, force aligned processing of a node of a spatial funicular skeleton.
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Introduction
The 3D printed objects and experiments documented 

in this writing are the results from a research period 

of 3 years started in 2014 exploring the possibilities 

of digital manufacturing ceramics for architectural 

applications. The work was carried out during several 

residencies at the European Ceramic Work Centre [1], 

and a Craft Residency at Cove Park [2] in a design by 

doing manner; a hands-on exploration into novel ways 

of producing ceramics.

The goal from the onset was to explore the potential 

of digital fabrication to facilitate the return to a more 

local modus of producing buildings and by doing so, 

reducing its environmental impact. Free complexity, 

one of the advantages of Added Manufacturing often 

mentioned, was initially not a goal in itself, just a means 

to an end. Yet once exploring the possibilities of this 

relatively new technology, it becomes apparent that 

the aesthetics are closely linked to the printing process, 

and therefore both functional and aesthetic qualities of 

digital production with clay are explored.

During these explorations, developments were made 

on improving the printing hardware, software, and 

material tests were carried out. All these developments 

were done simultaneously in an iterative process in 

which separate improvements influence and reinforce 

each other.

Digital clay coiling
Clay is an age-old material and in its fired form widely 

used in our immediate environment with a wide variety of 

applications, from roof tiles, brick, and sewage to sanitary 

ware and crockery. Because of its familiarity and diverse 

functionality, ceramic seems to be a very suitable material 

to explore what its digital fabrication can contribute to our 

build environment. Moreover, the natural raw material clay 

is locally available worldwide and is potentially a suitable 

candidate for 3D printing local sustainable building elements.

3D PRINTED CERAMICS FOR 
ARCHITECTURAL APPLICATION

ERNO LANGENBERG
ELSTUDIO / AMSTERDAM UNIVERSITY OF APPLIED SCIENCES
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Abstract

This article is a summary of the results from several research periods exploring the possibilities of digital 

manufacturing ceramics for architectural application. The goal was to explore the potential of digital fabrication to aid 

the return to a more local modus of producing buildings and by doing so, reducing its environmental impact. During 

these explorations, developments were made on improving the printing hardware, software, and material tests were 

carried out. This resulted in experimental prototypes for architectural building elements, showing the functional and 

aesthetic potential of this technology. 
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In the presented projects various types of clay were 

used; both powdered clay and ready-to-use clay bodies; 

earthenware, stoneware, and porcelain. Additives were 

kept to a minimum to keep the clay mix as simple as 

possible, to increase repeatability, and reduce cost for 

a potential scaling up. To improve working strength, clay 

was chosen with additional grog with a small grain and 

occasionally oxides were used for coloring. The ready-

to-use clay bodies were soaked in water overnight to 

improve printability.

To fully explore the potential of 3D printing, it is 

necessary to have a good understanding of the used 

material properties and the printing process. A place 

where this, often tacit, material knowledge can be found 

is in old, traditional ceramic production techniques. 

The techniques closest to additive manufacturing with 

clay is coiling. In this traditional way of constructing 

with clay, objects are made through constructing 

walls by stacking hand-rolled or extruded coils. The 

dimensions of the coils, wall thicknesses, and adhesion 

method (Adhesion is often improved by smoothening 

the exterior) are well known in the craft environment 

[3]. However, this knowledge lacks in the realm of 3D 

clay printing and should be build-up, using the already 

available knowledge.

Material limitations
3D printing malleable clay, like the hand coiling 

technique, is a process of building up an object layer 

by layer. However, the control over the thickness and 

placement of the clay, present in the craftsmen’s hands, 

has to be translated to the numerically controlled 3D 

printer. This was done during the many extrusion tests 

and will be an ongoing learning by doing process. One 

aspect of the process, important for design, which is 

the same for the craftsman and the 3D printer is the 

limitation dictated by the material; layers cannot be 

stacked indefinitely (the clay needs time to dry and 

become stable) and, the material cannot be added in 

mid-air, it needs support from a layer below.

These limitations have to be addressed, either in the 

printing method or in the geometry of the object to be 

produced. For example, the latter could be addressed 

by adding curvature to the object; straight walls will 

collapse easily, and adding curvature improves the 

stability during printing. In terms of the printing method, 

a solution for not being able to print mid-air could be 

the use of a ‚supporting material‘ that is printed along 

for support and removed after printing. This is common 

for printing with plastics but does not yet exist for clay 

printing. Both approaches were addressed during this 

research period.

Figure 2: printable support material which burns or disintegrates in the firing process to support overhangs or openings in the printed object.
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Incremental hardware improvements
The 3D printing technique used is essentially the 

numerically controlled extrusion of clay from a cartridge 

or container in a certain place in space. For the small-

scale tests in this project various 3-axis Cartesian-style 

3D printers are used. The experiments started in 2014 

at the EKWC on a hacked consumer desk-top printer [4] 

after which improved versions were built to allow for 

better control, larger prints end discontinues, and dual 

extrusion.

The project Print and Burn was an exploration into 

the use of support material for clay printing. For this, the 

control over the extrusion of the existing printer [4] had to 

be improved  and, a new larger printer was built on which 

an extra extruder was added to be able to extrude two 

different materials. Also, an extra auger pump was added 

to allow for discontinuous printing to make it possible 

to temporarily interrupt the clay flow to transfer to the 

support material. In addition to hardware and software 

improvements, material experimentation was done to 

find a suitable support material. To be successful the 

material needs to be both printable and disappear during 

the manufacturing process; either burn or disintegrate 

in the firing process (figure 2). To find such material 

appeared to be a challenging task. Several organic and 

inorganic materials were tested and finally a mix of 

Bentone, sand, and some extra additives were the most 

successful (figure 3). However, further research needs to 

be done to find a workable solution.

Figure 3:the printed supporting Bentone mix disintegrated after firing at 1100 °C.
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Figure 4: new formal expression and tactility through alternative toolpath strategy.
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Toolpath design

To control the clay 3D printer most existing 3D 

printing software, which is mainly developed for printing 

plastics, was not sufficient. Both printer firmware, in the 

case of the converted desktop printers, and software 

had to be adjusted to the special requirements of the 

clay printing process. Rhinoceros 3D + Grasshopper was 

used to generate geometry, toolpaths, and G-code for 

running the printer. This method gives full control over 

trajectory in three dimensions, the speed of the extruder 

and of the extrusion, which is needed to print with clay. 

This level of control also allows for alternative, 

non-planar, ways of deposition of the clay which was 

explored extensively.

In the project Print and Burn, for example, a novel 

way of extrusion was explored which consists of partly 

printing the object in a regular horizontal layered fashion, 

after which extra material was added on the exterior of 

the object in a vertical direction, to stabilize the print and 

improve layer adhesion, like in the hand coiling process. 

This resulted in a new formal expression and tactility, 

other than the common horizontal appearance (figure 4, 5)

Figure 5: new formal expression and tactility through alternative toolpath strategy & dual clay extrusion.
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Below follows a brief description of two projects 

done within the research period. 

“Even Clay Wants to be Something “
3D printed clay experimentation was a substantial 

part of the project “Even Clay Wants to be Something”. 

One of the questions was how to produce terracotta 

building elements with an open lattice-like structure on 

the then available continuous extruder on a cartesian 

printer [4]. Using  Rhinoceros + Grasshopper to develop 

alternative toolpaths and custom G-code made it 

possible to produce a set of scale models for an arched 

construction and various open façade elements. For the 

façade elements, interlocking toolpaths were used to 

create the openings while at the same time improving 

the stability of the printed object (figure 7). For the 

arched construction, next to the interlocking toolpaths, a 

progressive layer height was introduced in combination 

with a matching increased extrusion rate to change the 

thickness of the elements in the direction perpendicular 

to the curve of the arch (figure 6, 8, 9). 

Figure 7: terracotta façade elements with interlocking toolpaths.

Figure 8: complete arched construction as a rendered image showing 
                all toolpaths



75

Conclusions

It possible to produce 3D printing ceramics 

architectural elements from locally sourced clay 

with a great potential for new aesthetic expression. 

Also, the advantages the technology offers can be 

used to produces highly customized objects. Newly 

added functionality, however, is still a subject of 

further research; intricate porous structures could 

be a promising direction. Furthermore, to make the 

next step from prototypes to full-scale architectural 

applications, further technological developments need 

to be made; since ceramic elements are limited in size, 

a large amount is needed to construct (a part of) a 

building and therefore improvements need to be made 

to increase quality control and speed of production to 

meet the demands for implementation in the building 

practice. At the moment of this writing, the first projects 

at the architectural scale are under development [6], so 

it will be interesting to follow those to see how these 

problems of scale will be addressed.
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“Column 
11001111001010011000101000”

 “Columns 11001111001010011000101000” is an 

ornamental ceramic column, built out of 26 bespoke 

3D printed stacked stoneware elements, produced 

with two converted desktop printers [5]. The goal in 

this exploration was to add porosity to prints that 

were printed in a horizontally layered fashion, with a 

printer that was equipped with a discontinued material 

extruder. One of the previously mentioned limitations of 

the material, of not being able to print in mid-air, is used 

here as a means to create openings in the object. By 

changing the toolpath in alternating layers, the clay fails 

in a controlled manner, and by doing so creates openings 

in the structure while at the same time generating an 

unexpected intricate new aesthetic expression, which 

would be hard to achieve by hand coiling the object 

(figure 1, 11, 12).

Figure 11: ornamental ceramic column placed at the European Ceramic Work Centre. 
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Introduction
Connecting individual components, elements, or 

materials is a fundamental part of the building process. 

While buildings are becoming more complex due to 

increasing requirements, construction methods have 

only evolved to a limited extend. A wide proportion of 

tasks still have to be carried out on-site through manual 

labor. Associated with this are a number of problems 

such as the susceptibility to construction errors due 

to poor communication between the planning and the 

execution as well as high construction tolerances and 

the associated effort to align components accordingly 

[1][2]. On top of that, a rising lack of skilled workforce 

poses additional pressure on construction activities [3]. 

At the same time, additive manufacturing in the 

field of architecture and construction is rapidly gaining 

interest, resulting in a fast-growing field of research in 

the academia and the construction industry. Thereby, 

it becomes apparent that this technology, through 

the introduction of a digital fabrication technology 

onto the construction site, has the potential to 

initiate a fundamental shift in the building process. 

One aspect that comes with this shift is the ability 

to directly link the digital design process with the 

process of materialisation; thereby making any form 

of communication of instructions, such as construction 

plans and verbal instructions, redundant. In contrast, the 

instructions for the construction process are embedded 

within the digital model [4].

In this research, a first approach is presented to 

substitute conventionally made connections with 

methods, based on multi-material or rather multi-

property additive manufacturing. 

STRUCTURED MATERIALS BY 
ADDITIVE MANUFACTURING
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Abstract
The approach and method described in this paper focus on the use of multi-material additive manufacturing, based 

on the Liquid Additive Manufacturing process, for the integration of mechanical logics into 3D printed components. 

This eliminates the need for manual assembly of individual parts, while allowing specific mechanical properties to be 

embedded in the manufactured object itself.

A manufacturing method is presented in conjunction with initial samples that exhibit specific mechanical properties 

generated by the structured combination of different material properties. Furthermore, this paper is part of a larger 

research on the creation of connections in the building envelope by multi-material additive manufacturing.
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Structured Materials and 
Multi-Material Additive Manufacturing

Additive manufacturing comes with a number of 

benefits. The ability to manufacture objects that are 

composed of multiple materials or have varying material 

properties is one of them. In contrast to current methods, 

which are largely based on the assembly of individual 

parts in post-production, additive manufacturing with 

multiple materials enables the production of objects 

which are composed of different materials without any 

form of assembly. Ultimately, this approach has the 

potential to introduce significant changes in current 

manufacturing and construction methods [5][6]. 

The possibility to place a material in a fine resolution 

in relation to the overall size of the object is another 

benefit of additive manufacturing. This allows not 

only to use materials in a selective manner, but also 

to produce structured materials. Structured materials 

can be described as materials which are formed into 

specific structures, in order to obtain specific mechanical 

properties. This allows, for example, specific mechanical 

properties to be embedded into the component through 

the structuring of the material itself [7].

New types of connections with Additive 
Manufacturing and Multi-Materiality

While conventional processes usually rely on joining 

at least two separate objects or materials by methods 

such as screwing, gluing, welding. By contrast, in 

Additive Manufacturing this process can be bypassed 

by incorporating the formation of a connection into 

the printing process. Two different approaches can be 

identified for this: 

First, 3D printing of a second object directly on an 

existing object. The existing object serves on the one 

hand as a building plate for the 3D Print, and at the 

same time a fixed adhesive connection can be created 

when printing the first layer of the object. In this way, 

the creation of a new component can be combined with 

the creation of an adhesive connection. Compared to 

conventional processes, this approach only requires one 

already existing object. However, the prerequisite is that 

a firm bond can be established with the existing object 

[8].

Second, in multi-material 3D printing, different 

materials or material properties are combined in a 

single manufacturing process. Previously separate parts 

can be thus be combined into a single object, thereby 

incorporating the connection between the initially 

separated parts [9].

Figure 2a: Material change in different directions [a] transition from an elastic material to a stiff material in Z-direction...
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Material and Process: 
A Multi-Property setup with 
Liquid Additive Manufacturing

Recent advances in 3D Printing have added the 

use of reactive polymers with an extrusion-based 

technique known as Liquid Additive Manufacturing 

(LAM) to already established 3D printing methods such 

as Fused Filament Fabrication, Selective Laser Sintering, 

or 3D Concrete Printing. With this technique, two-

component polymers such as silicone or polyurethane 

can be processed in order to create a 3D printed object. 

Thereby, both components are processed in a specific 

ratio and mixed right before extrusion. Through fast 

setting times and a high initial viscosity of the extruded 

material enables the creation of 3D printed objects. The 

research presented here uses the LAM process and 

extends it in terms of incorporating different material 

properties into one printing process.

The setup consists of a print-head which is 

responsible for metering and mixing liquid polymers, 

multiple material containers for storing and transporting 

the respective material components to the print-head, 

and a controller that enables the material extrusion to 

be synchronized to the positioning of the print-head. 

Moreover, the print-head is mounted on a 6-axis robotic  

manipulator, which makes it possible to keep the build 

space, and thus the application range of the process

 flexible with regard to the possible object size, but also 

the location of use. Thus, not only can components be 

produced in a larger scale with the LAM process, but they 

can also be applied at different locations. Ultimately, this 

allows the process to be used as a method for directly 

3D printing an object on an existing object, as described 

in the section above.

Furthermore, in this research the LAM process was 

extended to allow different system components of 

the material system to be changed during the printing 

process. One benefit of the materials used in the LAM 

process is that different material properties can be 

obtained by combining different system components, 

depending on which components are combined. In 

the examples shown in this article, a polyurethane 

material with a high degree of stiffness is combined 

with a polyurethane material with a very low degree of 

stiffness. This makes it possible to produce components 

that can exhibit both stiff and elastic material behavior. 

To help visualize the different material properties within 

the final object, the elastic material compound is colored 

in a pink color, while the stiff material compound is 

colored in a blue color. 

Besides the hardware setup, another challenge posed 

by multi-material 3D printing is creating the instructions 

Figure 2b: ...[b] transition from an elastic material to a stiff material in the x-y direction.
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for the 3D printing process. Unlike 3D printing with one 

material, when combining multiple material properties, 

it is necessary to include the information at which point 

the respective material property must be implemented 

in the printed object. For this purpose, a specific program 

was developed that integrates the material information 

into the print path on the basis of a digital path model. 

In conjunction with a corresponding controller and the 

appropriate print-head the material information can be 

transferred directly into a 3D printed object. 

Application: fabricating Multi-
Property Structured Materials

When creating Structured Materials, the focus 

moves to the material itself and the way the material 

is structured. As a result, structured materials can 

have properties that go beyond the mere properties of 

a material. Especially when not just one, but several 

materials or material properties are combined for the 

creation of such structures.

Using the introduced process of multi-property 3D 

printing, a series of samples were created to illustrate 

and test the ability to create specific mechanical 

behaviour, using the approach of structuring materials 

with different material properties. More specifically, the 

structures produced consist of a combination of elastic 

and stiff sections of material, designed to allow or block 

different deformations under specific loads. For example, 

figure 03 demonstrate the ability to realize rotational 

motion around an axis by incorporating elastic material 

at the rotation axis. Figure 04 allow linear movment in 

one axis, while blocking motion in another axes. Figure 

05 shows the possibility of a decoupled structure that 

could, for example absorb movements from the building 

structure or the components themselve. 

Figure 4a: Combined linear movement and blocked movement [a-c] Figure 4b
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Conclusion
The presented experimental setup and the examples 

generated with it are only very early results of how 

specific mechanical properties can be embedded in 3D 

printed objects by using different material properties. 

Further studies on the topic and the associated 

possibilities is still needed in order to derive more 

specific use cased in respect to building construction. 

However, the examples show that multiple material 

properties can be realized using the LAM method. 

Furthermore, initial tests show that specific mechanical 

properties can be obtained by combining a stiff and an 

elastic material in certain structures. 

Furthermore, future work will focus on implementing 

other material properties such as varying material 

densities and different degrees of transparency. At 

the same time, future work will also have a strong 

focus on creating or substituting connections with the 

approaches of multi-material additive manufacturing 

and directly printing on an object.

Figure 4b Figure 4c
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Figure 5a: Rotational motion around an axis. [a-b]

Figure 5b
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Figure 6a: Decoupled structure [a-b]

Figure 6b
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Introduction

“Despite our fascination with screens, we still live in the 

real world. It‘s the food we eat, our homes, the clothes we 

wear, and the cars we drive. Our cities and gardens; our 

offices and our backyards. That‘s all atoms, not bits.“ (Chris 

Anderson, 2012 [1])

For decades information technology aims at 

increasing digitization by converting previously 

analogous tasks (such as paperwork or communication) 

to the digital world. While this conversion is often 

beneficial, it frequently neglects more subtle 

information (such as the feel of a book or the non-

verbal cues in face-to-face communication), awakening 

the desire to increase the fusion of digital and real 

world. This desire manifests in the trends of ubiquitous 

computing, in which digital technology distributes and 

blends into the real world, and tangible interaction, in 

which the physical world provides the means to interact 

with the digital world. However, the interaction with 

ubiquitous or tangible devices often does not meet the 

custom requirements of users or application scenarios. 

One enabling technology to realize this fusion and at the 

same time maintain the need for customized interactive 

devices is 3D printing.

FROM ATOMS TO BITS: 
3D-PRINTED HUMAN-COMPUTER INTERFACES

MARTIN SCHMITZ
TECHNICAL UNIVERSITY DARMSTADT

DARMSTADT, GERMANY

SCHMITZ@TK.TU-DARMSTADT.DE

Abstract

The progressing digitalization increases the demand for interactive devices that bridge the physical and digital 

world. While there is great potential for customized interactive devices tailored to specific applications or users, until 

recently, integrating interactivity in custom devices required pre-defined components (e.g., rectangular buttons or flat 

touchscreens) that constrain the shape of the device.

A more flexible alternative has opened up with the advent of 3D printing which empowers companies, developers, 

and end-users to design and fabricate custom-shaped individual objects on-demand with relatively low effort. Even 

though recognized as revolutionizing the manufacturing process, the 3D printing of custom-made interactive devices 

still requires novel sensor concepts, that operate on complex geometries, and significant design or assembly effort.
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Figure 2: Itsy-Bits project: Methods for recognizing the position, rotation, and identity of 3D-printed objects

Figure 3: ./trilaterate project: Interaction through deformation
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Atoms: The Emergence of 3D Printing
3D printing is considered to have the potential to 

trigger a new industrial revolution [1]. It is intended 

to enable broad masses of creative developers, 

communities, or companies to invent new or improved 

individualized products and to produce them on demand 

in one step at low cost, even in small series, and, if 

necessary, to distribute them themselves. Affordable 

special requirements and individual products as well 

as a democratization of production offer opposition 

to uniform mass products of large companies. In the 

course of this development, open workshops (often 

called fab labs or maker spaces) with access to 3D 

printers have emerged worldwide. Even if no industrial 

revolution will take place, it is mainly undisputed that 

traditional industrial production will continue to develop 

in the direction of faster development of prototypes and 

customized products due to 3D printing.

Bits: The Need for Custom-Made 
Interactive Devices

Parallel to the development of 3D printing, 

the demand for custom-made interactive devices is 

continuously increasing in the field of human-computer 

interaction: information technologies support more and 

more everyday products and require more product-

specific interaction technologies (e.g., touch-sensitive 

desk lamps or smart kitchen appliances). Research 

has shown that for specialized tasks or user groups 

customized interactive devices can offer an improved 

user experience compared to standard techniques [2]. 

For instance, more precise [3] or faster [4] data entry 

is possible with a tangible device instead of a touch-

based interface. However, designing and manufacturing 

product-, task-, or user-specific interactions have so 

far been very time-consuming and costly. Therefore, 

custom-made interactive devices remain limited to 

expensive specialized systems or research prototypes.

The Gap Between Atoms and Bits
Apparently, 3D printing for custom-made interactive 

devices can profitably combine both motivating trends. 

From the perspective of 3D printing, this means that 

interactive devices could now be individually designed 

and produced in small quantities. From the perspective 

of custom-made interactive devices, there is the 

opportunity to benefit from the cost and effort-reducing 

effects of 3D printing. 

To beneficially combine both trends, it must 

be possible to 3D print interaction. That is, a digital 

blueprint of an interactive device is specifically 

generated according to custom requirements and 

automatically fabricated using 3D printing. For example, 

this combination may enable custom-shaped touch-

sensitive surfaces or optical elements that exactly fit 

the needs of users or application scenarios. Research is 

currently making significant progress in these directions 

[5–15].

Custom-made interactive devices can massively 

change the market if people, research groups, 

independent designers, or companies are enabled to 

design, print, and use interactive devices specifically 

made for their use case with minimal effort. However, 

considerable progress is still required before the 

benefits of 3D printing can be fully applied to custom-

made interactive devices. This progress includes 

improvements concerning a more user-friendly design, 

interactive structures that apply to a wide range of 3D 

geometries, and algorithms that generate and precisely 

fit such structures in 3D geometries.
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Towards 3D-Printed Custom-Made 
Interactive Devices

The vision of creating 3D-printed custom-made 

interactive devices is as follows: Like today‘s desktop 

2D printers, 3D printers will be fast, cheap, reliable, and 

widely available in almost every home or a professional 

3D printing store. Instead of mass production, users 

fabricate many objects on-demand in varying shapes, 

colors, and materials without the need for excessive 

post-processing. Inspired by this general vision of 

3D printing, we envision a potential future fabrication 

environment for interactive devices that enables 

researchers, application developers, and also end-

users without skills in computer-aided design to equip 

a selected 3D object with user-defined interactivity. 

As illustrated in Figure 4, this environment builds upon 

tangible interaction concepts (A), such as touching or 

moving an object. Users express their ideas in a digital 

design phase by adding various interactive structures 

to a 3D object (B). They can then fine-tune properties 

such as the desired size or resolution of the interactive 

structures. Users then (possibly repeatedly) 3D print 

their custom-made interactive object at home or a 3D 

printing 

store (C) and use it (D) either as a tangible stand-

alone device (red) or as an on-screen control (blue) that 

interfaces with commonly-used touchscreens (e.g., a 

smartphone, tablet, or wall-sized display).

This fabrication environment should be as natural and 

automatic as today‘s creation of paper documents using 

Figure 4: The envisioned fabrication environment to create custom-made interactive devices (based on [8]).
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word-processing software and a 2D desktop printer. 

For instance, end-users combine it with 3D scanning 

to adjust wearable devices to their body dimensions, to 

design entirely new interactive devices on top of existing 

objects, or to customize home appliances pre-designed 

by a company to their needs.

Addressing the Challenges
Towards this vision of easy and automatic fabrication 

environments, research needs to resolve numerous 

challenges: One research challenge concerns the 

exploration of interaction concepts and primitives for 

custom-shaped interactive structures, specifically 

tailored for the complex geometries of 3D-printable 

objects. Another research challenge involves algorithms 

that generate such structures on or in the 3D object since 

manual design today is lavish, requires considerable 

expertise, and is prone to errors. Moreover, the design 

of interactivity and the 3D geometry of the object are 

separated, i.e., fixed-form standard components (e.g., 

a flat display panel) are attached to or embedded into 

non-functional, passive 3D objects that have been 

mass-produced. Therefore, another research challenge 

is the investigation of novel design concepts that enable 

users to embed interactive free-form 3D structures at 

the design phase.



98

Figure 5: A set of examples illustrating the interaction with 3D-printed objects via touch (top), deformation (bottom left), or the environment (bottom right).
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Touch Interaction
Since its everyday use in smartphones or tablets, 

touch interaction has become one of the most common 

forms of input along with mouse and keyboard. It enables 

more direct operation since interfaces can be touched 

directly and do not have to be controlled indirectly, as 

with a mouse or keyboard. However, touch recognition 

is often limited to simple flat surfaces and rectangular 

flat shapes (e.g., the display of a smartphone), making 

it conceptually and technologically difficult to integrate 

into 3D printing. As part of the Capricate project [9], 

we, therefore, have investigated opportunities for 3D 

printing sensor technology and electrodes that can be 

used for touch detection (see Figure 5 top left). To this 

end, we developed a fabrication pipeline that supports 

the digital creation, export, and subsequent 3D printing 

of touch-sensitive objects on low-cost 3D printers. In 

addition, we have developed algorithms that enable the 

detection of touch not only on flat surfaces but also on 

highly curved surfaces.

Furthermore, 3D-printed touch-sensitive objects in 

combination with tablets or larger touch displays can 

form a new kind of tangible interface that combines 

physically touchable objects with digital visual content. In 

the Itsy-Bits project [10], we have therefore contributed 

methods for recognizing the position, rotation, and 

identity of 3D-printed objects on commonly-used 

touchscreens (see Figure 5 top right). This approach can 

create a variety of new tangible user experiences that 

are no longer limited to mass production but also enable 

highly individualized user experiences (for example, 

custom game characters in a digital tangible game or 

interactive house models on a city map).

Deformation Interaction
Complementary to touch interaction with 3D-printed 

objects, deforming an object itself for interaction is 

another promising research direction as it adds another 

haptic input dimension. In general, deformation can 

manifest in a variety of ways, for example, pressing 

These challenges can be considered for different styles of interaction:

Figure 6: Interaction with deformable 3D-printed objects
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into the surface, bending an entire subpart of an object, 

or squeezing it with the thumb and index finger. While 

touch input is in general binary (i.e., either an object is 

touched or not), deformation input holds the potential 

for a more continuous way of providing input to 

computers by varying the strength applied during the 

deformation. To investigate this research direction, the 

Flexibles project [11] and the ./trilaterate project [12] 

have contributed sensing structures and algorithms 

to detect various deformations either via an attached 

microcontroller as a standalone tangible device or in 

combination with standard touchscreens commonly 

used in today’s smartphones and tablets (see Figure 5 

bottom left).

Environmental Interaction
The detection of influences from the environment 

is another important category in interactive systems. 

In particular, the increasing production of 3D-printed 

objects offers great potential for embedded sensor 

technology, as time-consuming and cost-intensive 

assembly steps are minimized. However, such sensing 

systems often still require an energy source. In the 

projects Off-Line Sensing [13] and Liquido [14], we have, 

therefore, explored mechanisms that can detect a 

change in the state caused by an external influence (for 

example, the shaking or tilting of an object, or a change 

in environmental temperature) and record it irreversibly 

in the object structure without requiring any power 

source (see Figure 5 bottom right). Whether the state 

of such an object has changed can be read out through 

an app on a standard touchscreen. Such mechanisms 

could, for example, be integrated directly into building 

components to provide low-term information about 

changes in important parameters (for example, the 

exceeding of load limits) without power requirements. 

Building on this principle, the 3D-Auth project [15], for 

example, has used such state changes as a second 

factor for authentication with 3D-printed objects.

Conclusion
3D printing holds the potential for a revolution, as 

it offers the possibility to individually manufacture 

very complex structures. In addition to a plethora of 

applications in mechanical and building engineering, 

the production of interactive objects, which are already 

increasingly finding their way into everyday lives, can, 

with the help of this technology, also be made more 

user-friendly, more individual, and more precisely 

tailored to the respective individuum and application. 

This opens up the opportunity to move away from the 

mass production of uniform interaction devices to a 

world in which interaction with computers is tailored 

to the needs and capabilities of each individual. The 

projects presented in this paper are one of the first 

steps toward this vision, whose potential is far from 

exhausted.
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Introduction

Highly performing buildings are able to meet 

high standards for multiple requirements. They 

are increasingly necessary, also in view of urgent 

sustainability goals. They require an integral design 

approach from the early stages of design, toward 

integration of multi-disciplinary criteria. Next to 

achieving higher building performances, an integral 

approach allows the designers to foster technical 

requirements as essential part of the design identity. 

It promotes technical requirements to drive innovative 

and creative design solutions. Enhancing the interaction 

between creative form-finding and scientific inquiries 

on performances can be supported by a range of 

computational design methods, techniques and tools. 

Integrated computational models can incorporate 

different criteria to facilitate the multidisciplinary 

team to analyse different scenarios exploring very 

large numbers of design alternatives, under different 

simulated conditions. The design team can be facilitated 

to identify optimal and preferred design solutions for 

highly performing buildings and to endow the integration 

of technical performances in the creative design 

thinking. The potentials of additive manufacturing 

empower such direction. Additive manufacturing allows 

the production of unique and eventually geometrically 

complex designs, where multiple functionalities can be 

integrated and optimized and where the designer has 

large freedom in geometry.  

Investigating how additive manufacturing empowers 

integral design is one of the key research lines at 

LAMA, Laboratory for Additive Manufacturing in 

Architecture at the Faculty of Architecture and the 

Built Environment. The research line develops as part 

of the cluster Integral Design & Engineering in the 

research group Architectural & Geo Informatics hosted 
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by the Digital Technologies Section at the Architectural 

Engineering + Technology Department. The research 

line fosters additive manufacturing in the larger 

context of performance-based design. In it, parametric 

design is exploited for generating geometric design 

alternatives, assessable based on measurable criteria. 

Computational intelligence and optimization algorithms 

are exploited to favour the design exploration of optimal 

and sub-optimal solutions, to support decision making 

in design explorations; and extract new general design 

knowledge (including criteria for rationalisation toward 

manufacturing). Additive manufacturing is exploited to 

allow both the exploration (linked to rapid prototyping) 

and the final production (linked to fabrication) of 

optimized designs. This is because optimizing the 

design implies also the necessity of manufacturing 

components that are not anymore standardized based 

on average needs and traditional production constraints. 

Moreover, additive manufacturing is investigated in 

relation to creative design solutions as well as in view of 

sustainable production methods toward circularity, use 

of bio-materials and in general reduced use of materials.     

Additive Manufacturing in Integral 
Design & Engineering 

With focus on integral design and engineering, 

a proposed computational approach is illustrated 

in Figure 2 , encompassing parametric design, 

computational performance assessment and 

computational intelligence including optimization to 

enhance the interaction between creative form-finding 

and scientific inquiries on performances. Additive 

manufacturing is pictured as empowering option for 

materialisation.  

Integrating the potentials of new 3D printed materials 

and of fabrication criteria implies the convergence of 

advances in the technical sector of additive manufacturing 

and in the computational design methods as well as 

in design thinking. Especially for building components, 

using advanced 3D printed materials and fabrication 

based on additive manufacturing allows the production 

of optimized shapes to achieve optimal performance 

considering multiple criteria and/or high-performance at 

a price becoming increasingly acceptable for the building 

industry [1] [2]. It allows producing high-performing 

geometries with minimal material use; integrating 

multiple functionalities in one component; controlling 

locally the material properties; defining new ways for 

reuse (including leasing concepts) and recyclability 

(within the building industry and streaming into the 

building industry usable (bio)waste from other sectors). 

In computational design and engineering, research is 

needed to exploit these potentials; and to advance the 

computational methods accordingly. 

Figure 2: Iterative loop in computational design for integral design and engineering



Performance-based design projects: 
examples 

Some selected research and teaching projects 

exemplify diverse features for which integral design by 

additive manufacturing is exploited in a range of different 

building performances, from daylighting to thermal 

and structural performances. The teaching projects 

(mostly MSc graduation projects) try also to convey how 

students familiarize themselves with the constraints and 

potentials of additive manufacturing when incorporating 

in the design the logic of the fabrication process; and 

how they experiment with it when optimizing the design, 

including the production of complex shapes, of customized 

solutions, of items with integrated multiple functionalities, 

of items with localized differentiations in material 

properties. 

The “Pulse” project [3] [4] is concerned with daylight, 

in combination with other performances. The research 

project was conducted in collaboration with practice and 

involved various expertise. The project aimed to design and 

prototype a 3D printed shading system, customized upon 

computationally optimized daylight. Parametric modelling 

was used to generate geometric configurations integrating 

multiple requirements regarding visual perception, 

structural principles, optimized daylight performance and 

fabrication. The shading system consisted of 707 modules 

of about 1.0x0.6x0.4 meters each.

Figure 3: The Pulse project. Left: A printed module (photo courtesy of Ector Hoogstad Architecten). Right top: The parametric logic (model and image 
by Milou Teeling). Right bottom: Impression of a portion of the sun shading system (image by Ector Hoogstad Architecten). 



108

The geometry included double-curved surfaces 

and gradual transitions that made each panel 

unique. Thus, the use of additive manufacturing was 

investigated. Production criteria were incorporated in the 

computational optimisation, ultimately to rationalise the 

design to minimize production time and reduce costs. 

Various scenarios for the fabrication of the final product 

were analysed. The research included also the preliminary 

1:1 prototyping of one shading module. Figure 3 shows 

the construction logic. Among the teaching projects, the 

topic of  3D printed customized shading systems was 

investigated for example by Karagianni [5] [6].

 The “Spong3D” project [7] exemplifies the potentials 

of additive manufacturing in respect to thermal 

performances. The research project aimed to develop 

a concept design and prototype for an adaptive 3d 

printed facade system integrating multiple functions 

for optimizing thermal performances under different 

seasonal and daily conditions. The system focused on 

cellular structures to provide thermal insulation and on 

integrated channels to incorporate a liquid (water/glycol 

mixture) as heat storage where and when needed. Based 

on tests and measurements on 3D printed samples, the 

project investigated several cell structures with respect 

to thermal resistance, principles of structural stiffness 

and fabrication. The final concept was designed based 

on the results from these three main criteria. Figure 4 

shoes the concept design and 3D printed module. 

Figure 4: The Spong3D project. Top: Detail of the printed module (photo by Marcel Bilow). Bottom left: 3D printed module (photo by Britt van Sloun). 
Bottom right: digital concept study (model by Valentini Sarakinioti). 
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 “The AM envelope” [8] [9] is a MSc thesis project that 

also explored the potentials of additive manufacturing 

in respect to thermal performances, in this case in close 

combination with optimized structural performances. 

It aimed to create a multi-functional façade concept 

for thermal insulation and structural stiffness, 

producible by additive manufacturing (specifically 

fused deposition modelling using polymers). The 

project used both physical tests and computational 

simulations to investigate porosity and material 

distribution as key features to design stiff and insulating 

envelope components. Based on the resulting design 

guidelines, the project developed a digital workflow 

including performance-driven geometry generation and 

performance assessment toward fabrication. A concept 

element was also designed. Figure 5 shoes an example 

of geometric morphing process. 

Figure 5: Example of workflow in the AM envelope project, investigating porosity for thermal resistance and structural optimisation. Images source: [9]
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Figure 6: DoubleFace 2: Robotic 3D printing process of the final prototype (left) and prototype installed at the TU 
Delft Green Village (middle) where its thermal behaviour was monitored. A close up on the right.

The DoubleFace2.0 project [10] also dealt with 

thermal performances, in this case by enhancing the 

behaviour of phase change materials. The project aimed 

to develop a novel type of Trombe wall, which consisted 

of a new system that passively improves thermal 

comfort using lightweight and translucent materials for 

latent heat storage and aerogel for insulation. 

The materials are encapsulated in a 3D printed 

container that can be shaped case by case based 

on thermal specificities and users’ preferences. A 

parametric script developed with Arup integrated also 

structural considerations. The project generated several 

design concepts and prototyped one of them, as shown 

in Figure 6. 
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The “ADAM” project [11] [12] exemplifies the 

potentials of additive manufacturing in respect to 

acoustic absorption. The research project developed 

a computational method and related digital tool to 

design panels for optimized and customized acoustic 

absorption. The computational method is based on 

parametric design, computational optimisation and 

fabrication by additive manufacturing. The parametric 

design variables are the ones relevant for the acoustic 

principle of quarter wavelength tubes, which allows to 

make an absorber for low frequencies in a compact shape, 

or to target customisable broad ranges of frequencies. 

The outcomes of the computational optimisation can be 

applied by the designer in a potentially endless variety 

of shapes, supported by a parametric workflow to 

automate the generation of the tubes in accordance to 

principles for additive manufacturing. Figure 7 shows a 

prototype. 

In the framework of ADAM several MSc thesis projects 

were also developed, one of them being a project for 

thin sound absorbing panels for low-frequencies [13]. 

The project focuses on the specific challenge of lower 

frequencies (which in classic absorbing materials require 

large thickness to efficiently dissipate sound energy) and 

Figure 8: AM Thin low-frequency sound absorbing panel: Investigating different configurations based on 3D printed samples assessed for acoustic 
performance with an impedance tube; and algorithmically designing a configuration to target wanted frequencies (the image shows an example of 
the possible configurations of the quarter-wave length resonators in the range between 100hz and 500Hz). Images source: [13]
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proposed a tube layouting process for it. The projected 

analysed experimental geometric configurations 

allowing sound absorption at low frequencies despite 

their limited thickness. Figure 8 exemplifies the process. 

Several other projects have investigated 

performances such as structural performance [14] [15], 

some of which also in relation with innovative materials. 

As an example, the combination with thin glass was 

investigated in several teaching projects led by with prof. 

Christian Louter, who promoted the idea of sandwich 

panels composed by layers of flexible thin glass with a 

3D-printed polymer core providing stiffness in eventual 

combination with other functions [16] [17]. One of these 

projects [18] is illustrated in Figure 9. 



116

Conclusions

The research showcased in this paper focuses on 

the potentials of additive manufacturing to empower 

integral design. This paper presented examples in 

relation to daylight, thermal, structural, and acoustic 

performances; in some cases with combinations 

of these performances or with other requirements 

and functionalities. Most projects investigated how 

performances can be improved using the potentials of 

additive manufacturing; how an integral computational 

workflow can assist the multi-disciplinary design team 

from conception to optimisation to production; what 

are the limits of the current state of the art. All projects 

highlighted aspects to be improved both in the additive 

manufacturing production and in the computational 

processes. They also indicated key potentials for future 

development, such as in reference to integrated and 

customised functionalities and optimised performances. 

An example of further research direction currently 

developed at LAMA includes reusable and recyclable 

bio-materials, where the 3D printing process allows 

both the control of material properties (combined with 

the parametric optimisation of the geometry) and the 

reusability or recyclability per se. 
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Figures 9 (top and right): An example of sandwich panels composed by layers of flexible thin glass with a 3D-printed polymer core, by Tim Neeskens. 
Images source: [18]
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3D PRINTED CONCRETE SEATING SET

Röser GmbH
Dennis Bräunche
www.3dbetondrucker.de

3D printed prefabricated elements made from 

concrete. Röser GmbH is one of Germany’s pioneers 

using the 3D concrete printing process. Your project 

requires in-situ concrete due to a complicated shape? 

You always had to consider formwork restrictions for a 

precast concrete solution? Your architecture should be 

individual? Your idea was only possible with expensive 

specially produced formwork? Or due to the complex or 

curved structure not feasible, or only with restrictions 

on your creativity? The core advantage of concrete 3D 

printing: formwork-independent constructions are 

possible! A guaranteed dimensional accuracy, thanks to 

computer-controlled printing technology. Our example in 

the field of open space planning: Large outdoor furniture, 

garden houses or concrete sculptures. Especially in the 

open space area, 3D print is a new planning approach.
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FREEFORM FASSADE NODE

AMvelope
Martin Manegold, Kai Kegelmann, Martin Rossmanith
http://amvelope.com/

This mock-up designed by AMvelope for the 

aluminum façade system manufacturer Wicona 

showcases the flexibility of combining 3d printed façade 

components with extruded profiles. 

Additively manufactured nodes allow designers to 

explore new architectural shapes in glass facades. The 

node-based system provides a systematic solution for 

these complex façade types. By design, it adapts to 

non-uniform, three-dimensional façade grids. Up to 

eight profiles from different directions can be connected 

within one node.

The complexity of the joinery is moved into the 

approx. 150x150x150mm hollow center node reducing 

the profile machining and assembly time to a minimum. 

The geometry of the joint also smoothly transitions 

between the profile rotated in 3D Space. The monolithic 

water bearing surface of the node eliminates this risk 

of leaking water in the otherwise vulnerable area of the 

profile joint. 
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3D PRINTED ACOUSTIC ABSORBERS

Technical University of Darmstadt, Institute of Structural Mechanics and Design
Dunia Abdullah Agha, Ulrich Knaack
https://www.ismd.tu-darmstadt.de

The project  researches the production of 3D 

paper printing that achieves functionality for the built 

environment. Also, aims to develop and optimizes  

the  production to reach  customized products with 

better quality and desired accuracy. Many trial mixes 

have been done to optimize a mixture according to the 

extrusion ability and buildability, and for controlling the 

deformation and shrinkage after drying. Furthermore, 

for dealing with buckling issues, large-scale printing, 

and for manufacturing objects with better material 

properties.
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REINFORCING AND FUNCTION INTEGRATION 
OF THIN SHEET METAL WITH WAAM
Technical University of Darmstadt, Institute of Structural Mechanics and Design
Christopher Borg Costanzi, Ulrich knaack, Philipp Rosendahl
https://www.ismd.tu-darmstadt.de

Wire Arc Additive Manufacturing (WAAM) is an 

additive manufacturing process used to build up three 

dimensional structures in metal. This research explores 

the potentials of combining the metal AM technique 

with free-form thin sheet metal as a means of stiffening 

and detailing facade elements. It addresses issues such 

as heat-induced deformation, 3D scanning and adaptive 

print-path generation along free-form surfaces. 
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FREE-FORM LATTICE STRUCTURES 
PRODUCED USING WAAM
Technical University of Darmstadt, Institute of Structural Mechanics and Design
Chris Borg Costanzi, Thomas Wenzel, Ulrich Knaack
https://www.ismd.tu-darmstadt.de

Lattice structures are desirable as they open up 

opportunities for light-weight construction. While 

these structural typologies are already quite common 

in the realm of powder-based metal printing, their 

potential use in large-scale construction becomes 

apparent when combined with AM technologies such 

as Wire Arc Additive Manufacturing. The demonstrator 

objects illustrate the potentials for using WAAM-

produced lattice structures in the context of free-form 

architecture.
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WAAM-PRODUCED ARCHITECTURAL 
COLUMN STRUCTURES
Technical University of Darmstadt, Institute of Structural Mechanics and Design
Benedikt Waldschmitt, Chris Borg Costanzi, Jorg Lange, Ulrich Knaack
https://www.ismd.tu-darmstadt.de/

Additive Manufacturing in metal opens up new 

possibilities for producing elements with geometrical 

freedom for the built environment. This research 

illustrates the potentials for architectural column 

structures produced using Wire and Arc Additive 

Manufacturing. Moreover, investigations into material 

performance, as well as process control through adaptive 

touch sensing and parametric robotic programming are 

carried out.
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CERAMIC AM GANTRY STRUCTURE

Design Institute of Guimarães, Advanced Ceramics Laboratory
João Carvalho, Paulo J. S. Cruz, Bruno Figueiredo
https://www.aclab-idegui.org/
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This project proposes the use of Ceramic Additive 

Manufacturing in order to produce functional hybrid 

frame structures for building skeletons. The structural 

elements simultaneously use ceramic, wood and steel 

elements to respond to different mechanical demands 

in the most efficient way. 

The columns are made with ceramic staves separated 

by planar wooden elements and connected with a steel 

cable to tension the elements, preventing the column 

from collapsing.

Beams use a wooden transverse body that is crossed 

by a steel cable that allows post-tensioning the element. 

Attached to the wooden beam using screws, the ceramic 

pieces improve its response to compression loads and 

prevent the beam from deflecting. After assembly, 

the ceramic pieces are filled with high-performance 

concrete. The interconnections between beams and 

columns are made by wood elements, providing a solid 

connection with the necessary flexibility.

This construction system also foresees the execution 

of slabs following the same constructive logic, being 

able to formalize and implement all structural aspects 

inherent to the construction of a building.
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FLIPPED DESK

Technical University of Darmstadt, Institute of Structural Mechanics and Design, Generative Design Lab
Philipp Amir Chhadeh, Khodor Sleimann, Robert Akerboom
https://www.am-glass.net/

Within the am glass + network the Institutes 

of the Lazerzentrum Hanover and the Technical 

University Darmstadt research the application of 

additive manufactured glass components in the built 

environment. The prototype flipped desk shows a 

construction, which for example can in future be used to 

mount glass plates to facades.
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PORCELAIN LIGHT STUDY

University of Waterloo, School of Architecture
Isabel Ochoa, James Clarke-Hicks, David Correa
https://www.instagram.com/is_oc/

‘Porcelain Light Study’ is a 3D printed porcelain 

light screen that explores light transmission and light 

scattering as functions of extrusion variability. ‘Porcelain 

Light Study’ was crafted using a set of variable digital 

parameters that map performance requirements and 

material properties across its surface. In this series 

of studies, special care was given to examining the 

relationship between buckling during the firing process 

and material distribution. 

This small study is part of a larger body of research 

by Isabel Ochoa and James Clarke-Hicks entitled 

‘Grading Light.’ ‘Grading Light’ explores how plastic 

deformation in digitally crafted ceramics can alter light-

scattering behaviour.  The work focuses on developing 

a computational methodology to manipulate ceramic 

surfaces to produce texture and sculptural relief. The 

research outputs are a series of 3D printed stoneware 

and porcelain screens that vary in brightness and 

illumination based on how light may be obstructed, 

reflected or transmitted across their surfaces.
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DEVELOPING A DIGITAL WORKFLOW FOR THE 
DESIGN AND MANUFACTURING OF CIRCULAR 
3D PRINTED BRIDGES
Eindhoven University of Technology, 3D Concrete Printing research group
Matthew Ferguson, Rong Yu, Rob Wolfs, Theo Salet 
https://www.tue.nl/en/research/research-groups/structural-engineering-and-design/3d-concrete-printing/

This project is interested in how 3D printed concrete 

could create bridge infrastructure suitable for a circular 

economy. 

The ambition is to produce a workflow that provides 

the necessary steps to move smoothly from design 

to production, including structural analysis and 

optimisation, for prestressed 3D printed concrete bridge 

beams. To create beams suitable for a circular economy, 

the elements should be disassemblable, aiding reuse or 

repair.

Material characteristics, structural behaviour and 

the manufacturing constraints of 3D concrete printing 

are included in the development of the workflow. This 

workflow will provide a parametric design space where 

multiple bridges could be designed and manufactured in 

an integrated process.

Small scale beams of 1.5 meters in length are created 

as part of the development of the workflow as a way 

to iterate the design, optimisation, fabrication and load 

testing processes.
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TRÄGERHAKEN

Technical University of Darmstadt
Thilo Feucht

Automated production is finding its way into 

the fabrication of structural steel. One robot holds 

attachments (stiffeners, end plates, etc.) on a steel beam 

or column and another robot produces weld seams. 

However, welding robots can also be used for Additive 

Manufacturing (Wire and Arc Additive Manufacturing, 

WAAM). The wire electrode serves as a printing material. 

The Institute of Steel Construction and Materials 

Mechanics in Darmstadt is investigating how typical 

connecting elements for steel structures can be printed 

directly on steel beams using Additive Manufacturing 

with arc welding and robots. The main focus is on 

determining suitable welding and process parameters. 

In addition, topology optimization is necessary in order 

to achieve good structures using a small amount of 

material. The girder hook exhibited here, which has been 

designed for connecting a bending beam to a column, 

is an example of a connection element that can be 

produced cost-effectively with the WAAM. 
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ROBOT AIDED FABRICATION OF 
RAMMED EARTH
Technical University Braunschweig, Institute for Structural Design
Harald Kloft, Joschua Gosslar, Daniel Fernández Barba, Gerardo Pacillo
https://www.tu-braunschweig.de/ite

The research project is dealing with the robotically 

supported production, with the aim to generate an 

economical and practical process for the decentralized 

production of rammed earth. Based on the fact that 

rammed earth walls can be stripped immediately 

after compaction, an active, robotically guided light-

wheight compaction- and formwork system working 

in a continuous forward motion is being developed. The 

advantages of robotic manufacturing are a high degree 

of precision, significantly less effort for the setting of 

the formwork, consistent material properties and an 

expansion of geometric possibilities. With the increase 

in material quality and economic efficiency through 

the integration in a digitally controllable, automated 

manufacturing process, a broader application of load-

bearing earthen construction methods is possible.
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STRUCTURAL TIMBER BY INDIVIDUAL LAYER 
FABRICATION (ILF)
Technical University of Munich, Chair of Timber Structures and Building Construction
Daniel Talke, Birger Buschmann, Bettina Saile, Klaudius Henke
https://www.cee.ed.tum.de/hb/startseite/

In the project ‘structural timber by individual layer 

fabrication (ILF)’a novel fabrication process is to be 

researched that allows the use of wood in the additive 

manufacturing of structural elements. In this process 

the parts are built up by laminating contoured panels 

of wood composites, that are fabricated additively by 

binder jetting. 

In detail, the production of a component takes place in 

the following steps: Wood particles are spread in a thin 

layer on a base by a scattering device. On this particle bed 

liquid adhesive is applied locally, limited to those areas 

that are intended to be bound. The particle adhesive 

layer is then pressed and a sheet with bound and 

unbound bulk material is obtained. Finally, the unbound 

bulk is removed and the completed panel is transferred 

and laminated onto the stack of the previously fabricated 

panels. Panel production and lamination are repeated 

until the desired object is completed. 

Through the application of mechanical pressure in the 

fabrication of the panels, the required amount of binder 

can be significantly reduced and material strengths are 

increased.



147



BE-AM 2021
EXHIBITION



156



157

INFO



158

CONTRIBUTORS

EL Studio

Erno Langenberg

postmaster@elstudio.nl

https://www.elstudio.nl

ETH Zürich

Philippe Block

block@arch.ethz.ch

https://www.block.arch.ethz.ch 

Foster & Partners

Marina Konstantatou

mkonstantatou@fosterandpartners.com

Hassell Studio

Xavier De Kestelier

xdekestelier@hassellstudio.com

https://www.hassellstudio.com 

imagine computation, Rosmanith

Martin Manegold

manegold@imagine-computation.com

https://www.imagine-computation.com 

Laserzentrum Hannover

Amir Chhadeh

k.rettschlag@lzh.de

https://www.lzh.de 

Laserzentrum Hannover

Khodor Sleiman

k.sleiman@lzh.de

https://www.lzh.de 

Münster School of Architechture

Adam Pajonk

adampajonk@fh-muenster.de

https://www.linkedin.com/in/adam-pajonk-109909117

Röser

Dennis Bräunche

fabian.meyer-broetz@peri.de

https://www.linkedin.com/in/fabian-meyer-br%C3%B6tz-

3bbb49176/

Skidmore, Owings & Merill (SOM)

Stuart Marsh

alessandro.beghini@som.com

https://parametrichouse.com

TU Braunschweig

Joschua Gosslar

h.kloft@tu-braunschweig.de

https://www.tu-braunschweig.de 

TU Darmstadt

Chris Borg Costanzi

borg@ismd.tu-darmstadt.de

https://ismd.tu-darmstadt.de

TU Darmstadt

Dunia Abdullah Agha

agha@ismd.tu-darmstadt.de

https://ismd.tu-darmstadt.de

TU Darmstadt

Maren Erven

erven@stahlbau.tu-darmstadt.de

https://www.tu-darmstadt.de

TU Darmstadt

Martin Schmitz

schmitz@tk.tu-darmstadt.de

https://mschmitz.org



159

TU Darmstadt

Matthias Seel

seel@ismd.tu-darmstadt.de

https://ismd.tu-darmstadt.de 

TU Darmstadt

Thilo Feucht

feucht@stahlbau.tu-darmstadt.de

https://ismd.tu-darmstadt.de 

TU Delft

Michela Turrin

m.turrin@tudelft.nl

https://www.tudelft.nl

TU Eindhoven

Rob Wolf

r.j.m.wolfs@tue.nl

https://www.3printr.com 

TU München

Bettina Saile

gehlen@tum.de

https://www.tum.de 

TU München

Kathrin Dörfler

kathrin.doerfler@tum.de

https://www.ar.tum.de

University of Minho

Paulo Cruz

pcruz@arquitetura.uminho.pt

https://www.uminho.pt 

UWaterloo

David Correa

david.correa@uwaterloo.ca

https://uwaterloo.ca 

WASP

Lapo Naldoni

lapo@3dwasp.com

https://www.3dwasp.com

WASP

Tiziana Teghini

tiziana@3dwasp.com

https://www.3dwasp.com



160

BE-AM 2021 PROJECT PARTNERS



161

Collaborators

+D



162

IMPRESSUM



163

Editors

Prof. Dr.-Ing. Ulrich Knaack

Prof. Dr.-Ing. Oliver Tessmann

Prof. Dr. Bastian Wibranek

Dr.-Ing. Philipp Rosendahl

Ir. Chris Borg Costanzi

Design und Layout

Thomas Wenzel, B.Sc. 

Dr.-Ing. Philipp Rosendahl

Prof. Dr. Bastian Wibranek

BE-AM Coordination

Dr.-Ing. Philipp Rosendahl

Jonas Muth, M.Sc.

Exhibition Design

Jonas Muth, M.Sc.

Dr.-Ing. Philipp Rosendahl

Prof. Dr. Bastian Wibranek

First published in Darmstadt, 2021

ISSN 2699-0172

www.be-am.de

info@be-am.de

BE-AM | Built Environment Additive Manufacturing 2021




