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ABSTRACT

Additive Manufacturing with Varying Material Properties enables controlled spatial variation of material
properties in 3D-printed components, facilitating custom-tailored characteristics, added functionalities
and reduced assembly processes. To promote this approach in building facade applications, this paper
presents a novel framework for Additive Manufacturing with varying material properties using a thermoset-
ting reactive polymer, specifically polyurethane. By dynamically changing the polyurethane’s chemical
composition, the material properties can be precisely controlled. The framework’s individual aspects,
including the material, hardware setup and computational system, are described in detail. Additionally,
the research explores the implementation of material transitions with this framework, highlighting three
different modes (horizontal, vertical and multi plane) and their impact on print time and material consump-
tion. The paper concludes by discussing the potential of this approach for building facade applications,
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addressing current challenges and outlining future research directions.

1. Introduction

Additive Manufacturing (AM), also referred to as 3D-printing,
has become a significant research field in architecture and con-
struction (Camacho et al. 2018; Labonnote et al. 2016; Paolini,
Kollmannsberger, and Rank 2019). One of AM’s most promis-
ing features is its ability to fabricate components with spatially
varying material properties, by combining different materials
or material mixtures in a single object — an aspect recognized
as critical for future research in this domain (Camacho et al.
2018; Grigoriadis 2015; Labonnote et al. 2016; Pajonk et al. 2022;
Wiscombe 2012).

Traditional assembly procedures often undermine the effi-
ciency of the construction process as they require the assem-
bling of multiple parts and the careful fitting of individual com-
ponents to each other (Cremers 2016; Wiscombe 2012). In con-
trast, the capability to incorporate varying material properties in
a single AM process introduces new design possibilities (Gibson,
Rosen, and Stucker 2010), that could potentially bypass tradi-
tional assembly or construction procedures (Excell 2013; Keating
2014).

The building facade, in particular, presents a high poten-
tial to benefit from this approach, since the facade is generally
required to fulfil several functions at the same time and has
to coordinate different environmental and user-related condi-
tions (Knaack et al. 2014; Herzog, Krippner, and Lang 2017).
As a result, the facade typically consists of several individ-
ual layers and components which often need to be fitted or
modified to interface properly with one another or the overall

building structure (Herzog, Krippner, and Lang 2017; Knaack
etal. 2014).

Yet, most AM research in architecture and construction has
focused on processing a single, homogeneous material in a
layer-wise sequence (Camacho et al. 2018; Labonnote et al. 2016;
Paolini, Kollmannsberger, and Rank 2019). Research exploring
the use of multiple materials or varying material mixtures remain
relatively scarce, and only a few approaches can be considered
suitable for building facade applications (Pajonk et al. 2022).

1.1. Methodology overview

To address this gap, this research leverages the versatility of ther-
mosetting reactive polymers. These polymers can change their
specific material properties by altering their chemical composi-
tion. Specifically, this research focuses on polyurethane, exploit-
ing its capacity to modify tensile strength and shore hardness
by varying the components of its mixture. This feature is than
implemented into an AM process.

1.2. Aim and objectives

The aim of this research is to explore AM with varying material
properties as a novel approach for the fabrication of building
facade components. The objectives include:

(1) Developing aframework for AM with thermosetting reactive
polymers that utilizes the ability of such polymers to change
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the resulting material properties during the 3D-printing
process.

(2) Explore different modes for implementing material transi-
tions with the AM process, and comparing these in terms of
material usage and time consumption.

1.3. Paper structure

First, this paper reviews previous work on AM with varying mate-
rial properties for the building facade (Section 2). Following
this, a framework for manufacturing components with varying
mechanical properties using polyurethane is presented (Section
3). The paper then shows initial results and explores the frame-
works inherent modes for implementing material transitions in
a 3D-printing and compares them in terms of material and time
expenditure (Section 4). Section 5 discusses the key findings and
the potential of the framework for building facade applications.
The conclusions and future research directions are summarized
in Section 6.

2. Additive manufacturing with varying material
properties in the building facade

2.1. Potentials and opportunities

AM with varying material properties introduces unique advan-
tages that hold the potential to advance the application of AM
in the building industry, and in particular in facade construc-
tion. A primary advantage is its capability to integrate multi-
ple functions into a single component, thereby eliminating the
need for assembly after manufacturing (Grigoriadis 2015; Straul3
2013; Wiscombe 2012). This capability presents an innovative
approach, challenging the traditional segmentation of construc-
tion processes, that could potentially be applied on different
scales on the building facade, ranging from individual compo-
nents which need to be custom fitted during installation, up to
the whole fagade construction.

Additionally, AM’s ability to create customized components
unlocks opportunities for optimization strategies and mass-
customization within building facades (Herrmann and Sobek
2016). This supports the production of facades and its individual
components tailored to specific building locations, environmen-
tal conditions, usage needs and performance expectations.

Hence, by fostering a more tailored and contiguous approach
to facade construction, AM with varying material properties
holds substantial potential to enhance building facades and the
construction process.

2.2. State-of-the-art Review

To achieve a varying composition of material properties in a
3D-printed component, multiple materials or varying material
mixtures are employed in a single AM process (Gebhardt, Kessler,
and Laura 2019; Gibson, Rosen, and Stucker 2010). However,
the implementation of this approach in architecture and con-
struction faces challenges, predominantly related to material
compatibility and fabrication constraints such as print size and
speed (Labonnote et al. 2016; Pajonk et al. 2022; Strauf3 2013).
Previous research has explored both concrete and polymer
materials for this approach. Concrete based research has focused

on the variation of concrete mixtures, enabling modifications
to the concrete’s properties throughout the volume of the 3D-
printed component. This ability introduced opportunities for
optimization, such as reducing material consumption and com-
ponent weight (Herrmann and Sobek 2016; Oxman, Keating, and
Tsai 2011; Tay et al. 2022). Other studies combined the load-
bearing capabilities of concrete material with thermal insulation
properties by incorporating lightweight filler materials in the AM
process (Ahmed et al. 2020; Craveiro et al. 2020; Dielemans et al.
2021; Duballet, Gosselin, and Roux 2015). However, the results
of these studies are limited to concrete use in solid wall con-
struction, and thus only provide a solution to a limited range of
functions for a building facade.

Polymer-based AM research has focused on varying the mate-
rial properties within thermosetting reactive polymers like sili-
con and polyurethane (Oxman, Keating, and Tsai 2011). How-
ever, these concepts are still in their early stage and require
further development (Oxman, Tsai, and Firstenberg 2012).

Recent studies, on the other hand, have introduced novel
techniques for AM with thermosetting polymers. These meth-
ods utilize polymers that avoid the need for subsequent UV-light
curing, thereby broadening their potential application (Rios et al.
2018; Uitz et al. 2021). Furthermore, subsequent research by Uitz
et al. demonstrated the capacity to integrate functional parti-
cles — specifically iron oxide - in a functionally graded manner
thereby introducing shape memory properties into 3D-printed
components (Uitz et al. 2023).

Alternative approaches that utilize thermoplastic polymers in
Fused Filament Fabrication (FFF) have been investigated by Cor-
reaetal.and Teoh etal. (Correaetal.2015; Teoh et al.2017). Their
research demonstrates the potential of AM with variable mate-
rial properties for creating responsive components, such as sun
shading devices for building facades. These examples show the
benefits of component simplification and assembly reduction
through the use of AM methods with varying material properties
(Tibbits et al. 2014).

AM using biopolymers is another research focus (Duro-Royo
et al. 2017). However, the relevance of these bio-based materi-
als to building facades remains limited. Furthermore, persistent
challenges in layering additional print layers further limit the
application of this approach (Lee et al. 2020).

Research on Multimode AM offers a different approach, com-
bining AM methods with manual assembly or additional man-
ufacturing steps like milling (Bar-Sinai, Shaked, and Sprecher
2021; Mostafavi, Kemper, and Du 2019). This approach facilitates
the combination of different materials, such as a raw material
for the AM and preprocessed materials, thereby enabling the
combination of materials and components that differ greatly
from one another. However, the need for manual interven-
tions and synchronization of multiple fabrication steps dis-
tinguishes this approach from the AM with varying material
properties.

The state-of-the-art review reveals a currently limited range of
materials suitable for use in AM with varying material properties,
particularly in building facade applications. While early research
into thermosetting reactive polymers shows promise, it requires
further exploration. Nevertheless, new AM processes, such as
the AM with thermosetting reactive polymers, present unprece-
dented opportunities for advancing this approach. Ultimately,



these innovations could pave the way for broader adoption
of AM with varying material properties in various construction
applications, including building facades.

3. Framework for additive manufacturing with
varying mixtures of thermosetting reactive polymers

To address the limitations discussed previously, this section
presents a framework for the additive manufacturing with vary-
ing mixtures of thermosetting reactive polymers. This includes
the material selection, hardware setup, and computational
workflow that is essential for this process.

3.1. Material

The focus within this research was set on polyurethane, a ther-
mosetting reactive polymer that can be tailored to a wide range
of material properties through changing its chemical composi-
tion (Sonnenschein 2021; Uhlig 2006). This allows polyurethanes
to be used in various facade applications including insulation
panels when used as foamed plastic (Defonseka 2019, Heg-
ger et al. 2006, Uhlig 2006), sealants and adhesives to seal and
bond facade elements while providing a durable and weather-
resistant seal (Hegger et al. 2006; Uhlig 2006), coatings for facade
surfaces to enhance their durability and protect against UV radia-
tion, weathering and corrosion (Hegger et al. 2006; Uhlig 2006,),
expansion joints to facilitate movement of individual elements
while maintaining a durable and weather-resistant joint (Heg-
ger et al. 2006; Uhlig 2006), and also as structural elements such
as window frames when combined with glass-fibres (Covestro
2021a; Cremers 2016).

Thermosetting reactive polymers are commonly used as two-
component systems, where the chemical reaction is achieved
by mixing the two basic components, typically referred to
as component-A and component-B (Defonseka 2019). In this
research, a two-component polyurethane system was used,
comprising an isocyanate component (Covestro 2021b) and
a polyol component (Covestro 2021c). In contrast to existing
research (Rios et al. 2018; Uitz et al. 2021; Uitz et al. 2023),
the framework developed in this research features the ability
to change the chemical composition of the polyurethane and
thus its material properties, by altering between differing polyol
components of the polyurethane system.

The polyol components that were employed are Desmophen
VP LS 2328 and Desmophen VP LS 2249/1. When combined with
the isocyanate component, the use of each individual polyol
results in different mechanical properties of the polyurethane.
The use of Desmophen VP LS 2328 (flexible-cured polyurethane)
results in a lower shore hardness of A60 with a lower ten-
sile strength of 3.8 N/mm>2, while the use of Desmophen VP
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LS 2249/1 (hard-cured polyurethane) achieves a shore hard-
ness of D70 with a higher tensile strength of 22.6 N/mm>2.
As a consequence, their deformation behaviours differ signif-
icantly. The polyurethane based on VP LS 2328 demonstrates
a greater ability to deform under applied forces, making it
suitable for applications where spring-like characteristics are
desired. On the other hand, the polyurethane based on VP LS
2249/1 exhibits higher resistance to deformation. Additionally,
the employed polyurethane demonstrates high resistance to
chemicals, weathering and UV radiation (Covestro 2021b).

To better distinguish the different polyurethane mixtures
in a 3D-print, Desmophen VP LS 2328 was coloured pink
and Desmophen VP LS 2249/1 was coloured blue. A more
detailed description of the mechanical properties of the used
polyurethanes can be found in Table 1. The values provided
are based on the material data sheet for each respective
polyurethane formulation provided by Covestro.

As previously reported on additive manufacturing with reac-
tive polymers, fumed silica was added to the polyurethane stock
components to increase the material’s rheology for additive
manufacturing (Lindahl et al. 2018; Uitz et al. 2021). For this,
7 wt% of Aerosil R812s was added to both, the isocyanate and
polyol components.

The Shore hardness of the 3D-printed specimen was mea-
sured across the area of the specimen using a Shore-Durometer
Type A and Type D. The measurements were conducted in refer-
ence to the EN ISO 868:2003 with the remark that the 3D-printed
specimen did not fully meet the requirement of a completely
flat surface area due to the inevitable resulting carvings on the
top surface through the path-like routing of the 3D-printing
method.

3.2. Hardware setup

The process of AM with thermosetting reactive polymers, also
referred to as reactive extrusion additive manufacturing (Uitz
et al. 2021), forms the starting point of the hardware setup.
In this process, a thermosetting reactive two-component sys-
tem is mixed and deposited using an extrusion head, capable
of processing both components. Upon deposition, the mixture
undergoes a chemical reaction to form the thermoset polymer,
allowing for the addition of subsequent layers on the 3D-printed
component (Rios et al. 2018; Uitz et al. 2021).

In this framework, an additional material metering unit has
been implemented alongside the existing units. This introduced
the ability to switch between different polyol components of
the polyurethane mixture. As a result, this setup allows for the
dynamic adjustment of the supplied polyol components during
3D-printing, and consequently, to change the chemical compo-
sition of the extruded polyurethane (Figure 1).

Table 1. Polyurethane materials and its properties used by the AM process.

Tensile Tear

strength Elongation at strength Shore
Type Trade name Color (N/mm>2) Break (%) (N/mm) hardness
Isocyanate  Desmodur N3600 Pink 338 78 5.6 Shore 60 A
Polyol Desmophen VP LS 2328
Isocyanate  Desmodur N3600 Blue 226 57 98.0 Shore 70D
Polyol Desmophen VP LS 2249/1




84 A.PAJONKET AL.

(a) Cartiges to hold the material

(b) Universal Robots,
URS5 Robotic Arm

(c) Extruder Head

(d) Dosing Unit - Component A
(e) Dosing Unit - Component B2
(f) Dosing Unit - Component B1

(g) End Section, connecting
individual dosing units

(h) Static Mixer

Figure 1. Image of the AM setup. The UR5 robotic arm (b), equipped with the modified extrusion head for thermoset reactive polymers (c), serves as a positioning platform
for the additive manufacturing process, as it controls the movement of the extrusion head. The used materials are stored in cartages (a), next to the UR5 robotic arm.

An initial version of this setup was presented by the authors
at the Built Environment Additive Manufacturing Symposium in
2021 (Pajonk 2021). Furthermore, a comparable concept for the
additive manufacturing of reactive polymers was recently pre-
sented by Uitz et al. for the use of an epoxy resin with the ability
to gradually introduce iron oxide to the mixture (Uitz et al. 2023).

The developed setup is based on a Viscotec vipro HEAD 5/5,
an extrusion head (h. in Figure 2) that is capable of process-
ing two-component thermosetting reactive polymers, such as
epoxy resins, acrylate, silicone and polyurethanes. Unlike the
original extrusion head, the modified version in this research
featured three dosing units, with two of them merged into a
single outlet for the polyol component of the two-component
system (i. in Figure 2). The dosing units accurately metre out the
required amount of material for each component which were
then mixed together by a static mixer right before extrusion. The
output speed of each dosing unit can be adjusted to control the
mixing ratio between the individual components (k., |. and m. in
Figure 2).

The individual components of the polyurethane system were
stored in 360 cc cartridges, housed in metal sleeves that trans-
ported the material to the dosing units using pressurized air (e.,
f.and g. in Figure 2).

The extrusion head was attached to the end effector of a
6-axis Universal Robots UR5 robot arm (n. in Figure 2), provid-
ing precise control over the extrusion head’s movement and
enabling the creation of 3D-components.

The individual dosing units were controlled using the
Arduino microcontroller, a small computer commonly used for
prototyping projects. Three stepper motor drivers, which control
the movement of the motors of the dosing units, were utilized in

conjunction with one Arduino microcontroller each. The combi-
nation of these components formed the secondary controller (c.
in Figure 2).

Commands for the robot arm movement, extrusion process
and material dosing were combined in a single robot program
written in the UR Script programming language. The main con-
troller of the robot arm (b. in Figure 2) received the program
commands and forwarded them to the robot arm and to the
secondary controller using digital output commands. The sec-
ondary controller received the commands through its digital
inputs, allowing for control of the individual dosing units. This
setup ensures precise synchronization between the robot arm
movement and the extrusion process.

3.3. Computational system

The construction of a 3D-component by additive manufacturing
is done layer-by-layer. Therefore, the component to be printed
must be described in layer-by-layer, which means that the 3D-
model of the component (Figure 3a) is decomposed into several
slices (Figure 3c) that reassemble the same 3D-shape. These
slices are then translated in the printing path (Figure 3d) that the
extruder has to follow to print the whole shape in a layer-by-layer
fashion. As a result of this procedure, a material transition can
be implemented by assigning different material information to
each single printing path.

To accommodate the ability to fabricate components with
varying material compositions, a computational system was
developed in the Computer-Aided Design (CAD) software Rhino-
3D in conjunction with the graphic algorithm editor Grasshop-
per. The system was designed to translate CAD geometries that
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k. Dosing unit - Component A
. Dosing unit - Component B2
m. Dosing unit - Component Bl

h. Extrusion head
i. Static mixer
J. End section
n. UR5 Robot arm

Figure 2. Schematic diagram of a setup for AM with varying material properties utilizing three dosing units (k-m) that can be switched individually. The robot programme
(a), written in the UR script language, provides fabrication instructions for the UR5 robotic arm controller (b) which controls the robot arm movement along with instructions
for the extrusion head (h). The controllers communicate via digital input/output signals, which are transmitted from the main controller (b) to the secondary controller
(c). The secondary controller (c), regulates the motors of the dosing units. The individual cartridges (e-g) hold the materials, which are fed through pressurized air to the

extrusion head (h).

reassemble the to be printed 3D-component into a printing
path for the extrusion head that also contains material informa-
tion. The geometries were prior designed in a CAD environment
and represent a contiguous 3D-component consisting of several
individual surfaces or poly-surfaces (multiple surfaces that are
connected) (Figure 3a). Furthermore, the individual surface ele-
ments are representative of individual material properties within
the overall component (Figure 3b).

The input surface geometries were sliced into layers for addi-
tive manufacturing, with each surface geometry correspond-
ing to an individual printing path within a respective layer
(Figure 3c). Hereby, each surface geometry is rendered into a sin-
gle printing path that defines the 3D-printed segment within a
single layer (Figure 3d). The printing path itself defines the way-
points for the robotic arm. A waypoint is a specific position in
space that the robot arm is programmed to move to. Multiple
waypoints can be used to form a path for the robot arm to follow.
The generated waypoints included, the start and end point of
the segment and if necessary additional points that are located
in between to further reflect the intended geometry. Further-
more, waypoints that are elevated from the start and end points
were added to allow for the travel of the extrusion head without
potential collision with already 3D-printed parts. In addition to
the waypoints, a command for material feed which defines the
specific material mixture was added for each printing path, in
combination with a command for the extrusion start and stop.

Finally, the resulting printing paths for each layer were sorted,
according to their individual material mixture, so that all paths
of a specific mixture can be printed one after the other.

After generating the printing paths, the program was com-
piled into UR Script language using the Scorpion Grasshopper
plug-in. The robot program was sent to the robot arm’s main
controller over a local area network via an Ethernet interface.

4. Results

4.1. Fabricating components with varying material
properties

Following the framework outlined in the previous section, an
initial specimen was fabricated using both polyurethane mix-
tures. The resulting specimen had the dimensions of 120 mm x
70 mm x 4.5 mm, and was created from a series of parallel sur-
faces spaced at a distance of 1.9 mm from each other. A total of
five layers were deposited, each with a layer height of 0.9 mm.
The transition from the hard-cured polyurethane to the
flexible-cured polyurethane was initiated after a first seg-
ment of the specimen which corresponds to a path length of
864.7 mm for each layer and was 3D-printed with the hard-
cured polyurethane. The remaining path length of 1669.4 mm
of each layer was used for the transition from the hard-cured
polyurethane to the flexible-cured polyurethane and for a seg-
ment where the flexible-cured polyurethane was applied. This
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Figure 3. Diagram showing the orientation of a 3D-model in x, y and z, and the steps required to generate the printing path: (a) the 3D-model, (b) material allocation
to the individual surface elements (c) the sliced model into multiple layers and (d) the printing paths of one layer with its waypoints for the robot arm movement: (WP1)
elevated start point of printing path material A + B1; (WP2) start point of printing path and command for starting the extrusion; (WP3) end point of printing path and
command for stopping the extrusion; (WP4) elevated end point of printing path material A + B1; (WP5) elevated start point of printing path material A 4 B2; (WP6) start
point of printing path and command for starting the extrusion; (WP7) additional waypoint, (WP8) end point and command for stopping the extrusion (WP9), elevated

end point of printing path material A + B2.

Table 2. Process parameters used for creating functionally graded polyurethane.

Process variable Value Unit
Print Speed 11 mm/s
Travel Speed 300 mm/s
Acceleration 100 mm/s>2
Nozzle Diameter 0.8 mm
Layer Height 0.9 mm
Material Flow Rate Hard 1.20 ml/min

procedure was repeated for each layer of the 3D-printed com-
ponent. The process parameters used to fabricate the specimen
are documented in Table 2, the used material mixtures and their
mechanical properties are documented in Table 1.

Figure 4 shows the differing shore-hardness properties
measured from the 3D-printed specimen. The area where
Desmophen 2328 polyol was applied resulted in an average
Shore A hardness of 73.6 A. The area where Desmophen 2249/1
was applied resulted in an average Shore D hardness of 67.9 D.
Due to the relatively short transition between both polyol com-
ponents, no shore hardness measurements could be made in
this zone.

As already reported by Oxman, Tsai, and Firstenberg (2012)
and Uitz et al. (2023) the use of a static mixer inevitably causes a

lag in the switched material mixture, from the moment a change
in the material mixture is triggered to the extrusion of the altered
material. This delay results from the fact that the new material
must first displace the material still present in the inlets to the
static mixer and the static mixer nozzle.

Furthermore, the 3D-printed specimen shows that the
change between the two polyol components takes place in a
gradual manner along the print path. It is important to note that
the different polyol components that were used require differ-
ent mixing ratios of the polyol component and the isocyanate
component. As a result, to avoid insufficient reaction between
the components of the polyurethane system due to an inaccu-
rate mixing ration it is necessary to displace the prior mixture
and introduce a sharp transition between individual mixtures.
Ultimately leading to a sharp interface between the different
polyurethane mixtures.

4.2. Material change procedure

To further refine the AM process and enable sharp transi-
tions between different polyurethane mixtures, it was crucial to
understand the discharge process in detail. This led to a test,
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Figure 4. Image of a 3D-printed geometry exhibiting both polyurethane mixtures. The hard-cured polyurethane had a Shore Hardness of 67.9 D and the flexible-cured

polyurethane a Shore Hardness of 73.6 A.
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Figure 5. Image of the 3D-printed line for determining the amount of discharge needed: (a) transition from the hard-cured polyol to the flexible-cured polyol, (b) transition

from the flexible-cured polyol to the hard-cured polyol.

conducted to measure the total amount of material that needed
to be discharged. This test was carried out by printing a single
line with a material transition along the printing path (Figure 5).
Before starting the 3D-printing, the extruder head and mixer
nozzle was prefilled with the hard-cured polyol and isocyanate
components. The signal to initiate the material change to the
flexible-cured polyol was set at the start of the printing path,
enabling to measure the distance from the start of the 3D-print
to the point where the material transition was visually com-
pleted. Throughout the transition period, the mixing ratio for
the hard-cured polyol was maintained. The same procedure was
repeated with the flexible-cured polyol and its relating mixing
ratio. Based on the measured distance, the estimated discharge
time and amount of discharge material was calculated.

The process parameters used for these tests are documented
in Table 2. Table 3 shows the measured distances, the resulting

Table 3. Determined material quantity and time expenditure for the discharge
procedure of the polyurethane mixtures.

Length for

discharge Discharge Discharge
Discharge procedure (mm) material (g) time (s)
Desmophen 2249/1 to 2328 360 0.74 33
Desmophen 2328 to 2249/1 270 0.55 25

amount of material that is required to be discharged and the
resulting time expenditure that is required for the discharge pro-
cess. Based on the determined results of material quantity and
time expenditure for the discharge process, utilizing different
material compositions in a single 3D-print is expected to have
a negative effect on the overall 3D-printing time and amount of
waste material that is generated.
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Figure 6. Diagram of material transition modes: (a) horizontal, (b) vertical, (c) multi-plane.

4.3. Comparison between different modes for material
transition

To further explore the ability to incorporating material transi-
tions, this research investigated different modes of transitions in
a 3D-printed component.

In the developed computational system, different material
mixtures were represented by individual surface geometries
from which individual printing paths with their respective mate-
rial information originated. This process allows for creating
material transitions by placing surface geometries representing
different materials next to each other. As a result, three different
modes for material transitions could be employed in the 3D-
printed component: horizontal transitions, vertical transitions
and multi-plane transitions.

Figure 6 shows a schematic representing the different modes
in which material transitions can be defined and the respec-
tive surface models employed in this research. In the horizontal
mode, a material transition occurs within a single layer across
multiple printing paths in the x-y plane (Figure 6a). The ver-
tical mode, on the other hand, involves a material transition
between individual print layers in the z-direction (Figure 6b). The
third mode, multi-plane, combines both horizontal and vertical
approaches (Figure 6¢).

To demonstrate the modes and evaluate the resulting mate-
rial waste and time expenditure, three specimens were fabri-
cated, each representing a different mode. Each specimen fol-
lowed the same geometry, but differed in how different mate-
rials were assigned to the geometry. The geometry and their
parameters are documented in Figure 7a. The 3D-printed spec-
imen and their respective printing paths are documented in
Figure 7b-e. The material discharged for each specimen was
collected and measured after the 3D-printing. The printing
time was measured through an implemented function in the
secondary controller. Regardless of whether the flexible-cured
polyurethane was changed to the hard-cured polyurethane or
vice versa, the discharge time was set to 33 s, which is the time
relevant for the discharge of the hard-cured polyurethane to the
flexible-cured. In addition to the three models, a reference model
of the same geometry was produced from only one material
mixture.

Table 4 summaries the results of the printed specimen and
illustrates the relationship between the number of material

transitions and the additional time expenditure and material
discharge. The results clarify that the way in which different
materials are arranged in the component in relation to the layer
direction of the 3D-printing had an influence on the frequency of
the material transitions and thus the discharged material quan-
tity and time expenditure. However, it should be noted that
the expected time expenditure can be reduced by further opti-
mizing the applied discharge speed. The discharged material
quantity on the other hand, is bound to the size of the static
mixer and material inlets. Based on the results an average dis-
charge time of 46 s for each discharge and an average discharge
amount of 0.74 g was measured.

For testing purposes, this effect was scaled down to a small
sized object, however the results can be extrapolated to larger
objects. It should also be noted that scaling the to be printed
component will also alter the ratio of printed material to dis-
charged material as well as the ratio of printing time to time
spend for the material discharge procedure.

To further illustrate the effect a specific mode can have in
regard to the total print time and waste material, a simplified
profile geometry with a total length of 1000 mm and a cross-
section that is composed of both polyurethane mixtures was
introduced. This example serves as a theoretical and illustrative
case, to further enlighten the potential implications of differ-
ent modes on both aspects, especially when scaled to larger
components.

The amount of material discharge and time for this geome-
try was estimated in both, a horizontal, and vertical orientation
of the geometry. As a result, the vertical orientation resulted
in a total of 1111 layers with a layer height of 0.9 each. Fur-
thermore, in this orientation a material transition takes place
in each single layer, resulting in a total number of 2221 of dis-
charge procedures. In contrast to this, the horizontal orientation
resulted in a total layer count of 67 layers with a similar layer
height. In this orientation however, a material transition only
takes place once. In comparison, the 3D-print of this component
in a vertical orientation would require an estimated addition
print time of 28 h 22 min 46 s over 46 s for the horizontal orien-
tation. In terms of discharged material, the vertical orientation
would require an additional amount of 1643.53 g of material,
compared to 0.74 g for the horizontal orientation. Figure 8 illus-
trates the investigated geometry, its parameters and displays
both orientations.



Print Path
Path Length per Layer: 906mm
Total Print Layers : 22

Section A

X X

\ Section B

»/

®) (©

ARCHITECTURAL SCIENCE REVIEW 89

/ Section B Section A / Section B
z [ — z [
fSecn’unA f Section A
X X

T g

(d) (e)

Figure 7. Image and diagram of the 3D-printed specimen. (a) displays the overall geometry and their parameters, (b) no transition, (c) horizontal transition, (d) vertical

transition, (e) multi-plane transition.

Table 4. Measured material quantity and time expenditure for the discharge procedure for different transition modes.

Number of Estimated
Specimen material Discharge discharge
Transition mode weight (g) discharges Print time (s) material (G) time (s)
Horizontal 399 43 4139 309 2090
Vertical 39.2 1 2094 0,7 45
Multi plane 39.7 25 3186 18.7 1137
No transition 39.6 0 2049 0 0

5. Discussion

Our research introduces a comprehensive framework for the
AM with variable mixtures of a thermosetting reactive polymer,
specifically a polyurethane. This approach offers promising solu-
tions to the existing challenges in the realm of AM by combining
the ability to manipulate the material properties of a thermoset-
ting reactive polymer with the process of AM. In this discussion,
we will further explore the potential of this approach in terms of
its applicability to facades and scaling for facade construction.

5.1. Material, properties and potential applications

The ability of thermosetting reactive polymers to change their
material properties through changing their chemical compo-
sition is a key feature utilized in this research. Based on the
specified material properties of the employed polyurethane sys-
tem (see Section 3.1 — Material), the presented approach can be

used to create components that exhibit both, areas of flexibil-
ity and areas that exhibit a high tensile strength and resistance
to deformation. Leveraging these distinct material properties,
this approach allows for the production of tailored designs that
integrate flexibility and tensile strength in a single component.
In contrast to prior research (see section 2) this approach intro-
duces thermoset reactive polymers, particularly polyurethane,
to the AM with varying material properties.

Within the context of building facades, material transitions
between both material properties can be used to incorporate
various elements directly into components such as frames, pro-
files and single or multi-wall sheets. For instance, gaskets and
weather-resistant sealings can be incorporated by transitioning
from the hard-cured to the flexible-cured polyurethane at the
component’s interfaces. Similarly, expansion joints, designed
as segments 3D-printed with the flexible-cured polyurethane,
can be embedded into larger components to mitigate ther-
mal expansion. Additionally, these transitions facilitate the
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Figure 8. Diagram of the profile geometry used for illustrating the effect of material discharge. (a) diagram of the simplified profile geometry, (b) horizontal orientation

of the profile geometry, (c) vertical orientation of the profile geometry.

introduction of intricate designs, from integrated spring-like
mechanisms to acoustic decoupling connections, simplifying
installation and removal procedures or enhancing the acoustic
insulation of facade components.

However, it should be noted that the polyurethane used
in this research has a lower tensile strength than comparable
materials, such as polyvinyl chloride (PVC), which typically has a
tensile strength of 41-65 N/mm>2 (Ashby 2021). Despite this,
implementing additional measures - like using a greater wall
thickness during fabrication — could allow for the production
of more demanding structural components, such as window
frames. Additionally, to fully exploit the potential of this tech-
nology, future research could focus on enhancing the chemical
formulation of the polyurethane to increase its tensile strength.
Furthermore, this research only focused on altering the ten-
sile strength and shore hardness of the polyurethane. Future
research could also focus on other material properties such as
the density of the polyurethane. Ultimately, expanding further
the range of obtainable material properties with this approach.

Furthermore, thermoset reactive polymers, including
polyurethane, are often viewed as challenging to recycle. While
recent advances have ushered in industrial-scale recycling pro-
cesses for polyurethane, these methods have still limitations
in terms of material compatibility and energy consumption

(Fonseca et al. 2023; Sabu et al. 2018; Simén et al. 2018; Zia,
Bhatti, and Bhatti 2007). Biodegradation offers a promising alter-
native to address polyurethane waste concerns. The ongoing
advancements in creating recyclable polyurethanes offer a posi-
tive perspective on future waste management strategies (Cregut
et al. 2013; Tai et al. 2021). Furthermore, given polyurethane’s
widespread use across multiple industries, there is a compelling
incentive to accelerate developments in its recycling ability and
waste management. While acknowledging the challenges sur-
rounding the recyclability of polyurethanes, its unique material
characteristics, as demonstrated in this research, offers distinct
advantages for AM.

5.2. Build volume

In the domain of building facades, the capacity to manufac-
ture components of relevant size is a significant determinant
of a technology’s applicability. The framework presented in this
research is independent of the scale of fabrication, with the
achievable size of components being determined by the manip-
ulator used to control the AM process. One advantage of this
AM process is its flexibility, as it does not require any specific
build platform or build chamber. This opens up the possibil-
ity to employ larger manipulators, such as gantry systems or



robotic arms, capable of operating in larger build spaces. In the
setup utilized in this research, a robotic arm with an 850 mm
reach was employed. Furthermore, previous research on AM
with thermoset reactive polymers has shown even larger-scale
implementations, such as using a robotic arm with a horizontal
reach of 2000 mm (Uitz et al. 2023).

5.3. 3D-Printing time and material waste

Efficiency in terms of time and material usage is an important
aspect in any manufacturing process, even more so when it
comes to the manufacturing of large components for the build-
ing facade. The duration of 3D-printing a component can be
influenced by adjusting the factors of layer height and printing
speed.

The setup used in this research employed a layer height of
0.9 mm and a material flow rate of 1.2 ml/min. In contrast, com-
parable research by Uitz et al. utilized a larger layer height of
2.5mm and a significantly higher flow rate of 102 ml/min (Uitz
et al. 2021). This comparison illustrates the potential range for
adjusting these parameters in the AM process to reduce print-
ing time. However, increasing layer heights may compromise the
level of detail in the printed component, making it unsuitable in
certain cases.

The speed of 3D-printing is constrained by both the maxi-
mum speed of the manipulator in use and the corresponding
material flow rate that can be sustained. The movement speed
for our printing process was set to 11 mm/s while the maximum
speed of a UR5 robot can go up to 1000 mm/s. The extruder
head was adjusted to a material flow rate of 1.20 ml/min, but
each individual dosing unit of the extruder head could theo-
retically achieve up to 6 ml/min. More impressively, Uitz et al.
demonstrated the feasibility of achieving material flow rates as
high as 102 ml/min with a different setup. However, this research
did not focus on optimizing the print speed but rather provides
a basis for further enhancements. Therefore, future research
should focus on increasing the movement speed of the manip-
ulator and optimizing the corresponding material flow rates in
order to make this approach more feasible for application in
building fagades.

For reference, Taseva et al. (2020) demonstrated the success-
ful use of the Fused Filament Fabrication AM process to man-
ufacture facade panels with homogeneous material properties,
showcasing the potential for application of these AM processes
in the building facade domain. They achieved the printing of a
facade panel with a height of 3000 mm and a width of 1300 mm
using a layer height of 1 mm and a print speed of up to 25 mm/s.

5.4. Material transition modes in building facades

The research presented in this paper underlines the significant
role of material transition strategies in the process of 3D-printing
components with varying material properties. It presents three
different modes for introducing a material transition and the
specific impact each of these modes can have on print time and
material consumption. While these transitions are integral to the
presented framework, they do introduce an additional expendi-
ture of time and material, posing a challenge for efficiency and
sustainability.
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Furthermore, the design and/or orientation of a 3D-printed
component thus influences the overall printing speed and
degree of material waste. By carefully considering how different
material properties are utilized in a design, as well as the ori-
entation of the component in the 3D-print, the effects of these
transitions can be mitigated. This awareness forms a critical
guideline for designers working with the framework presented
in this research. Despite this constraint, optimizing the mate-
rial discharge procedure will reduce the time required for each
transition, lessening the impact on the overall 3D-printing time.
While each transition mode has its implications for printing effi-
ciency, their capability to transition between differing material
properties brings unique advantages to the design of a facade
component.

5.4.1. Horizontal transitions
Horizontal Transitions offer the capability of merging adjacent
functional layers in facade component. This allows architects and
facade builders to address varied facade requirements through
a single manufacturing process. Specifically, the investigated
framework enables the combination of a rigid structure along-
side more flexible areas. Such a configuration can meet the spe-
cific aesthetic or tactile demands of a building facade (Hegger
et al. 2006; Herrmann et al. 2015). Another potential application
is the inclusion of flexible-cured polyurethane sections within
predominantly rigid components, such as single or multi-wall
sheets. This could potentially ease the high thermal expansion
of such components in building facades (Knippers et al. 2011).
While the utilized polyurethane materials offer consider-
able versatility, broadening the spectrum of material properties
might expand this approach to even more fagcade functionalities.
The conducted printing test demonstrated that a sharp tran-
sition between two material properties could be achieved in an
additive manufacturing setting. However, one key observation
was the necessity for frequent material discharge due to the use
of both material properties in each print layer (refer to section
4.3 for details). This makes horizontal transitions particularly suit-
able for components with a large cross-section. In this case, the
additional material and time expenditure for the required mate-
rial discharge, remain relatively minimal in contrast to the entire
printing process.

5.4.2. Vertical transitions
Vertical transitions allow adaptability by varying materials from
one layer to the next. This mode enables a vertical alteration in
a facade component’s material properties. While it shares simi-
larities to horizontal transitions in enabling flexible sections, the
orientation here is vertical. A key advantage of vertical transi-
tions liesin their ability to produce an uninterrupted and smooth
interface at the component’s final layers, made with a differing
material to the preceding layers. Transitioning from a hard-cured
polyurethane to a flexible-cured polyurethane might enable to
integrate a sealing interface. This capability can enhance a com-
ponent’s compatibility with other facade elements, which is a
frequent design task in polymer sheet cladding design (Knippers
etal. 2011).

The conducted printing test confirmed the feasibility of
achieving a sharp transition between both material properties,
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in a vertical orientation. A notable observation was the neces-
sity for just a single material discharge, minimizing the discharge
process’s impact (refer to section 4.3 for details).

5.4.3. Multi-plane transitions

Multi-plane transitions leverage the full potential of 3D-printing
by enabling spatial variation in material properties across all
dimensions of a component. By incorporating features of both
horizontal and vertical transitions, this mode offers an increased
degree of design freedom.

These transitions not only pave the way for intricate designs
and the creation of complex geometries with varied material
properties, but also presents promising applications for build-
ing facades. A key potential lies in integrating non-assembly
mechanisms (Lussenburg, Sakes, and Breedveld 2021). These
mechanisms have to potential to reduce assembly efforts during
manufacturing and construction by integrating or enhancing
connection mechanisms.

Preliminary findings, presented by the authors at the BE-AM
Symposium, have showcased the potential of multi-plane tran-
sitions. These findings include the creation of a series of non-
assembly mechanism using multi-plane transitions between
a hard-cured and a flexible-cured polyurethane (Pajonk et al.
2022).

The printing test successfully demonstrated material tran-
sition across multiple planes, encompassing both vertical and
horizontal variations. However, it is important to note that the
extend of additional print time and material usage depends on
the specifics of each 3D-print and its number of required dis-
charges. Furthermore, as exemplified with the illustrative case of
a simplified profile geometry, not only the design and therewith
the implementation of material transitions, but also the com-
ponents orientation during the 3D-print can have a significant
effect on print time and additional material usage.

While these tests highlight the capability to modify material
properties along various axes, the applicability of this mode in
facade components will become clearer through specific use-
case implementations.

6. Conclusion

This research has presented a comprehensive framework for AM
with varying material properties using a thermosetting reactive
polymer, specifically polyurethane. The focus was set on the vari-
ation in tensile strength and shore hardness of the employed
polyurethane. This approach enables the fabrication of compo-
nents with varying material properties throughout the compo-
nents volume, exhibiting areas of flexibility and rigidity.

However, the research also identifies that incorporating mul-
tiple material mixtures in a single 3D-print tends to increase both
the printing time and the amount of waste material, due to the
need for discharging residual material.

A secondary focus of this research was exploring different
modes for material transitions, namely horizontal, vertical and
multi-plane transitions. The findings reveal that the chosen
mode of transition influences the frequency of material changes,
and ultimately impacts waste and time expenditure.

Future research should aim to enhance the range of obtain-
able material properties, improve overall printing speed and
optimize the discharge procedure. Since this research could only

implement sharp transitions between individual mixtures, future
research should also explore achieving stepwise transitions.

Beyond these technical improvements, future research
should also investigate practical applications of this method.
Establishing tangible use cases, especially in the context of
facade construction, is essential to comprehend the real-world
implications and potential of this novel approach.
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