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Abstract: 3D printing of ceramics has started gaining traction in architecture over the past decades.
However, many existing paste-based extrusion techniques have not yet been adapted or made
feasible in ceramics. A notable example is coextrusion, a common approach to extruding multiple
materials simultaneously when 3D-printing thermoplastics or concrete. In this study, coextrusion
was utilized to enable multi-material 3D printing of ceramic elements, aiming to achieve functionally
graded porosities at an architectural scale. The research presented in this paper was carried out in
two consecutive phases: (1) The development of hardware components, such as distinct material
mixtures and a dual extruder setup including a custom nozzle, along with software environments
suitable for printing gradient materials. (2) Material experiments including material testing and
the production of exemplary prototypes. Among the various potential applications discussed, the
developed coextrusion method for clay-based composites was utilized to fabricate ceramic objects
with varying material properties. This was achieved by introducing a combustible as a variable
additive while printing, resulting in a gradient porosity in the object after firing. The research’s
originality can be summarized as the development of clay-based material mixtures encompassing
porosity agents for 3D printing, along with comprehensive material-specific printing parameter
settings for various compositions, which collectively enable the successful creation of functionally
graded architectural building elements. These studies are expected to broaden the scope of 3D-printed
clay in architecture, as it allows for performance optimization in terms of structural performance,

insulation, humidity regulation, water absorption and acoustics.

Keywords: 3D printing; clay; multi-material; gradient porosity; coextrusion; additive manufacturing

1. Introduction

In the field of architecture, there is a growing interest in 3D-printing clay [1]. Yet,
paste-based 3D printing of ceramics is not as technologically advanced as it is with other
materials such as polymers, metals or concrete [2]. Gradient materials, along with the
concept of coextrusion (also referred to as simultaneous extrusion), are utilized in various
research fields and scales. Coextrusion is a manufacturing process that involves combining
two or more different materials, often in the form of polymers or composite materials, and
simultaneously extruding them through a single die or nozzle. This results in a single
continuous product with distinct layers or components. This section aims to provide an
overview of the relevant references from various disciplines, categorized based on nozzle
diameter: micro scale (nozzle diameter < 1 mm) and macro scale (nozzle diameter > 1 mm).
Beyond the scale of the material being printed, porosity can be found within the designed
object itself, defined by the printing path, to form complex internal geometries [3].

Controlled gradient porosity offers performance optimization potential [4], as varying
material densities perform differently in terms of load bearing, insulating and humid-
ity regulating [5], and have been discussed regarding architectural features for over a
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decade [6]. In combination with the coextrusion concept, this approach enables the in-
corporation of porosity within a contained extrusion while maintaining control over the
surface quality [7]. On a micro scale, the 3D printing of functionally graded porosities is
predominantly bio-inspired [8,9]. There is in-depth research regarding its effects on the
mechanical properties [10] and thermal conductivity of porous materials [11], as well as
corrosion resistance and environmental adaptation [12]. At this scale, porosity in ceramics
is achieved by utilizing foam [13] or electrochemical gradation [14], among other things.
On a macro scale, multi-materials are being well established in order to create gradient
properties, such as color, in deposition modeling (FDM) printing [15,16]. References also
show that there are methods for the functionally graded 3D printing of concrete, where
materials are mixed right before being extruded [17]. However, the number of references
for the multi-material paste-based extrusion of clay at the scale of building components is
comparatively low. An early example of mixing up to four materials, including ceramics
and metals, for 3D printing is Robocasting Technology [18]. This method involved the print-
ing of layers of combustible support material within the object, which were subsequently
incinerated after firing, thereby creating voids within the final object. Relevant test samples
were produced with nozzle sizes around 1 mm in diameter. Investigations on a gradient
material change while printing have continued in recent research [19]. The most notable
example for coextrusion, regarding its relation to architectural applications, is a project
named Janus Printing [20], where the coextrusion of different types of clay is utilized in
order to color printed objects differently. The discussion of their research suggests the use
of coextrusion to create gradient material properties such as density /porosity. Further,
various artists [21-24], as well as commercially available 3D clay printers capable of dual
material extrusion [25], are using multi-material approaches in order to color designs dif-
ferently. Additionally, biological foaming techniques have been used to successfully create
porosity in unfired clay bodies [26]. However, challenges exist in digitally representing
multi-materials with gradient material changes for digital simulations [27]. The current
software is particularly limiting when it comes to representing material distributions and
porosities at different scales within a single object [28].

This work advances the development of functionally graded 3D-printed ceramics
in architecture in that it goes beyond the current research by taking into account what
potential will unfold for clay-based multi material printed objects when fired.

2. Materials and Methods

The research was carried out in two phases: (1) The development of hardware com-
ponents, including suitable material mixtures, a custom nozzle, a dual extruder setup
(described in Section 2.1) and a software work environment (described in Section 2.2).
(2) The second phase focused primarily on material experiments and the subsequent anal-
ysis of the results. This included tests to evaluate the printing parameters for different
material compositions (described in Sections 3.1 and 3.2), as well as the production of
exemplary prototypes (described in Section 3.3). To determine changes in the porosity of
the ceramic, a method involving the measurement of the water absorption difference was
utilized [29].

2.1. Hardware Setup

In order to achieve a controlled coextrusion of clay, various hardware components,
including suitable material mixtures, a custom nozzle and a dual extruder setup, had to be
designed and produced as prototypes.

2.1.1. Material Mixtures

An initial investigation was performed to develop a suitable clay mixture for the
primary material to be positioned on the outside of the extrusion (in the following, referred
to as the primary material). Additionally, a material mixture containing porosity agent
additives (in the following, referred to as secondary material) was developed for placement



Ceramics 2023, 6

2245

at the center of the extrusion. The following criteria were used for evaluating a suitable
material composition: printability, compatibility of the primary and secondary material
and solidification or combustibility during the firing process.

For the primary material, a mixture of clay powder and water was prepared at a weight
ratio of 10:3. The clay powder type 208 (Goerg & Schneider, Boden, Germany) was chosen
based on existing knowledge regarding its printability, shrinkage behavior and properties
after firing at various temperatures from preliminary work. This clay type is classified as
semi-fat to fat, indicating a strong binding ability, which is especially advantageous when
mixed with porosity agents. Compared to clay mass, clay powder has the advantage of
allowing the water content to be determined exactly. Further, powder has proven more
reliable in achieving homogeneity when mixed with additives, as described in the following
paragraphs. The clay powder is composed of 75.0% SiO5, 19.8% Al,O3, 2.2% K0, 1.4%
TiO,, 0.9% FeyO3, 0.3% MgO, 0.2% CaO and 0.10% NayO. We aimed to keep the amount of
water as low as possible to decrease the effect of shrinkage or potential cracking during
the drying process, while still being able to print it under the conditions suggested by the
manufacturer of the printer.

The composition of the secondary material was based on common porosity agents
used for the production of commercially available ceramic bricks. Measurements carried
out by one of the co-authors in [30] show the pore structure caused by such porosity agents
in fired clay. To give the reader an idea of the pore spaces that can be generated in this
way, examples of results from micro-computed tomography measurements and electron
microscopy images are shown in Figure 1.

40% paper sludge

()

Figure 1. Pore structures visualized using an 1CT40 micro-computed tomography device from Scanco,
Switzerland. (a) 10 vol.-% paper sludge, (b) 10 vol.-% sawdust—both on 6 x 5 x 15 mm? samples.
(c) Micropores in fired clay as captured using scanning electron microscopy.

The material experimentation phase started with mixing dry clay powder and (1) pa-
per fibers, (2) wood sawdust and (3) lignite (brown coal). We aimed to make use of materials
that are clarified as waste materials by other industries for sustainability reasons. Addi-
tionally, the chosen material should be locally available and have a value approximately
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equivalent to that of the used clay powder. A set of various material compositions was
produced, with the ratio of porosity agent to clay powder ranging from 1:7 to 1:1. All
mixtures were created by mixing the dry clay powder with the porosity agent first, while
water was added as a second step to ensure a homogeneous distribution of the porosity
agent within the material mixture. After the initial experiments, paper fibers exhibiting
a clumping behavior, which caused the nozzle of the 3D printer to clog while printing,
were excluded from further experiments. Viable results were obtained while using both
wood sawdust and lignite. Due to the comparatively difficult acquisition of lignite and its
greater environmental impact compared to wood [31], subsequent experiments focused
on working with wood sawdust. The oak wood sawdust, sourced from the byproduct
of a nearby wood workshop, underwent sieving to achieve a particle size of <1 mm or
<2 mm, aiming to ensure material homogeneity and an uninterrupted printing process.
Due to the water-binding behavior of wood sawdust, it was necessary for the secondary
material to be softer than the primary one. This fact influenced the parameters of the
nozzle design discussed in Section 2.1.2. Further, it was observed that wood sawdust,
characterized by its intact cellulosic fibers, slightly increased the tensile strength of the
dried mixture compared to those containing lignite. This provides greater design flexibility
for objects to be 3D-printed. For each material composition containing wood sawdust as
a porosity agent, cubic testing samples measuring 5 cm x 5 cm X 5 cm and flat samples
measuring 1 cm x 10 cm X 10 cm were fabricated. All mixtures were manually shaped by
filling molds with them after adding 35% to 50% of the dried mixture’s weight in water. In
order to evaluate the effects of different amounts of porosity agents, the set of test objects
was fired at 1070 °C. For firing, a Top 60/R (Nabertherm, Lilienthal, Germany) top loader
kiln was used. The firing procedure was programmed to include the following phases:
0°Cto 600 °Cin 5 h, 600 °C to 1070 °C in 6 h, remaining at 1070 °C for 20 min, followed by
a cooldown phase undefined in time (Figure 2).

Figure 2. Cubic samples, unfired and fired, of material mixtures of wood sawdust and clay ranging
from weight ratios of 2:7 (left) to the printable maximum of 1:3 (center) and 1:1 (right).

The objective was to determine the maximum amount of wood sawdust that could
be added to the clay while maintaining printability and stability after firing. The stability
was classified into low, medium and high brittleness based solely on qualitative measures.
A weight ratio of sawdust to clay powder at 1:2 was identified as the maximum for
maintaining stability after firing at a peak temperature of 1070 °C; exceeding this ratio
caused the porous samples to burst. Additionally, a weight ratio of 1:3 was found to be
the maximum for printing with the hardware setup used for extruding the secondary
material, as discussed in the following section. Higher ratios of wood sawdust would
require increased air pressure for extrusion, leading to water separation and a significant
slowdown in the printing process.

Subsequent experiments demonstrated that higher levels of porosity could be achieved
via the incorporation of additional binding agents alongside the clay. The tested binding
agents included glue (based on methylcellulose), agar-agar, and alginate, which helped
prevent water separation from the material mixture. Moreover, it was observed that
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adding oil or grease to the mixture eased the cleaning of the 3D printer components,
especially in clay-based mixtures with a high water content (<40%), which tend to adhere
to surfaces. It is important to note that the use of lubricants is recommended only for the
secondary material as it may otherwise weaken the layer bond of the primary material
during printing. However, for subsequent experiments, no additives were introduced to
minimize the number of influencing parameters and to ensure the comprehensibility of
the results.

In order to measure the effects of the different porosities of the material mixtures, the
water absorption capacity was assessed. For this purpose, the fired samples were immersed
in a water bath for 72 h, and the difference in weight before and after was measured
(Table 1). The variation in water absorption provided insights into the different levels of
porosity. The table below illustrates that with an increasing amount of porosity agent, water
absorption increases significantly. It is assumed that values deviating from the average
ascending curve are due to irregularities during the manual filling of the molds.

Table 1. Comparison of different material compositions fired at 1070 °C regarding water absorption
and brittleness. In these mixtures, oak wood sawdust with a maximum particle size of 1 mm was
employed as the porosity agent. Entries marked with an asterisk (*) were mixed with a maximum
particle size of 2 mm.

Weight Ratio of

Sawdust, Clay, Weight Dry Weight Soaked Absorption Brittleness
and Water

1:1:1 39g 111¢g 184.61% high
1:2:1.05 78¢g 130 g 66.66% medium
1:3:1.4 % g 139 g 44.79% low
1:3:2 % 8lg 118 ¢ 45.67% low

1:3:2 8lg 119¢g 46.91% low
1:3:1.6 Ng 132 ¢ 43.47% low
1:3:1.4* %%g 138 ¢ 46.80% low
1:4:1.75 104 g 141¢g 35.57% low
1:52.1* 111g 145 ¢g 30.63% low
1:5:2.1 112 ¢ 143 ¢ 27.67% low
1:7:2.8* 123 g 152 ¢ 23.57% low
1:7:2.8 123 g 151¢g 22.76% low
0:1:0.3 - - 10.00% low

2.1.2. Coextrusion Nozzle

The design of a custom nozzle was crucial for successful coextrusion. A set of initial
nozzle designs was printed from PLA using a commercially available FDM 3D printer. We
aimed to design the nozzle by placing the secondary material at the center of the primary
material. Therefore, a nozzle with an extrusion diameter of 4 mm was incorporated into a
larger nozzle with an extrusion diameter of 10 mm. While the larger nozzle extruding the
primary material was directly connected to the extruder XL of the printer mounted directly
above, the smaller nozzle extruding the secondary material was fed from the additional
standard extruder mounted next to it, entering the nozzle from the side (Figure 3, left).
In designing the nozzle geometry, it was necessary to ensure that both nozzles ended at
the same height to prevent mutual blockage of the material flow. For the production of
the final nozzle, the Saturn 8K resin 3D printer (Elegoo, Shenzhen, China) was used. It
utilized Anycubic Standard Photopolymer Resin and SLA (stereolithography) technology
to achieve thinner wall thicknesses compared to PLA prototypes, essential for preventing
air entrapment within the two extrusions. Compared to prototypes from FDM (fused
deposition modeling) printers, the SLA-printed nozzles exhibited smoother surfaces, elimi-
nating the need for additional surface smoothing procedures. After the fabrication process,
the prints were detached from the printing bed and then hardened using an Anycubic
Wash and Cure 2.0 in a specialized liquid for a duration of 20 min. When comparing equal
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material quantities, no significant differences in hardness were observed during iterative
physical testing. Finally, the nozzles were mounted on the screw thread of the extruder and
a tube feeding the secondary material mixture was attached.

Figure 3. The custom nozzle to enable coextrusion being designed in 3D (left), schematic drawing of
the hardware setup (center) and the dual extruder setup (right).

2.1.3. Dual Extruder Setup

An LDM (Liquid Deposition Modeling) 3D printer from Italian company WASP named
Delta WASP Clay 40100 (Massa Lombarda, RA, Italy), which is especially designed for
printing clay, served as the starting point for the hardware setup. The printer operates
using a pressurized material tank that feeds a moveable extruder. Inside, a stepper motor
controls the amount of material being extruded by rotating a screw conveyor. For printing
multiple materials, the printer was extended by a second material tank, equipped with a
second pressure reducer, and a second extruder. For extruding the primary material, the
LDM WASP Extruder XL 2.0 was used. For extruding the secondary material, a smaller
variant, the LDM WASP Extruder 2.0, was used (Figure 3, center). A second material tank
with a separate pressure regulator was attached, and both extruders were mounted in
such a way that the printer’s Delta system’s freedom of movement remained unrestricted
(Figure 3, right). Further, several modifications had to be made to the printer itself. Unused
output pins at the motherboard of the printer were used to control the second stepper
motor by sending step and direction signals to an external stepper motor driver. To achieve
this, it was necessary to install firmware typically used for controlling a continuous feeding
system, which includes a large degassing extruder that replaces the pressurized tank.

2.2. Software

Version 7 SR 20 of the Rhinoceros 3D (McNeel Europe S.L. C/de Roger de Flor, 32,
08018 Barcelona, Spain) modeling software and its programming tool Grasshopper were
used for providing the necessary machine data. A digital model of the hardware setup was
used to simulate the printing procedure. This allowed for designing while also providing
a tangible sense of the actual scale, and prevented collisions with the attached hardware
components, such as the second extruder and the connecting tube for the custom nozzle. For
this research, a Grasshopper plugin, named Termite [32], previously written for generating
G-codes for clay printing, was extended with functions to control both extruder motors
independently. This improvement enables the design and provision of machine data to be
accomplished within a single software platform, ensuring a highly streamlined workflow.
Distributing desired segments of printing paths on different layers within Rhinoceros
determines the composition of the extrusion at a given area within the printed object.

3. Material Experimentation and Results

In order to assess the viability of the previously defined variables, such as the ratios of
material mixtures, pressure settings and the nozzle design, and to further clarify which addi-
tional parameters are required for multi-material printing, three experiments were conducted.
These experiments included sets of test objects with varying material compositions.
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3.1. Experiment 1: On/Off Distribution

To enable visual differentiation of the secondary material, red clay type 302 (Goerg
& Schneider, Boden, Germany) was utilized as secondary material with a weight ratio
of clay, water and wood sawdust of 4:2:1, allowing printing at a minimum speed of up
to 1500 mm/m. The comparable characteristics of the differently colored clay masses,
including flow behavior, shrinkage and water absorption, facilitated the coextrusion of
both materials without the occurrence of cracks or deformation during the drying process.
The first set of printed test objects consisted of rectangular-shaped bodies measuring
100 mm x 100 mm x 15 mm exhibiting three layers of printing paths. The objects were
printed along a continuous path throughout the entire piece. After drying, the test pieces
were cut open to observe the composition of the extrusion. A test object was labeled
successful when it met the following criteria: (1) The outside dimensions of all extrusions
deviated by less than 1 mm from the planned cross section of 10 mm x 5 mm. (2) There
were no visible cracks in the primary material exposing the inside due to overpressure
on the secondary material. (3) No visible air inclusions were present within an extrusion.
An effective controlled distribution of the secondary material was evident, as several test
objects demonstrated the successful placement of the secondary material within selected
extrusions (Figure 4).
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Figure 4. Test specimens exhibiting distinct material distribution within individual printed objects
comprising standard extrusion with only the primary material (left), with a continuous coextrusion
of primary and secondary material (center) and switching between standard extrusion and coex-
trusion according to printing path information (right) without affecting the overall geometry of the
test specimens.

As a next step, test samples measuring 15 cm x 15 cm and composed of 32 horizontal
layers were printed to include different patterns in order to further evaluate the successful
positioning of the secondary material within a more elaborate framework. After drying, the
samples were fired at 900 °C. The samples were meticulously sanded using a LaboPol-35
(Struers, Copenhagen, Denmark) grinding and polishing machine to reveal the material
distribution within the extrusion. The first prints showed a delay of the secondary material
caused by the distance between the auger and end of nozzle. For the next set of test
specimens, this delay was measured and successfully compensated for by informing the
printing paths (Figure 5).
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Figure 5. Sanded test specimens comparing consistent printing settings (left) with the successful posi-
tioning of the inside material according to multiple user-defined patterns such as circular arrangement
(center) and crossed arrangement (right).

3.2. Experiment 2: Gradient Distribution

After several iterations, adjustments to independent stepper motors as well as the
pressure on the individual tanks were achieved in order to meet all previously mentioned
criteria. According to the viscosity of the material mixtures described in the previous
section, the pressure of each tank was adjusted to ensure the proper extrusion of the
material. The higher the pressure, the faster the material was fed to the extruder. When the
pressure was too low, the screw conveyor was not able to extrude its full volume, as the
supply of material from the tank proved insufficient for the printing speed of 300 mm/m
used. When the pressure was too high, the material tended to squeeze out the water content
when being congested, resulting in an inhomogeneous material supply. The machine is
built for a maximum pressure of 8 bar. The pressure for the primary material was set to
6 to 8 bar, while the pressure for the secondary material was set to 3 bar, both leaving a
buffer for moments where irregularities in the material mixtures would cause problems. In
the context of this research, the gradient, which has a theoretically infinite resolution, was
discretized into five distinct settings, resulting in five different mixtures. This approach was
adopted to illustrate the potential of the developed technique. It is worth noting that this
number can be expanded as desired, as it merely depends on digital information. Table 2
contains a summary of the printing parameters and the resulting material compositions,
while Figure 6 shows the cross-sections of the printed pieces.

Table 2. Overview of printing parameters resulting in different material compositions.

Travel Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5
Tank 3/6 [bar] 3/6[bar]  3/6[bar]  3/6[bar]  3/6[bar]  3/8[bar]
Pressure
P;;r;t;gg 2000mm/m 300 mm/m 300mm/m 300 mm/m 300 mm/m 200 mm/m
Flow 0 12 1.1 1.1 1.0 1.0
Factor
Reduct 100 100 60 20 10 0
Value
Material

Ratio 0/0 [%] 100/0 [%] 95/5 [%] 86/14 [%] 80/20 [%] 57/43 [%]
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Figure 6. Cross-sections of different material compositions within one extrusion. From left to right,
Mixtures 1, 2, 3, 4 and 5 as described in Table 2.

3.3. Experiment 3: Architectural Prototype

Finally, to demonstrate the application at an architectural scale, exemplary prototypes
of multiple facade panels with gradient porosities were fabricated, which would not have
been possible using conventional 3D printing methods for clay (Figure 7, left). The final
prototype fabricated within a printing speed range of 200 to 300 mm/m exhibited no
notable decline in accuracy within regions featuring multiple material compositions. The
prototypes measure 30 cm x 30 cm with a front side that can be freely designed. The
double-wall structure allows the object to be spiralized within a continuous print path,
thus reducing the production time and achieving a higher surface quality. The backside
includes multiple bracings as well as a rail that enables elements to be hung on a metal
substructure. Several overlapping elements are installed, similar to roof tiles, to prevent
water penetration. Additionally, the overlapping compensates for any inaccuracies in
dimensions. The prototypes are printed lying on their side to allow for 90° overhangs
in the final positioning (Figure 7, middle). Based on results of Experiments 1 and 2, the
printing paths of the front face of the facade element were designed so that the gradient
porosity inside would achieve an area-specific humidity control and cooling effect. The
drying process was conducted in an indoor room environment with an average humidity
level of 60%. Temperature fluctuations ranging from 18 °C to 22 °C were not considered
during the drying process. While monitoring the drying process of the ceramic elements, it
was observed that the designated areas of the object were able to successfully store water
for a longer period of time, thereby increasing the cooling effect of the environment without
affecting the surface quality on the outside (Figure 7, right).

Figure 7. Concept drawing visualizing the cooling effect (left), printing process of the architectural
prototype (center) and a mockup of printed objects exhibiting varying water absorption (right).
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4. Discussion

We successfully developed hardware and software components in order to produce
3D-printed ceramic building elements including gradient porosities. It can be assumed
that the pore structure introduced by the porosity agents consists mainly of compact pores
at different length scales (see Figure 1). This is ideal for high thermal resistance. This
was achieved by using a dual extruder setup including a custom-designed nozzle for
coextrusion and introducing a combustible material mixture as the filling material. This
opens up the possibility for completely new designs of 3D-printed ceramics that are not
only more customized but also highly functional and material-efficient.

Currently, the main limitation is the need for low viscosity in the secondary material,
which restricts the number of layers that can be printed without the structure collapsing
under its own weight. Printed objects with multi-material compositions were observed
to be more prone to warping behavior caused by the detachment or debonding of the
printed layers during the firing process when compared to objects composed solely of
clay. To mitigate such defects, it is crucial to ensure optimal layer bonding by ensuring
adequate material flow and thoughtfully designed printing paths, along with a controlled
deceleration of the drying and firing processes. Another aspect that requires consideration
pertains to the expenses associated with the necessary fabrication equipment and the need
for proficient personnel to utilize the developed software tools for real-life applications.
With the increasing adoption of 3D printing in the ceramic building industry, machine
prices are expected to decrease and workers will become more proficient through education
on the application of the required software. Multi-material printing presents a meaningful
extension of the conventional methods of 3D-printing clay. Objects with gradient porosities
have the potential for industrial production, both in the high-performance sector of the
building industry and in various other fields.

5. Perspectives

While this research introduced the use of porosity agents in order to change the
porosity of the printed object, various other material combinations and corresponding
applications are enabled by the concept of the coextrusion of clay-based materials. Having
a combustible secondary material allows for hollow extrusions once fired. The created tubes
can be used to contain cold or hot water in order to regulate temperature or humidity [4].
The use of gel-like support materials [33] allows the removal of the inside material without
the need for firing by using air pressure, allowing hollow structures also to occur in
unfired clay. Further, applications of unfired coextruded clay components are viable, e.g.,
when organic material is used as the inside material in order to act as a substrate for
myecelial growth, allowing for fiber reinforcement as well as acting as a binding agent of
multiple components [34]. Filament or thread materials can be used inside the extrusion
as a reinforcement in order to support the clay while printing, resulting in the increased
bringing ability of wet clay [35,36], thus allowing for more spatial and net-like designs to
be fabricated [37,38]. Further, magnetic materials can be introduced in order to support
extrusion from the inside while printing [39]. When engaging in multi-material printing, it
is necessary to consider the shrinkage characteristics of both materials to accommodate the
drying and firing processes [4]. However, it is also conceivable that disparate behaviors can
be utilized advantageously. A secondary material could be used to prestress certain areas to
compensate for shrinkage or to enable self-formation. As the amount of water dictates the
process of drying and shrinking, the drying behavior can be gradually controlled within
the composite [40]. Considering the drying process, the secondary material can function
as a heat conductor, allowing for a more homogenous drying process. This is because
the drying of the objects is not solely dependent on the overall geometry once the areas
that lead to different drying times are exposed or enclosed. Instead, the objects can be
additionally heated from the inside in order to provide more consistent drying. Further, it
is imaginable to shift the focus from clay as a final material toward being a reusable support
material [41]. Thermoplastics or other viscous materials could be printed inside a clay
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extrusion to create spring-like prints when unfired clay is washed off. Another potential
application involves utilizing the two distinct diameters of the custom nozzle with the
same material. This allows for different resolutions within a single print without the need
to change the nozzle [20].

From a mechanical point of view, the first sophisticated micromechanical models for
fired clay were recently developed by co-authors of this work. These are able to predict
the stiffness [42], thermal conductivity and strength [43,44] of fired clay depending on the
pore volume and pore morphology. With the development of these models, this proposed
work becomes especially relevant. The varying porosities could be seamlessly translated
into material property distributions. With the primary emphasis of this study being on
production and its associated processes, a future research task will be to apply these models
to the material presented in this study in order to provide a more detailed mechanical
characterization. This will pave the way for material-informed design concepts for such
structures in the future.

While the primary emphasis of this research was placed on quantifying porosity using
water absorption measurements, the upcoming phase of the study is set to encompass ma-
terial testing, including: (1) Compressive strength, (2) thermal conductivity and (3) acoustic
absorption. Further research will be conducted on extending the criteria for suitable poros-
ity agents with the aim of reducing the energy needed for firing and limiting the emission
of air pollutants. Finally, with respect to the porosity distribution in the material compo-
sition, future endeavors will involve integrating informed toolpaths using optimization
software, particularly in the context of enhancing structural performance. This strategy is
anticipated to yield an optimized material distribution in forthcoming applications of our
developed method.
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