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Abstract: This article presents a project that explores the potential of Additive Manufacturing (AM) for
designing and fabricating multi-functional building components for improved climate performance.
In this project, an innovative façade wall design was developed by using a computational method
in an attempt to integrate a displacement ventilation system into the wall. A robotic AM solution
is integrated into the workflow as a potentially feasible fabrication method for the resulting wall
design with an intricate geometry. Clay is proposed as the AM material, being a potential low-carbon
building material. To this end, a material exploration of clay was conducted to develop an appropriate
composite for AM. A displacement ventilation system was developed to achieve better indoor air
quality by using a Computational Fluid Dynamics (CFD) model. Subsequently, an AM solution was
integrated into the workflow to automate the fabrication phase. Finally, a partial prototype of the
design was made through AM with clay to demonstrate the feasibility and observe the material
qualities of the final product. The proposed workflow proves applicable, highlighting directions for
future research.

Keywords: additive manufacturing; robotic fabrication; clay; computational design; computational
fluid dynamics; displacement ventilation; indoor air quality

1. Introduction

This article presents a project that explores the potential of Additive Manufacturing
(AM) for designing and fabricating multi-functional building components for improved
climate performance by using a low-carbon building material such as clay. It is developed
on the premise that AM can simplify the production of complex building components
by eliminating the need for external infrastructure required for climate-related building
performance such as Heating, Ventilation, and Air Conditioning (HVAC) systems, and
allowing new design approaches that consider them as integrated parts of the building
components. Additionally, an integrated computational design process can seamlessly
blend the design, performance analysis, optimization, and fabrication phases within an
integral workflow, allowing all phases to inform each other.

We propose an AM design concept that aims to optimize thermal performance and
integrate ventilation channels inside a wall. Computational Fluid Dynamics (CFD) is used
as a tool to maximize the dispersion of ventilation air over a larger air supply area while
minimizing the pressure loss of the channel morphology. CFD for predicting the perfor-
mance of building ventilation duct elements has been used by many others (e.g., [1,2]).
Implementing ventilation ducts within façade elements was explored in research [3] to-
wards activating the thermal mass of concrete in building elements. It explores how AM
could help in achieving better thermal performance. This project adopts a similar strategy
of rethinking the building façade or walls to have a bigger role in building physics and per-
formance. On the other hand, real-life fabrication or its integrality with the AM workflow
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from design to fabrication was not considered. In other fields, CFD as a tool for optimizing
the pressure loss in manifolds for combustion engines has been studied in a number of
projects (e.g., [4–6]). Another area of research that focused on optimizing the ventilation
system and applied this to a methodology for AM was inspired by termite mounds [7].
However, no tests or CFD analyses were performed in this study. To our knowledge, using
CFD for optimizing a smooth non-manifold ventilation distribution system within building
components has not been performed before.

In this research, we propose an integral approach for the design and manufacturing of
such a building component, a façade wall in which the ventilation distribution system is
integrated. This integration results in a complex design with intricate geometric qualities.
Traditional manufacturing techniques cannot effectively answer the need for producing
such complex forms in an efficient, affordable, and sustainable way. On the other hand,
AM is considered an enabling technology where such complexity is needed.

In the Architecture, Engineering, and Construction (AEC) industry, AM can allow
automated production processes, integrating the entire workflow from the initial concept
design to the final fabrication stage. The main promises of AM for AEC also appear
as the production of intricate geometries, the potential to reduce material waste, and
experimentation with novel materials. The growing interest in AM in the industry is
encouraging both the use of novel materials and novel experimentation with known
materials, for the fabrication of building components. In this regard, the use of clay is
being increasingly revisited by the industry, as it potentially can provide environmentally
friendly and affordable solutions.

The international standard ISO/ASTM 52900:2001 defines AM as the general term
for the process of joining materials to make parts from 3D model data, usually layer upon
layer [8]. There are several AM methods, such as Fused Deposition Modelling (FDM),
Selective Laser Sintering (SLS), Selective Laser Melting (SLM), Liquid Binding in Three-
Dimensional Printing (3DP), Inkjet Printing, Contour Crafting, Stereolithography, Direct
Energy Deposition (DED), or Laminated Object Manufacturing (LOM) [9]. This research
specifically explores extrusion-based AM, which is suggested as a method that offers greater
design freedom, larger building volumes, and more cost-efficient production than liquid-
and powder-based AM processes [10]. In extrusion-based AM, the material is selectively
dispensed through a nozzle or orifice [11] to create a solid object in successive layers.
Several materials that have appropriate viscosity for extrusion and hardening properties
after extrusion can be used in this method. In the AEC industry, one of the most commonly
used materials in this method is concrete. Extrusion-based AM of concrete occurs when
“printable” cement-based material is extruded through nozzles made of different sizes to
form a layered structure [12]. Similarly, in this research, clay is explored as a potentially
sustainable and effective building material in large-scale extrusion-based AM applications
for building constructions.

Several review articles (e.g., [13–19]) explore the opportunities and challenges of AM
in the AEC industry. More specifically, a critical review article analyzes the state-of-the-art
research on digital earth construction and suggests that development of the digital earth
construction explicates the potential of earth construction and expands the scope of digital
manufacturing in construction beyond cement-based materials that are environmentally
less friendly [20]. A perspective article argues that the construction industry needs to
transform to combat environmental issues by using modified naturally sourced materials,
and suggests a new construction paradigm centered on these materials [21]. Another
research suggests that AM with clay has several benefits for the construction industry; such
as good mechanical strength, low material cost and environmental impact, and recyclability
of the raw material [22]. Similarly, another study argues that AM with mud has the potential
to reintroduce traditional materials within our contemporary design culture, answering the
current demands of sustainability, energy efficiency, and cost in construction [23].

One of the most known commercial applications of architectural AM with clay is the
TECLA House built by the WASP system [24]. One of the research projects in this field
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introduces a novel approach to clay bricks for construction, focusing on complex internal
geometries based on minimal surfaces by using AM [25]. The Biodigital Clay Bricks project
aims to minimize material consumption and processing while maintaining functional
design through AM [26]. Another research presents a parametric design approach for AM
using earth- and clay-based materials and evaluates the outputs of the developed algorithm
for controlling the design and manufacturing processes [27]. The Saltygloo, MUD Frontiers,
Bloom, and the Cabin of 3D Printed Curiosities projects explore how salt, soil, cement,
and chardonnay can be used in construction applications [28]. The effects of AM on the
mechanical behavior of stoneware bricks are presented in another research paper [29].

Following the literature review, and the recent developments in industrial applications
and scientific studies, this research explores the usability of clay in AM for producing a
ventilation-integrated façade wall that has a complex geometry. To this end, it studies
the material qualities and behavior during and after manufacturing, and the ventilation
performance concerning morphology design. The results are demonstrated through a proof
of concept that integrates the ventilation distribution and supply system into the design
of the wall, which results in a highly intricate geometric design that is too challenging to
fabricate by using common traditional building methods. This is the point where AM is
considered a potentially feasible manufacturing solution that can facilitate the production of
the wall as a single-material multi-functional building component. To this end, a complete
workflow was developed that integrates the design, analysis, and optimization of the
geometry as well as the automation of the fabrication through AM. By using this workflow,
a concept design was developed and then it was partially prototyped by using clay through
robotic AM.

2. Design of the Displacement Ventilation

Displacement ventilation was chosen as the system to be integrated within the research
prototype, which has its advantages as well as limitations. Figure 1 illustrates the main
principles of Mixing Ventilation Systems (left) and Displacement Ventilation Systems (right).
The advantages of Displacement Ventilation can be summarized in four points. Firstly,
better Indoor Air Quality (IAQ) can be achieved compared to conventional mixing systems.
Due to the buoyancy forces of the air supply, it is assumed that the contaminated air
will be exhausted from the higher returns easily. Secondly, it requires lower air-supply
velocities which enable reduced fan energy consumption [30]. Thirdly, higher chiller
efficiency is achieved by the relatively higher temperature of the return air and lower
supply temperature. Finally, a lower air-supply velocity yields lower noise levels [31].
On the other hand, the limitations of the system affect and are affected by the spatial
characteristics, such as the room height being higher than about 2.8 m and the room depth
being smaller than 8–9 m to allow the ventilation air to reach the entire space. These
limitations were considered in the design of a hypothetical case study for prototyping.

2.1. Case Study: Room Dimensioning

The city of Seville in Spain was chosen as the location for the case study. According to
the Köppen climate classification system, it has a Mediterranean hot dry summer climate
“Csa” [32]. The weather data were used in the calculations and simulation for the cooling
loads of an office room, which is the chosen case study in this research. Figure 2 shows
the layout of the office space that is used as the case study. As shown in this figure, the
open floor plan of an office building is assumed to have a core where the building services
are located. Out from that core, air ventilation ducts are distributed over the office rooms.
In our design, the proposed wall is supposed to act both as a supply duct and a grille.
The corner room of the floor plan was chosen with a floor surface area of 30 m2, and an
occupation of 3 persons.
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Figure 2. The layout of the office space ((A) Top view. (B) Axonometric view). The façade wall that is
designed in this project as the case study is indicated in orange. The blue walls are the other walls of
the office room.

2.2. Case Study: Duct Dimensioning

For low-pressure ventilation systems, the equal friction method is advised by the
standard [33]. In this method, the pressure drop per unit length is the same in all branches.
The resultant duct diameter of this method and the permissible pressure drop per unit
length are considered as criteria for verifying a proposed morphology of a designed façade
wall and its applicability.

Table 1 summarizes the values used as criteria for the façade morphology design
and duct dimensioning. The required cooling was calculated using a simulation model in
Design Builder 5.5.2.007 software. In this simulation, the U-value of the external façade was
0.73 W/m2K, which is within the recommended range for new buildings in the Spanish
code for the Seville region [34]. At a room temperature of 26 ◦C, the required cooling load
was estimated at 1.0 kW. With a ventilation supply temperature of 18 ◦C, this corresponds
to an airflow rate of 100 dm3/s. Eventually, a duct diameter of 0.2 m was used as a base and
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a starting point to generate the morphology that sprang off into smaller branches, while
the total pressure drop was used to verify each variation generated for the morphology
using CFD modeling. For traditional air ducts, the pressure loss is 0.6 Pa/m.

Table 1. Summary of the calculated values used to determine the initial design and verification
criteria for the façade morphology.

Method Function Value

Design Builder Analysis
U-Value 0.73 W/m2K

Cooling load 1.0 kW

Literature Review

Supply air temperature 18 ◦C

Cooling setpoint 26 ◦C

Reynolds number 39,452

Case Study Design Airflow rate 100 dm3/s

Friction Loss Diagram [33]
Pressure loss 0.6 Pa/m

Duct diameter 0.2 m

2.3. Façade Morphology Generation

The designed wall is a non-structural façade unit, which on a building scale may
constitute a connected system of ventilation ducts. A façade unit is implemented and
created by and within the printing infill. To avoid high-pressure drops and inconsistent
ventilation supply rate over the façade, the wall is considered to be connected by a main
duct that runs horizontally at the top of the façade on each floor. This main duct supplies
the air to the façade units at one supply point, from which the air is further distributed
downwards to the lower supply openings in the façade surface.

Figure 3 shows the concept initial design (left) and the improved design (right) of the
wall with ventilation. In the initial design, multiple façade units can be connected in the
horizontal direction to allow a continuous air supply that goes through all of the units.
This design is expected to cause more pressure losses throughout the whole façade. In the
improved design, each façade unit can be attached to the main supply duct independently,
allowing air distribution from top to bottom in each unit. This design version is expected
to perform more efficiently.
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Six design principles were implemented to generate the duct geometry and morphol-
ogy. Firstly, the air direction in the main supply channel is vertically downward, allowing
the air to flow smoothly and in an equally distributed manner towards the outlet openings
at lower positions. Secondly, the printing orientation of the unit resting on the long edge
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reduces the risk of buckling due to the material accumulation as well as providing the
support layers for the overhanging air outlets during printing. In Figure 4, the effects of
printing direction are shown as horizontal (A) and vertical (B), regarding the orientation
of the air supply ducts. The horizontal direction results in more overhangs with less suc-
cessive materials. The vertical direction results in more support for overhangs. Therefore,
manufacturing the wall vertically is considered to be more stable.
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Thirdly, the shortest walk between the inlet supply point to the outlet supply points is
found through the A* Algorithm, which is a common path-finding topology algorithm in
computer science. This shortest network reduces the total pressure loss from the inlet to
the outlet as well as the material required for the printing. Figure 5 illustrates the design of
the duct morphology, which is based on four principles: Figure 5A achieving the shortest
network between inlet and outlet points, Figure 5B having outlet diameters smaller than
inlet diameters, Figure 5C providing smooth corners, and Figure 5D directing the overhang
outlets to the interior. Next, an inlet-to-outlet diameter ratio was chosen to have control
over the air distribution. Furthermore, the geometry edges are smoothed to eliminate
sudden changes to reduce frictional losses. Eventually, the outlet openings are overhung
from the interior wall surface which better directs the air towards the floor than a flushed,
flat opening.

Based on the above-described principles, different geometries and morphologies were
generated which were further analyzed using CFD.

2.4. Ventilation-System Verification

The geometric model of the façade air channel system was created in Grasshopper 1.0
and Rhino 6.0 software, and exported as a mesh model for further analysis to Ansys Fluent
CFD 19.0 software. In the steady-state k-ε CFD model, an inlet air velocity of 3 m/s was
used. The surface roughness will affect the flow and frictional losses, but in this case, the
influence of the duct’s morphology is more prominent in defining the flow characteristics.
We used smooth inner walls in the simulation.

Numerically extracted results were the pressure drop, calculated as the difference
between the average total pressure between the inlet and the outlets, which was compared
against the design criterion. In addition, streamlines and sectional contours were inspected
to identify positions where the flow through the overall geometry may be suboptimal.
This helped in noticing any unnecessary outlet branches, locations with backflow due to
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the sudden changes, or overly direct connections from inlet to outlets creating an uneven
distribution of the supply flow.
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From the evaluation of these trials, we came to the following basic design principles
illustrated in Figure 6:

• Exclude branches that have an angle between 10 and 25 degrees. This seems counter-
intuitive, but branches within that range are relatively inefficient in distributing the
air over a wider area (Figure 6A).

• Reduce direct inlet-to-outlet flow paths to ensure better distribution of the air over the
branches and outlets of the wall (Figure 6B).

• Avoid cavities (main nodes) that distribute to more than four branches. This reduces
backflows and hence pressure losses (Figure 6C).

• Reduce the number of distribution nodes in the main branches.

Based on these principles, four different geometries, shown in Figure 7, were generated
and their performance was analyzed in terms of air distribution and pressure-drop behavior.
G1 exhibits inefficient branching patterns characterized by angles ranging from 10 to
25 degrees. G2 illustrates the potential for inefficient distribution resulting from direct
inlet-to-outlet connections. G3 illustrates the impact of wide distribution nodes on the
overall distribution efficiency. G4 incorporated the design principles derived from previous
analyses, yielding better outcomes. The main findings of the CFD analysis on these four
design variations are summarized in Table 2. Calculated pressure losses are about 0.8 Pa/m,
which is only slightly higher compared to a smooth 0.2 m diameter duct. Geometry G4
was chosen for 3D printing the prototype due to its more efficient and maximally even air
distribution over the wall surface.
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Table 2. Summary of the main characteristics obtained from the CFD analysis of four different
geometries (based on a flow path of 3 m in length).

Geometry G1 G2 G3 G4

Mesh faces 311,986 248,570 269,197 328,324

Area in/out ratio 4.4 4 4 4.4

Average outlet velocity (m/s) 0.72 0.76 0.76 0.69

Total pressure (Pa) 2.73 2.26 2.67 2.58

Pressure drop (Pa/m) 0.91 0.75 0.89 0.85
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3. Design for Additive Manufacturing

Figure 8 shows the complete design of the wall (350 × 500 cm) with the integrated
ventilation-distribution network in the wall. The image also indicates the part (90 × 70 cm)
of this wall which was considered for prototyping through AM. This part includes three
main design elements of the wall, such as outlets, overhangs, and inner ducts, as seen in
Figure 9. The prototype was rotated 180 degrees from its original orientation for AM as
seen in the same figure. This ensured that the outlets and overhangs were supported by
their bottom layers while manufacturing the prototype.

The infilling, meant to generate the cavity volume between the two wall surfaces, was
not developed through standard slicing software. Instead, it was developed in a custom
way, ensuring two principles were upheld: providing structural stability and integrating
thermal performance.

3.1. Principle 1: Structural Stability

The design of the infilling had to consider three main forces, as shown in Figure 10:

• Forces from the self-weight of the shell (wall outer surface) can cause buckling.
• Forces from self-weight of the inner air ducts, especially when they cantilever.
• Lateral outdoor forces such as wind and earthquakes.



Buildings 2023, 13, 2676 10 of 22Buildings 2023, 13, x FOR PEER REVIEW 10 of 23 
 

 
Figure 8. The design of the integrated ventilation-distribution network in the wall. The indicated 
part was selected for prototyping through AM. 

 
Figure 9. The outlets, overhangs, and inner ducts, seen within the part chosen for prototyping. (A) 
The original orientation of the part. (B) The part rotated 180° for prototyping (the blue arrows indi-
cate the rotation). 

The infilling, meant to generate the cavity volume between the two wall surfaces, was 
not developed through standard slicing software. Instead, it was developed in a custom 
way, ensuring two principles were upheld: providing structural stability and integrating 
thermal performance. 

3.1. Principle 1: Structural Stability 
The design of the infilling had to consider three main forces, as shown in Figure 10: 

• Forces from the self-weight of the shell (wall outer surface) can cause buckling. 
• Forces from self-weight of the inner air ducts, especially when they cantilever. 
• Lateral outdoor forces such as wind and earthquakes. 

Figure 8. The design of the integrated ventilation-distribution network in the wall. The indicated
part was selected for prototyping through AM.

Buildings 2023, 13, x FOR PEER REVIEW 10 of 23 
 

 
Figure 8. The design of the integrated ventilation-distribution network in the wall. The indicated 
part was selected for prototyping through AM. 

 
Figure 9. The outlets, overhangs, and inner ducts, seen within the part chosen for prototyping. (A) 
The original orientation of the part. (B) The part rotated 180° for prototyping (the blue arrows indi-
cate the rotation). 

The infilling, meant to generate the cavity volume between the two wall surfaces, was 
not developed through standard slicing software. Instead, it was developed in a custom 
way, ensuring two principles were upheld: providing structural stability and integrating 
thermal performance. 

3.1. Principle 1: Structural Stability 
The design of the infilling had to consider three main forces, as shown in Figure 10: 

• Forces from the self-weight of the shell (wall outer surface) can cause buckling. 
• Forces from self-weight of the inner air ducts, especially when they cantilever. 
• Lateral outdoor forces such as wind and earthquakes. 

Figure 9. The outlets, overhangs, and inner ducts, seen within the part chosen for prototyping.
(A) The original orientation of the part. (B) The part rotated 180◦ for prototyping (the blue arrows
indicate the rotation).

Buildings 2023, 13, x FOR PEER REVIEW 11 of 23 
 

 
Figure 10. The three main forces (self-weight of the shell, self-weight of the inner air ducts, and 
lateral outdoor forces) that were considered in the infilling design. 

Different infill-pattern design options, shown in Figure 11, were considered for the 
design of the infilling pattern for structural stability, concerning the shell (outer surface) 
thickness. The figure shows: Figure 11A the boundary without infilling, Figure 11B the 
linear infilling design using projected points, Figure 11C the linear infilling design using 
the duct normals, and Figure 11D the cubic infilling design using intersecting straight lines 
as a weaving pattern. The Projected Points (Figure 11B) pattern supports only the lateral 
forces in the direction of the length and neglects the other forces. The Duct Normals (Fig-
ure 11C) pattern supports the lateral forces on the length of the duct. However, it does not 
provide enough support for the forces that are in the direction of the width. Eventually, 
the Weaving Pattern (Figure 11D) stood out as the most suitable pattern to support the 
mentioned three forces and achieve structural stability. 

 
Figure 11. The infilling pattern design options. (A) The boundary without infilling, (B) the linear 
infilling design using projected points, (C) the linear infilling design using the duct normals, (D) the 
cubic infilling design using intersecting straight lines as a weaving pattern. 

Another aspect in regards to structural stability relates to the overhang angles in the 
object. Our experiments have indicated that the overhang angles should be kept below 60° 
for desired structural stability during manufacturing. 

3.2. Principle 2: Thermal Performance 
The infilling pattern aimed at reducing the heat transmittance through the wall, as it 

should achieve a U-value of 0.73 W/m2K. We analyzed the effects of different infill pattern 
design options on thermal transmittance using Therm 7.6 thermal analysis software. Fig-
ure 12 shows how U and R-values change concerning (Figure 12A) solid and void volumes 
within the wall, (Figure 12B) infilling, and (Figure 12C) cavities. Solid infill provides better 
insulation compared to larger air cavities, and increasing its thickness enhances thermal 
resistivity or reduces transmittance. The designed weaving infill already features a low U-
value, thanks to the reduced cavity size formed by intersections and the large material 
area it offers. Finally, parallel barriers containing smaller and numerous air cavities align 
with the design criteria for a low U-value. 

Figure 10. The three main forces (self-weight of the shell, self-weight of the inner air ducts, and lateral
outdoor forces) that were considered in the infilling design.



Buildings 2023, 13, 2676 11 of 22

Different infill-pattern design options, shown in Figure 11, were considered for the
design of the infilling pattern for structural stability, concerning the shell (outer surface)
thickness. The figure shows: Figure 11A the boundary without infilling, Figure 11B the
linear infilling design using projected points, Figure 11C the linear infilling design using
the duct normals, and Figure 11D the cubic infilling design using intersecting straight
lines as a weaving pattern. The Projected Points (Figure 11B) pattern supports only the
lateral forces in the direction of the length and neglects the other forces. The Duct Normals
(Figure 11C) pattern supports the lateral forces on the length of the duct. However, it does
not provide enough support for the forces that are in the direction of the width. Eventually,
the Weaving Pattern (Figure 11D) stood out as the most suitable pattern to support the
mentioned three forces and achieve structural stability.
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Another aspect in regards to structural stability relates to the overhang angles in the
object. Our experiments have indicated that the overhang angles should be kept below 60◦

for desired structural stability during manufacturing.

3.2. Principle 2: Thermal Performance

The infilling pattern aimed at reducing the heat transmittance through the wall, as
it should achieve a U-value of 0.73 W/m2K. We analyzed the effects of different infill
pattern design options on thermal transmittance using Therm 7.6 thermal analysis software.
Figure 12 shows how U and R-values change concerning (Figure 12A) solid and void
volumes within the wall, (Figure 12B) infilling, and (Figure 12C) cavities. Solid infill
provides better insulation compared to larger air cavities, and increasing its thickness
enhances thermal resistivity or reduces transmittance. The designed weaving infill already
features a low U-value, thanks to the reduced cavity size formed by intersections and the
large material area it offers. Finally, parallel barriers containing smaller and numerous air
cavities align with the design criteria for a low U-value.

It was thus observed that optimal performance is obtained through a geometry with
many voids perpendicular to the heat-transfer direction. For the final design, it was
therefore decided to mainly add horizontal barriers, in combination with the Weaving
Pattern, to the infilling design (Figure 13).

3.3. Toolpath within Parametric Model

A parametric model was developed in Grasshopper 1.0 to slice the wall geometry and
generate the printing layers as continuous curves to be used as a robotic toolpath. The
printing layers can be adjusted through variables in the parametric model, to adjust the
thermal and structural performances concerning the principles explained above. Figure 14
shows three design options with different infilling densities resulting in different thermal
buffer amounts, cavity-width thicknesses, and structural support nodes. Eventually, the
model exports the curves into RoboDK 3.8 software, which was used to generate the robot
simulation and program.
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4. Material Explorations
4.1. Clay Type

Rhodes [35] considers clay as the earth’s crust surface that consists of silica and
alumina components and might have occasionally, and depending on the source, some
oxides and minerals. This composition has a plastic state when wet and a hard stone-like
state when dried and fired. However, earth as a material might consist more of sand, silt,
and different minerals, which is not the case we are handling in this research.

Comparing different properties of different clay types according to their color, firing
temperature, plasticity level, availability in the market, shrinkage performance, surface
stiffness, and thermal resistivity, as seen in Table 3, the selected clay type used in this re-
search is based on the literature review. Although kaolin has the highest thermal resistivity,
preferred architecturally, its availability is lower than the other two types. Also, kaolin’s
plasticity is lower and requires a composition of different secondary clay to acquire the best
workability properties [35].

Table 3. Comparison of clay types. Stoneware is the type of clay which is used in this research.

Clay Type Color Temperature Plasticity Availability Shrinkage Surface
Stiffness

Thermal
Resistivity

Kaolin Whites <1800 ◦C Low Low Low Low 2.70 W−1mK

Stoneware Grays 1200 ◦C–1300 ◦C Mid–High High Acceptable High 2.58 W−1mK

Earthenware Red, Brown, Black 950 ◦C–1000 ◦C Low–High High N/A Medium 2.16 W−1mK

On the other side, stoneware has the next highest thermal resistivity after kaolin [36],
yet it is mostly highly available. Moreover, stoneware, unlike earthenware, has a high
surface stiffness and hardness especially after firing, which is potentially useful for outdoor
non-structural applications such as façade panels or walls as in this research. In addition,
since stoneware has less organic matter than earthenware, its shrinkage is also more
predictable than earthenware [35].

Considering these aspects of its thermal properties, availability, and surface stiff-
ness, along with its appealing gray color, stoneware is used in this research in a
façade application.

4.2. Material Mixture Experiments

Material experiments were conducted with different material additives, aiming to find
the most suitable mixture to be used for prototyping in this research. A detailed table that
includes the results of the material experiments is presented as Supplementary Material
(Table S1). Based on these results, the recommended water ratio in the mixture was found
to be 27.5% as the minimum and 35% as the maximum.

Out of the seven different additives used, only Chamotte 0–0.2 mm, gypsum, and saw-
dust, as additives, were successfully printed and showed printability potential. Figure 15
shows the results of the preliminary extrusion tests with the selected material mixture
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(chamotte 0–0.2 mm and gypsum). The unsuccessful mixtures, chamotte 0–1 mm and
gelatin, were concluded to be not printable. Lastly, wheat flour and water glass resulted
in undesirable behavior in printability. Images of extrusion experiments with different
material mixtures are presented as Supplementary Material (Figure S1).
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If used solo, the clay body with only water in the mixture has a high rate of shrinkage,
up to around 11%. While adding wheat flour decreases the shrinkage rate to around 8%,
Chamotte 0–0.2 mm decreases it to 4%. Layer building speed increased in the last mixed
bodies seen in Figure 15, as the mix of chamotte 0–0.2 mm with gypsum had the highest
building speed at 0.4 layers/min. This is thought to be because of the fast hardening of the
gypsum and the better densification and binding of the chamotte. Although the sawdust
mix with Chamotte 0–0.2 mm showed a smaller percentage of shrinkage, it is logistically
difficult to supply well-sieved sawdust in large quantities for more extensive prototyping.
It also consumes more water content and, therefore, loses more of its weight on average.

In conclusion, clay, 30% chamotte with 0–0.2 mm grain size, and 10% gypsum should
all be mixed with 30% water as a percentage of the total body weight. This mixture showed
the highest potential in terms of printability and material behavior and was used further
for the prototyping.

5. Prototyping
5.1. Hardware

The hardware that is used for prototyping includes the tools for preparing the paste
material (clay mixture) and the printing-process control devices which allow adjusting
the extrusion rate and speed as well as the robot arm. The extrusion system consists
of two main parts. The first part is a PVC cartridge setup that has a capacity of 2.5 L.
It feeds the material into the extruder through air compression. The second part is the
extruder, which is a customized version of the LUTUM V8.1 extruder. The customization
was made to enable higher material flow. It consists of a 10 mm metal screw controlled by a
stepper motor, a cast metal case, and a 3D printed nozzle with 11 mm hole diameter. When
assembled, the extruder is mounted on a robot arm. Figure 16 shows the main components
of the extruder (Figure 16A: stepper motor, Figure 16B: metal case, Figure 16C: nozzle) and
the complete setup mounted on the robot arm (Figure 16D). The robot arm used in this
project was a Comau NJ60-2.2.

5.2. Software

The integrated digital workflow, from design to manufacturing, is illustrated in
Figure 17. A parametric model, for the design of the ventilation wall, was developed
in Rhino 6.0 and Grasshopper 1.0 software. CFD verification was performed using Ansys
Fluent 19.0 software by analyzing each design variant. After finalizing the design to be
prototyped, another parametric model was developed in Grasshopper 1.0 for slicing design,
including the layers for AM and infill designs. Then, the robot toolpath was developed
in Grasshopper 1.0 based on the layers and infilling. The robot workspace was modeled



Buildings 2023, 13, 2676 15 of 22

in Rhino 6.0. Eventually, the toolpath and the workspace were exported to RoboDK 3.8,
where the robot program and simulation were created.
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5.3. Results from Prototyping

The results that are obtained from the prototyping experiment can be discussed in
three categories. The first category is the material behavior, observed before, during, and
after prototyping. The second category includes the prototyping setup in terms of the used
hardware and the effects of the tools used. The last category includes the design of the
robot toolpath.

5.3.1. Material Behavior

The material has a significant effect on the mechanical qualities of the manufactured
object as well as the manufacturing process. The viscosity of the paste material affects the
amount of air pressure required for extrusion and the speed of the robot’s movements.
Therefore, the time needed for manufacturing is closely linked to viscosity. Viscosity is
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related to the proportion of water in the paste, the mixing process, and the quantity of the
paste material.

The proportion of the water in the paste material has a sensitive effect on the printing
speed. It needs to be aligned with the nozzle size used and the flow rate. In our experiments,
a water proportion of 34% was found to be optimum. By increasing it by 2%, from 34%
to 36%, manufacturing speed could have been doubled. However, this would have other
consequences on the final product as well. One of the major impacts of water use in
the mixture is the change in weight after the object is manufactured and dried. For
manufacturing the final prototype, we used 17 kg of material. The total weight of the
object after drying was measured as 12 kg. This corresponds to a weight loss of almost 30%,
most of which was due to water loss, and partly due to material waste.

A lower water proportion results in slower manufacturing, whereas a higher water
proportion causes shrinkage and cracks, as well as a higher risk of buckling during manu-
facturing. The homogeneity of the paste plays a vital role in the quality of the final product.
If the paste is not mixed well, clay can form lumps in the paste. This can cause the nozzle
to clog, which results in discontinuity during extrusion. Figure 18 shows the discontinuity
in extrusion, which is caused by the clogged nozzle.

Buildings 2023, 13, x FOR PEER REVIEW 17 of 23 
 

The proportion of the water in the paste material has a sensitive effect on the printing 
speed. It needs to be aligned with the nozzle size used and the flow rate. In our experi-
ments, a water proportion of 34% was found to be optimum. By increasing it by 2%, from 
34% to 36%, manufacturing speed could have been doubled. However, this would have 
other consequences on the final product as well. One of the major impacts of water use in 
the mixture is the change in weight after the object is manufactured and dried. For man-
ufacturing the final prototype, we used 17 kg of material. The total weight of the object 
after drying was measured as 12 kg. This corresponds to a weight loss of almost 30%, most 
of which was due to water loss, and partly due to material waste. 

A lower water proportion results in slower manufacturing, whereas a higher water 
proportion causes shrinkage and cracks, as well as a higher risk of buckling during man-
ufacturing. The homogeneity of the paste plays a vital role in the quality of the final prod-
uct. If the paste is not mixed well, clay can form lumps in the paste. This can cause the 
nozzle to clog, which results in discontinuity during extrusion. Figure 18 shows the dis-
continuity in extrusion, which is caused by the clogged nozzle. 

 
Figure 18. Discontinuity in extrusion, caused by the clogged nozzle ((A) Top view, (B) Side view). 
(The marks in cyan color indicate the spots where discontinuity is visible). 

Filling the cartridge with the material paste was crucial for the accuracy and builda-
bility of the prototype. While the paste is filled into the cartridge, air cavities can be 
trapped inside the mixture. These cavities cause what we call Air Shots out of the nozzle 
during manufacturing, which are experienced as small explosions through the nozzle dur-
ing extrusion. They cause discontinuity in extrusion as well. Moreover, they can also dam-
age the object during manufacturing as seen in Figure 19. 

 
Figure 19. Damages and discontinuities caused by Air Shots. (A) A damage affected multiple layers 
(marked in cyan). (B) Discontinuity within layers (marked in cyan). 

Shrinkage is a major aspect that can be observed after manufacturing while the pro-
totype dries. It causes the size of the prototype to change over time and cracks on the 
object. Noticeably, these cracks are concentrated at the nodes of material accumulation 
and intersections. Figure 20 shows the intersection nodes (in yellow) and the locations of 
the major cracks (in cyan). 
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(The marks in cyan color indicate the spots where discontinuity is visible).

Filling the cartridge with the material paste was crucial for the accuracy and buildabil-
ity of the prototype. While the paste is filled into the cartridge, air cavities can be trapped
inside the mixture. These cavities cause what we call Air Shots out of the nozzle during
manufacturing, which are experienced as small explosions through the nozzle during
extrusion. They cause discontinuity in extrusion as well. Moreover, they can also damage
the object during manufacturing as seen in Figure 19.
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Figure 19. Damages and discontinuities caused by Air Shots. (A) A damage affected multiple layers
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Shrinkage is a major aspect that can be observed after manufacturing while the pro-
totype dries. It causes the size of the prototype to change over time and cracks on the
object. Noticeably, these cracks are concentrated at the nodes of material accumulation and
intersections. Figure 20 shows the intersection nodes (in yellow) and the locations of the
major cracks (in cyan).
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5.3.2. Prototyping Setup and Tool Effects

The prototyping setup, specifically the manufacturing bed, the extruder motor, and
the cartridge system, had significant effects on the final product. The manufacturing bed
has a direct contact with the first layer of the object. The quality of the final product strongly
depends on the adhesion between the bed and the first layer. Therefore, the surface of the
bed needs to allow strong adhesion during the entire manufacturing process. Moreover,
the material has to be able to stick on the bed, which also relates to the qualities of the
material paste. The initially used bed was an MDF wooden sheet, and when covered later
by a plastic sheet it ensured remarkably better layer adhesion.

Moreover, when the wooden bed absorbed the water content of the material, it caused
the object to experience a shock dry and therefore high shrinkage. This resulted in many
cracks in the printed object. Figure 21 shows the effects of the manufacturing bed on
the prototype. The image on the right shows the prototype manufactured directly on an
MDF board. The board quickly absorbed water from the first layer, which caused cracks
and shrinkage. Therefore, the following layers were affected by this deformation as well.
Moreover, the water absorbed from the clay caused the bed to deform and bend. This led
to a non-planar surface which affected the precision of the whole prototype consequently.
The image on the left shows the prototype manufactured on a bed that was covered by
a plastic sheet. The cover enabled a better first layer by preventing the MDF board from
absorbing water. This resulted in a better prototype with less shrinkage and fewer cracks.
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In our setup, the lack of Input/Output (I/O) control over the motor during extrusion
led to material accumulation in the intersection nodes and therefore crack concentration
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at these nodes. In addition, it created excessive material on the outer surface at each line
starting point as well as around 30% material waste. I/O control from within the robot
program could allow the process to be more efficient in terms of material waste and result
in better material behavior. Exploring the effects of I/O control during extrusion would be
a further research objective.

The volume capacity of the used cartridge was small relative to the size of the pro-
totype. One full cartridge was enough to manufacture only two layers. This meant a
discontinuous supply of material and caused different manufacturing timing per two
layers of the object. Hence, it resulted in less precision and more time consumption in
refilling and restarting the printing process.

5.3.3. Robot Toolpath Design

The total length of the toolpath used for manufacturing the final prototype was 246 m
in 20 successive layers. This resulted in the final prototype seen in Figure 22, which was
70 cm in length, 30 cm in width, and 10 cm in height (the measurements were taken on the
dry object).
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The production of the final prototype and the preliminary samples indicate the follow-
ing guidelines concerning the design of the toolpath:

• The manufacturing time is profoundly affected by the design of the infilling, as it
determines the total toolpath length. Increasing the toolpath length results in longer
manufacturing time.

• The amount of intersection nodes along the toolpath affects the number of cracks
on the final object. Minimizing the number of intersections can lower the amount
of cracks.

• Intersections also cause excess material to accumulate on the nodes. This affects the
visual qualities of the object and impacts its precise dimensioning, particularly when
the infilling curves intersect with the shell. As it is difficult to precisely control the
material flow within short distances with our hardware setup, we advise developing a
different strategy on these nodes in the design of the toolpath.

6. Conclusions

This research presents an integrated design and manufacturing workflow that demon-
strates how AM can be used for producing building components with integrated displace-
ment ventilation distribution. The integration of an air distribution duct network into a
building component, such as a façade wall, results in intricate geometric designs, which
validate the use of AM technology for production. In this context, AM is suggested as an
enabling technology, the absence of which makes the production of such complex forms
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inefficient, if not impossible. It is also suggested that such integration through AM can
make the construction process more efficient by eliminating the need to install additional
ventilation equipment after the wall is built. Moreover, the research argues that low-carbon
building materials such as clay can be used for the production of these complex components
towards more environmentally friendly solutions. Last but not least, with this approach,
typical ventilation ducts can be revisited as aesthetical spatial components with exceptional
architectural qualities as seen in Figure 23.
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The experiments on a proof of concept demonstrate that available software and meth-
ods in computational design and analysis can provide solutions for a workflow that inte-
grates concept-design development, analysis, optimization, and fabrication through AM.
In this project, the ventilation distribution was designed following the conventional design
principles that are used in common duct installations. Based on this, evaluation criteria
were set for the verification of a more complex design. Different variants of a complex-
shaped ventilation system were generated and verified via CFD simulations. A portion of
the final design was prototyped in a 1:1 scale to test the efficiency of clay for manufacturing
the resulting complex geometry through AM by using a robot arm. The geometry was
further analyzed and optimized to improve the structural and thermal performance of the
object through a customizable infill pattern design.

The object geometry, including the custom infill pattern and the robot toolpath needed
to manufacture the prototype, were designed through a parametric model in Grasshopper
1.0 software. Then, RoboDK 3.8 software was used to simulate the robot and to generate
the offline robot program.

The prototype was manufactured using clay. Based on the literature review and
material experiments, the mixture of clay, gypsum, and chamotte was considered the
best in its performance and hence was used further in this research for prototyping. The
most appropriate material composition for manufacturing the designed prototype with the
available infrastructure and hardware was found to be 30% chamotte, 10% gypsum, and
30% water, in proportion to the clay used. Stoneware clay was chosen due to its suitable
architectural properties in terms of surface stiffness, shrinkage rate, and availability. In
terms of the material qualities, the main conclusions of this research include that it is
important to achieve good viscosity and to maintain it through the manufacturing process.
Air cavities and clay lumps in the paste should be avoided when filling in the cartridge. It is
advised that after preparing the paste, it should be kept covered to keep its moisture while
waiting for manufacturing. In this research, the preparation of the material, from mixing
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the composite to filling the cartridge, required prominently manual labor. Automation of
this process could be investigated in future research.

The size of the cartridge directly influences the maximum size of the object that
will be manufactured. The volume of the cartridge used in this research was limited
to 2.5 L. A larger cartridge would enable the production of larger objects. Moreover, a
cartridge system with integrated continuous material feed could theoretically eliminate this
limitation and it could help to obtain a more homogenous material flow along the entire
manufacturing process.

The extruder used in this research was controlled via Wi-Fi to start and stop the
extrusion, and to change the extrusion speed. This required visually following the extrusion
and manually adjusting it when needed. Integrating the material flow rate as a variable in
the robot program and adjusting it in an automated way concerning the toolpath could
improve the level of automation in manufacturing. However, we suggest that manual
control of material flow would still be useful to overwrite when needed.

Eventually, clay was found to be potentially usable in large-scale components through
AM. However, more research is needed to address problems such as shrinkage, cracks, and
changes in dimensions after the object dries. In this research, the prototype was not fired.
The effects of firing the manufactured object need to be investigated in further research
as well. Improvements in the extrusion setup, particularly customizing material flow rate
along the toolpath, need to be explored. As a common outcome of large-scale AM, the
surfaces of the final prototype have a certain degree of roughness, which was not included
in the CFD simulations. The effects of surface roughness on airflow can be analyzed in
further research through simulations and tests on physical prototypes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/buildings13112676/s1, Figure S1: Images of extrusion experiments with
different material mixtures; Table S1: Material Experiment Results.
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