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Section 1

Additive Manufacturing in the built
environment

Despite decades of development, large-scale 3D printing (3DP)
has not found widespread application in the built environment
(El-Sayegh et al., 2020), nor has it delivered any commercially
available and widely used products within the construction in-
dustry (Rashid et al., 2020). Nonetheless, advancements towards
adapting the technology are being made, with the bulk of inno-
vation focusing on 3D concrete printing (3DCP) (Rashid et al.,
2020). Although the potential of these advancements is signif-
icant (already entire buildings are being printed in a matter of
days) (Weger et al., 2021), right now, the main motivators are
economical in nature, resulting in an excessive focus on time and
efficiency gains (Niaki et al., 2019). This leads to the major part of
development being done on the 3DP technology itself, rather than
on developing truly innovative new ways to design and construct,
causing a continuation of the traditional construction and design
practices. This is problematic not only because traditional ways of
designing and constructing can be inefficient and its perpetuation
stifles radical innovation (R. A. Buswell et al., 2007), but also be-
cause research is divided on the question if large-scale 3D printing
will be either faster or cheaper when deployed to produce tradi-
tionally designed buildings and building components (Wu et al.,
2016) (Yin et al., 2018). Instead, research suggests that to make
large-scale adaptation 3DP possible, it should be used to facilitate
a paradigm shift towards holistic (Jared et al., 2017), or free-form
(R. Buswell et al., 2005) design, two concepts that describe the
practice of enhancing building components efficiency or adding
multiple functionalities through geometric complexity which, due
to the way additive manufacturing works, does not add to pro-
duction cost, which is often referred to as complexity for free. But
adapting this way of designing is not a trivial task. Despite that,
it might be the way to unlock 3D printing as a feasible production
method within the construction industry.
Yet even the widely held belief that complexity comes for free is
no longer a widely accepted claim (Kim et al., 2022; Pradel et al.,
2017). The consequences of this realization are reflected in the
stagnant growth of the 3D printing sector, as pointed out by Peels
(2023) in his article, RIP 3D Printing: 1987–2023, Complexity
is Expensive (Peels, 2023). He does, however, offer a tangible
solution, which might provide the way forward for 3D printing.

Figure 1: Feasible 3D printed solutions might be unlocked through
complex, holistic design, which in turn is now possible because of
3D printing

"In essence, weve been constructing tools and solutions for a theoretical future rather than addressing
the industrys immediate needs. This gap signals unexplored opportunities, offering a glimmer of hope for
innovation and growth."

With this in mind, this thesis aims to serve as a case study to ap-
proach product design holistically, reasoning from the advantages
that come with 3D printing and aiming to meet immediate needs
in the built environment.
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Section 2

Methodology

To do so, this thesis will offer a thorough evaluation of the strengths
and weaknesses of additive manufacturing within the built envi-
ronment. It will explore what AM in its current form can imme-
diately achieve if it were to be adopted on a large scale within
the construction sector and will explore how these factors de-
termine the design requirements for mass-producible 3D-printed
solutions. To do so, this thesis is built up out of three distinct
parts. The first part explores the impact 3D printing could have
on the built environment by first defining concrete goals for the
built environment, which will allow the identification of imme-
diate needs within the sector. Secondly, it will explore how the
inherent strengths of AM might be optimally exploited to con-
tribute to reaching these goals, and what criteria a design has to
adhere to for it to be feasibly 3D printed. Lastly, it will provide an
overview of existing research in the field of AM that meets these
criteria. Based on this, the following problem statement (PS) has
been formulated.

[PS] Despite decades of development, the adoption of large-scale 3D printing (3DP) in construction re-
mains limited, with a focus on economic gains over innovative design and construction methods, hinder-
ing efficiency and radical innovation, while ongoing debate surrounds its cost-effectiveness for traditional
building designs, highlighting the need to bridge the gap between theoretical advancements and practical
industry needs for innovation and growth within the 3D printing sector.

To research this issue effectively, the following research question
(RQ) has been formulated.

[RQ] How can a shift towards a more holistic design approach facilitate the widespread adoption of additive
manufacturing in the built environment, addressing immediate industry needs and fostering innovation and
growth?

The research question is further divided into the following sub-
questions, which will be answered throughout part one of this
thesis. All of them will be answered through literature research.

[SQ-I] What are the immediate needs in the construction industry?

[SQ-II] How might 3DP contribute to meeting these needs?

[SQ-III] What criteria do 3DP products need to meet to unlock 3DP as a feasible manufacturing method?

[SQ-IV] What existing research exists that meets these requirements?

The second part of this thesis will explore how 3D printing can
combine some of the existing concepts into a single, holistic design
and create a multi-functional component using a case study. It
will also be assessed if the same product can be realized with
alternative manufacturing methods, and what the advantages of
AM are in comparison, allowing an informed conclusion to be
drawn about the added value of 3DP. It will have its own set of
sub-questions, which will be formulated based on the findings of
part one. This part will also answer the main research question.
The third part is reserved for the designing and prototyping of
the final product, which will be informed by all the findings of
this thesis.
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Section 3

objectives

Given the fact that the built environment is responsible for 30%
percent of global emissions according to the International Energy
Agency (2022), the most pressing need for the sector is to reach
the net-zero emissions (NZE) targets by 2050 (International En-
ergy Agency, 2021, 2022). Currently, however, the sector is far
from reaching that goal (International Energy Agency, 2023). To
accelerate innovation in the right direction, the IEA has compiled
a set of guidelines that they regard as essential to reach the goals
(International Energy Agency (IEA), 2022), of which the most
relevant for this thesis is the need to renovate nearly 20% of the
global existing building stock to zero-carbon-ready by 2030. To
reach this objective, an annual deep renovation rate exceeding 2%
is required from now until 2030 and beyond. For Europe, this
means that 75% of the entire EU building stock which has been
identified as low quality will have to be renovated into Near Zero
Energy Buildings (NZEB) (European Parliament, 2023). For the
Netherlands, this means that 2.5 million dwellings will have to
be renovated by 2050 (Volkshuisvesting en Ruimtelijke Ordening,
2022). Achieving the target of retrofitting this amount of buildings
to a zero-carbon-ready level by 2030 is ambitious but necessary,
and provides a clear and urgent objective for 3DP applications. At
the same time, searching for applications in new construction is
also relevant, as the IEA estimates a 75% increase in floor area in
the next three decades. However, Only 20% of this is expected to
be in developed countries. (International Energy Agency, 2022).
The challenge faced in Europe is therefore to refurbish. Addi-
tionally, solutions that work in renovation will also work in new
construction, therefore this thesis will aim to identify applications
primarily suited for applications in renovation.
But carbon emissions are not the only concern in the indus-
try. Changing climate and political situations have prompted the
World Global Building Council (WGBC) to formulate an addi-
tional set of key aspects of sustainable and future-proof design
which are (on top of carbon emissions) that the built environment
should aim for resilience, circularity, access to water, biodiversity,
health, and equity (World Green Building Council, 2023). Even
though these are not written specifically to guide innovation, they
do provide a clear direction as to where innovation should lead.
As such, this thesis will consider carbon reduction, resilience, cir-
cularity, health, and equity as the main criteria for innovation in
the built environment.

3.1 The potential of AM

Having identified these objectives, it is important to understand
what the role of 3DP technologies might be and how they can
provide rapid solutions. This has been researched in depth by
El-Sayegh et al. (2020). Summarizing their findings, AM holds
the potential to increase construction speed, decrease its costs,
allow for free-form design, decrease the supply chains, and thus
overall increase productivity1. On an environmental level, AM
makes formwork redundant, generally creates less waste due to
its additive (rather than subtractive) nature, and allows the use
of recycled materials. The following chapters will explore how
these strengths can contribute to reaching the objectives of the
built environment formulated in the previous chapter.

1 even though in the history of technology in the context of capitalism, increases in
productivity and efficiency have only ever led to people working and consuming
more rather than less, meaning that an increase in productivity is only an envi-
ronmental benefit if the technology is used consciously, as beautifully explained
by Hickel in his book Less is More (Hickel, 2021)
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3.1.1 Carbon

The way 3D printing applications might contribute to carbon re-
duction is twofold. Firstly, it could result in more energy-efficient
production processes. As of present, it is hard to predict the exact
impact this will have due to a multitude of uncertain parame-
ters and interactive effects. However, the American Council for
an Energy-Efficient Economy (ACEEE) estimates that by 2025
the increased deployment of robots, which 3D printers fall under,
will be responsible for 0.57% of the total energy consumption in
America (Barnett et al., 2017) and conclude that the overall impact
of robots will be a positive one when it comes to reducing carbon
emissions, but do stress the importance of keeping track of this
number. These gains come from, among others, highly efficient
equipment powering robots and the full automation of factories,
minimizing lighting and heating requirements, as well as ongoing
research and development efforts that focus on enhancing robot
efficiency.
On top of that, there are the gains of using recycled materials and
the potential to significantly reduce transportation needs. (Ghaffar
et al., 2018) (Khajavi et al., 2021). The positive impact AM can
have during the manufacturing phase is confirmed by Gebler et
al. (2014). In their same research, however, they calculated that
an even larger impact, however, will come from the possibilities
free-form design has to offer since optimized, lightweight parts
will lead to large savings in, for example, the aerospace sector.
This shows that the complexity 3DP allows, despite that it does
not come for free, holds the potential to result in money and
emissions savings elsewhere, which might make the technology
feasible overall. However, there are many challenges to be solved
before free-form design might lead to such a profound impact due
to the complexities it brings with it. (Zhu et al., 2021) (Hinchy,
2019).

3.1.2 Resilience

Another important objective is resilience which, according to the
World Green Building Council (2023) comes down to the adap-
tation of new and existing buildings to new, unpredictable cli-
mate situations and the complications that come along with it.
This has to be achieved primarily by designing for passive sur-
vivability in the event of extended loss of power, heating fuel, or
water (World Green Building Council, 2023). In practice, this
means that designers should strive for passive solutions for the
built environment that do not need electricity or complex sys-
tems to function. Castaño-Rosa et al. (2022) researched in depth
what this means in practice for the built environment, and found
among others that reusing and reimagining existing buildings and
materials, following circular construction principles, is crucial to
improve the characteristics of (existing) buildings and extending
their lifespan. In practice, this might be achieved by implement-
ing passive strategies, including the optimization of a building’s
orientation to maximize daylight or designing buildings to capi-
talize on natural ventilation opportunities while ensuring good air
tightness, continuous insulation, and high-performance windows
to enhance a building’s energy efficiency and resilience. What
might help to achieve this is the emerging multi-criteria analysis
models, which serve as effective tools for assessing the optimal
configuration of building components considering context-related
characteristics and making sure such solutions result in a build-
ing functioning as intended and meeting users’ needs. There is
no immediate way in which 3DP technologies contribute to this.
Rather, these objectives ought to be adopted as guidance during
the design process.
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3.2 Design for Additive Manfufacturing

Thus far it has been shown that the theoretical benefits of 3DP
make the widespread adaptation desirable due to its inherent ad-
vantages. Designing solutions to tackle immediate needs will be an
important factor in ensuring 3DPs’ widespread adaptation. How-
ever, it is only part of what might make additive manufacturing
feasible. The other part consists of designing for additive manu-
facturing (DFAM) by understanding the strengths and limitations
of the technology.

3.2.1 technical considerations

DFAM is discussed extensively by Gibson et al. (2020) and Hinchy
(2019). According to their research, Additive manufacturing should,
like any manufacturing method, be considered carefully during
the early stages of product design to ensure its suitability and
cost-effectiveness, as well as its constraints and common defects,
which include (depending on the type of AM) layer heights, sup-
port structures, and component orientations. Design features such
as overhangs, unsupported elements, small holes, and thin walls
must be carefully considered to prevent build failures. Addi-
tionally, AM has limitations regarding geometrical tolerances and
surface quality, often necessitating post-processing to meet design
requirements.

3.2.2 scalability

AM excels in producing complex, customized, low-volume items.
However, due to its nature, scaling AM to be a cost-effective man-
ufacturing method is a significant hurdle to be solved before AM
will find widespread adaptation. This is because of the slow pro-
duction speeds, limited material availability, the often required
manual post-processing, and the lack of industry-wide standards
(Amfg, 2020, October 14). For this reason, other manufactur-
ing methods are often more cost-effective for high-volume, simple
products. Since the objective of this paper is to develop a scal-
able 3D printed product, important factors to consider will thus
be the product’s function, its performance, complexity, customiza-
tion, sales volumes, and production times, to understand if it can
be feasibly 3D printed on a large scale and to make sure the
product exploits the inherent strengths of 3DP.

3.2.3 strengths

To do so, solutions and products should be identified and designed
that inherently need to be optimized to meet specific and local
needs and requirements, which is also one of the requirements for
resilient design. Secondly, since AM is so well suited to handle
complexity, this should be exploited by identifying principles that
are inherently complex and need to be so to perform their func-
tion and create multi-functional and intricate designs that would
be challenging or impossible to produce using traditional manu-
facturing methods to solve complex and multi-faceted problems2.
Finally, AM supports consolidated manufacturing, where prod-
ucts and components are designed to reduce the need for assem-
bly steps and to streamline the production process. By designing
products to capitalize on these strengths, manufacturers can make
the most of what AM offers to develop creative and effective solu-
tions (Gibson et al., 2020) and (Hinchy, 2019).

2 This is not the same as deploying AM to enable artificial complexity, serving no
other purpose than an aesthetic one at an unreasonable environmental cost, a
phenomenon rightfully pointed out by Huston (2024) in his article Architecture
and the Environmental Impact of Artificial Complexity.
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[I] Mass Customization | Identify products and components that inherently require to be customized.

[II] Inherent Complexity | Identify products and components that are inherently complex (that is, they
unconditionally require their complexity to perform) and are near impossible to manufacture with traditional
manufacturing methods.

[III] Consolidated Manufacturing | design products and components to be multi-functional and avoid as-
sembly steps.

3.3 applications in built environment

3.3.1 Building envelope

A sensible starting point in the quest to identify complex and
multifaceted design problems for 3DP to solve is in the field of
building envelopes. Research in this field is plentiful, of which
an extensive overview was conducted by Leschok et al. (2023)
and Strau (2017). Summarizing their research, they found that
current construction practices often result in facades composed of
disparate components, each serving distinct and different func-
tions. In contrast, AM holds the potential to integrate various
performance aspects into one component, enabling the creation of
integrated building components tailored to specific building needs,
services, locations, and orientations. considering end-of-life strate-
gies or adopting mono-material designs to achieve sustainability
goals. This approach aligns with resilience objectives and opens
up opportunities for enhancing indoor air quality, electrical energy
production, and reducing energy demand. As a result, 3D printing
presents the potential to realize context-specific, high-performance
facades. Additionally, the sustainability benefits of material effi-
ciency, reduced waste, and the availability of low-embodied-energy
materials are additional possible advantaged of 3D-printed facades
as a solution for future building envelope design. Leschok et
al. (2023) Did however conclude that such efficient and multi-
functional facades are most effective with solutions printed with
thermoplastics, while printing with concrete and clay poses more
obstacles to achieving holistic design solutions.

3.3.2 ventilation

Another area within architecture that poses such multifaceted
problems as with facades is ventilation and in particular natu-
ral ventilation. This is however one of the strategies identified to
be resilient. Natural ventilation relies on air going through open-
ings in the facade, which could be unintentional leakage, inlets,
or operable windows. The air is driven inside by natural pres-
sure differences caused by wind and buoyancy (Cauberg, 2005).
But ventilating a building in this way has several drawbacks, of-
tentimes not meeting required ventilation standards due to its re-
liance on unpredictable weather conditions. Furthermore, the fact
that air enters and leaves a building without preheating and heat
recapturing makes ventilating this way lead to poor energy per-
formance of a building. This also causes cold drafts, which lead to
discomfort and outdoor air pollutants as well as noise coming in
(NEN, 2013). Many of these problems were solved by the intro-
duction of mechanical ventilation, but this is expensive, depends
on complex mechanical systems, and is therefore not resilient. De-
spite that, interesting 3D-printed innovations allow more efficient
integration of mechanical ventilation in renovation projects, such
as highly efficient heat recovery systems (TCPoly, 2021) and opti-
mized ventilation ducting (Schork et al., 2021).
In the case of natural ventilation, however, There are no 3D-

Figure 2: 3D printed ventilation channels optimized for efficient air
transportation (Schork et al., 2021).

Figure 3: 3D printed FDP to passively regulate air flows in
ventilation applications making use of the concept of Tesla valves
(Cao et al., 2020)
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printed solutions that solve all these issues simultaneously. One
research by Cao et al. (2020) proposes a 3D printed regulator
(which they call Fluid Diode Plate, or FDP in short) of the inflow
to solve the issue of poor energy performance. They do this by
using Tesla valves, a geometric principle invented by Nikola Tesla
in 1920, initially as an unidirectional conduit (diode) for fluids3.
Its geometry means it does not need any moving parts to control
the flow, making it particularly resilient.

3.4 Passive regulation

By exploring these fields of research, it has become clear that above
all, passive regulation, be it of air, light, energy flows, or water
is a relevant topic. And especially the challenge of combining
multiple regulating concepts in one product efficiently. To do so,
an overview is required of existing research into such passive,
regulating solutions. To further explore this topic, other fields
of research where such passive principles have been successfully
integrated into 3D printed solutions.

3.4.1 Accoustics

Sound insulation through 3DP can be achieved primarily by mak-
ing use of the concept of absorption and interference by designing
Quarter-wavelength tubes, or quarter-wavelength resonators (QW
resonators). These are made up of a tube or cavity which is
closed on one end. When the length of the cavity matches an odd
multiple of a quarter of the length of an incoming sound wave,
it resonates, leading to maximum absorption of sound at these
frequencies. The resonators length dictates the primary frequen-
cies at which sound absorption is most effective (Cambonie et al.,
2018). One important problem that 3DP has helped solve suc-
cessfully is that they have to be of rather large lengths to be able
to absorb low frequencies (around 68cm for 125Hz and 34cm for
250Hz), which in practice makes them rather difficult to imple-
ment (Cambonie et al., 2018). However, they, as well as others,
have developed design methods to significantly shorten the re-
quired lengths. Cambonie et al. (2018) used origami-based struc-
tures to create effective compact QR resonators. Catapane et al.,
2023 achieved the same by creating them as spirals, and Setaki
(2012) did so by bending them. The last two successfully used
AM to realize their designs.

3.5 Case study

To identify a functional case study touching on all aspects of AM
that have thus far been described, a multi-faceted problem will
be selected for further research. both facade design and ventila-
tion (and in particular natural ventilation), have been identified to
be so. A lot of research has already been done into 3D printed,
holistic, facade design. This is less true for the problems posed by
natural ventilation, even if for all issues it brings (acoustic prob-
lems, filtering, and inflow regulation) 3D-printed solutions have
been identified. Therefore this thesis will focus on 3D printing in
the context of natural ventilation and attempt to bring these ex-
isting solutions together into one, holistic design. Particular focus
will be put on the concept of FDPs (as proposed by Cao et al.
(2020)), as this is one of the lesser researched products.

3 meaning it allows fluids to flow in one direction but stops them from going the
other way (Purwidyantri & Prabowo, 2023). Its application has been studied
in numerous applications such as heat transfer, fluid mixing, microfluidic con-
trol, and gas decompression (Cao et al., 2020) but its application in the built
environment has not received much attention yet.
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3.6 Conclusion

This part attempted to answer the sub-questions I to IV. The im-
mediate needs in the building sector were identified to be carbon-
reducing products and manufacturing techniques capable of mak-
ing the built environment more resilient and enabling circularity,
improving health, and equity. In particular, simple and scalable
solutions are required to speed up refurbishment efforts (at least
in the EU) [SQ-I]. The inherent qualities of 3DP have shown the
technology to be able to do so. Accelerating its widespread adap-
tation is therefore relevant and desirable [SQ-II]. But for 3DP to
become widely adopted, a set of design rules ought to be fol-
lowed, which are the explicit need for customization, designed to
be multi-functional to eliminate assembly steps, and are nearly
impossible to manufacture with traditional methods. The result-
ing products should solve some immediate needs in the industry
[SQ-III]. Existing research that complied with these requirements
was identified to be in 3D printed holistically designed facades,
but also acoustic dampeners, air filters, and regulators (FDPs), es-
pecially when these can be integrated into one holistic solution
[SQ-IV]. Natural ventilation was identified as a promising case
study for the design, as it fits in both with the objective of re-
silience in the built environment, as well as in the objective to
contribute to the refurbishment challenge Europe is currently fac-
ing. It is also a complex and multi-faceted problem, which should
allow for the design of a multi-functional product that exploits the
inherent strengths of 3DP. This will be researched in the second
part of this thesis.
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Section 4

Methodology

In the second part of this thesis, natural ventilation, and in partic-
ular the FDP, will be researched in depth, to serve as a case study
as to how optimizing product design for 3DP might be achieved.
For this purpose, the following sub-questions have been formu-
lated, which will be answered throughout this part. Contrary to
the first part, this part will be approached mostly by research
through design, rather than literature research.

[SQ-V] What is natural ventilation?

[SQ-VI] What makes NV a suitable case for 3DP?

[SQ-VII] What current solutions exist and how might they be improved through 3DP?

[SQ-VIII] How might a solution be optimized for its performance and for AM?

[SQ-IX] How might multiple functionalities be integrated into the solution?

Figure 1: The most pressing issues with natural ventilation (own work)
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Section 5

Natural ventilation

Ventilation serves multiple purposes. First and foremost it ensures
a healthy indoor climate by providing oxygen, removing indoor
pollutants, and regulating indoor humidity. On top of that, it
plays an important role in thermal regulation (Biler et al., 2018).
Historically, ventilation occurred naturally, driven by natural pres-
sure differences in and around buildings. These are caused by
wind and buoyancy, which make fresh air infiltrate through unin-
tentional leaks in the walls (Cauberg, 2005). Still today, in Euro-
pean countries, most of the building stock relies on these natural
ventilation principles (Federation of European HVAC associations
[REHVA], 2012). But, as discussed in part one, NV has several
drawbacks, oftentimes not meeting required ventilation standards
due to its reliance on unpredictable weather conditions, its poor
energy efficiency, cold drafts leading to discomfort and outdoor air
pollutants as well as noise coming in through the openings in the
walls(NEN, 2013).
There is however an even more pressing issue, which is the fact
that the increasingly strict performance regulations, discussed in
Chapter X, for building envelopes pose a problem to NV. This is
because the infiltration of air it relies upon is no longer possible
through the new, highly airtight facades. If this is not resolved
properly, renovated facades result in decreased natural ventilation,
with a significant decrease in indoor air quality (IAQ) as a result
(Mikola et al., 2022). To avoid this, in modern construction and
renovation, pressure differences are mechanically induced (or as-
sisted) by ventilators, ensuring sufficient airflow, while intentional
air inlets, called trickle ventilators, or more generally, background
ventilators (BVs), are integrated into the windows or walls. These
inlets resolve the issue of insufficient ventilation rates but reintro-
duce the issue of thermal and acoustic discomfort.

5.1 Types of ventilation

To understand different approaches to solving these issues, a better
understanding is required of the mechanisms of different types of
ventilation strategies. The Dutch building decree (NEN, 2013)
distinguishes between four forms of ventilation: type A,B,C and
D. Broadly speaking, they can be classified under three ventilation
strategies.

Type Strategy
A Natural ventilation
B, C Mechanically driven natural

ventilation
D mechanical ventilation

Table 1: Ventilation stratagies

Type A ventilation relies solely on differences in air pressure
in (and around) the building to drive fresh (outside) air inside
through unintentional leakage in the construction, operable win-
dows or background ventilators. The main drivers of these pres-
sure differences are wind and buoyancy caused by temperature
differences throughout the building. In the case of type B and C,
ventilators mechanically create pressure differences in the build-
ing. Infiltration is achieved in the same ways as with type A. Since
types A, B and C function on very similar principles, they are of-
tentimes all referred to as natural ventilation. This is also the case
in the context of this paper. However, it is important to note that
for type A, the regulations are different of that of type B and C,
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and will be discussed in chapter 5.1.1 and 5.1.2. Conversely, Type
D ventilation regulates the entire ventilation process mechanically.
The use of type A is limited in modern construction (at least in
the Netherlands). This is, apart from the aforementioned issues
inherent to NV, largely due to the space constraints and stringent
design standards for the exhaust ducts (NEN, 2013). Instead,
types C and D are the predominant ventilation strategy in modern
construction for residences in the Netherlands. All systems have
strengths and weaknesses, which will be looked at in more depth
in the following chapters.
NV has to occur even at very low pressure differences. In practice,
this means its functional components (the background ventilators
and other channels) are designed to function with a mere pres-
sure difference of one Pascal, and a wind speed of one meter per
second (NEN, 2013). Yet average WS in the Netherlands ranges
from 3 to 7 m/ s, and speeds of 10m/s are not uncommon. Such
circumstances, If there are no measures installed in the BVs, lead
to excessive ventilation. This might lead to thermal discomfort,
which can be especially uncomfortable if the cold outside air is
not mixed well with warm indoor air. Additionally, all this excess
fresh air needs to be heated, which significantly contributes to the
buildings energy demand, especially during the heating season.
. when it comes to noise, BVs in the facade can lead to acoustic
discomfort, particularly in urban areas.

Regulation acceptable range
Minimal functional pressure 1 Pa
Maximal speed in inlet 0.2m/ s

Table 2: Regulations for type A ventilation

Type A ventilations sole dependency on weather-related pressure
differences is both its weakness and its strength. It requires no
electricity to function and does not require much maintenance, as
no ducting and machinery are needed. This makes it by far the
most resilient way to ventilate. Additionally, it operates silently.
However, its persistent issues in acoustic and thermal comfort are
difficult to solve.

5.1.1 Characteristics of type A ventilation

For example, operable windows are a common method to allow
for natural ventilation to occur. But open windows expose users
to noise, and extended exposure to noise, a problem especially in
urban environments, can lead to significant physiological and psy-
chological symptoms, even at low levels (Tang, 2017). This has the
undesired effect of users having to choose between good air qual-
ity, acoustic comfort, and thermal comfort. A lack of either three
of them can have (serious) health implications. Designing mutu-
ally exclusive ventilation, thermal, and noise solutions, is therefore
not sufficient to achieve a healthy indoor environment. Instead,
a more holistic approach to natural ventilation is required, taking
into account efficiency, health, and resilience. The importance of
solving them can not be overstated, since both insufficient ventila-
tion as well as acoustic and thermal discomfort can have serious
health consequences, summarized by the Healthy Buildings Pro-
gram (2017).
Yet mutually exclusive design measures remain persistent, as shown
by a study by the Acoustics & Noise Consultants (2020), who as-
sessed 122 planning applications in the UK. For 85% of them,
preventing overheating relied on open windows, while achieving
acceptable noise conditions relied on having the windows closed.
As such, it becomes clear that marrying natural ventilation, noise
mitigation and thermal comfort together into a sufficient and holis-
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tic climate-responsive design can prove difficult, as often each as-
pect of this trinity requires conflicting measures.

5.1.2 Characteristics of type C ventilation

Type C ventilation shares many characteristics with type A. Its
additional benefits come from the fact that mechanical ventilation
makes it a more reliable system, which is less dependent on the
weather. Yet here too, without measures, weather can influence
its performance negatively, since it still relies on openings in the
facade. Too much wind will have the same negative effects as with
type A.
In case of type C strategies, cross ventilation can happen as well,
but is in its entirety undesired, as the additional airflows are not
needed to reach the required minimal ventilation (as is sometimes
the case with type A), but does cause undesired heat loss. This
too has to be accounted for in the design of the BVs.
Thermal and acoustic concerns are the same as with type A, but
with the ventilators as an additional source of noise.
When working with type C ventilation, a pressure difference of
5Pa can be assumed (Nijeboer & Hage, n.d.)

Regulation acceptable range
Minimal functional pressure 5Pa
Maximal speed in inlet 0.2m/ s

Table 3: Regulations for type C ventilation

5.1.3 Characteristics of type D ventilation

With type D ventilation, in contrast to NV, air is mechanically
led into the building, after which it gets heated up and filtered
before properly entering the building’s interior through extensive
duct systems. Air removal happens mechanically as well, which
allows heat to be recaptured by a heat exchanger, as to minimize
energy loss due to ventilation. A significant advantage of MV is
that no direct openings in the facade are necessary to facilitate its
processes, thus acoustic problems are mitigated completely. The
energy needed for this process gets (more than) compensated by
the heat recapturing.
It is for these reasons that new constructions often deploy type
D ventilation, which solves all these issues. However, due to its
complexity and reliance on ducts, MV is expensive to install. In
practice, this leads to its application mostly in wealthy countries
(there is a clear correlation between the scale of application of
MV and the wealth of a country, according to the Federation of
European HVAC associations [REHVA] (2012). Additionally, it is
particularly difficult to fit MV into renovation projects. Therefore,
it is most suitable for new construction projects.

Type Ventilation
efficiency

Acoustics Thermal
comfort

A - -+ -+
B -+ -+ -+
C -+ -+ -+
D + + +

Table 4: Ventilation stratagies
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Figure 2: Wind speed frequencies in the Netherlands (Cauberg,
2013)
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5.2 3DP and NV

Since this thesis set out to focus primarily on renovation appli-
cations, it will henceforth focus on types A and C. Many of the
issues with these two strategies come from the fact that rely on
background ventilators. The apparent objective therefore becomes
to research how background ventilators might be improved upon
through 3D printed solutions. But to do that, a better under-
standing of the functions of trickle ventilators and background
ventilators is required.

5.3 Background ventilators

A holistically designed background ventilator should have a suf-
ficient ventilation capacity, offer control over the inflow, provide
thermal and sound insulation, and ideally filter pollutants. Addi-
tionally, it should be water resistant, offer some security features,
and be adaptable to various climates (Biler et al., 2018) (Daniël,
2021). The next chapters will evaluate the existing solutions for
the most important of these aspects.

5.3.1 Inflow regulation

The most basic type of BVs are manually adjustable ones. They
allow the user to adjust the amount of air entering into the room.
As such, when wind speeds are high, or when there is excessive
noise outside, their negative effects can be manually regulated,
based on preferences. This solution is however still a compromise
between sufficient ventilation, thermal & acoustic comfort. More
importantly, users often forget to reopen the BVs after the hin-
drance is over, meaning long periods of minimal ventilation can
occur. Unwanted cross ventilation can not be prevented by these
types of opening, unless they are closed.
In order to avoid inefficient ventilation caused by users, there
are self-regulating systems on the market, which broadly fall in
two categories: wind-pressure regulated or electrically regulated.
The former closes mechanically based on wind-pressure sensitive
parts. They are sufficient in preventing excessive ventilation with
high wind pressure (they typically react when pressures reach
5 - 10 Pa), but since they are not sensitive to changes of wind
pressure in the low range (0 - 5 Pa), they still do not solve all
issues. NV systems are designed to already function properly at
a wind pressure of 1 Pa, so with a slight increase there might
already be an unpleasant draft, and cross ventilation might still
take place. The latter solves nearly all these issues. It regulates
the BV electronically, based on an pressure sensor. This means
that even at low pressure differences (0 - 5 Pa ) the system can
adapt. These sensors even react to cross ventilation, and are able
to counter it effectively by closing.
All these solutions offer their advantages, but it should be noted
that none of them are passive, which is an important objective for
this research.

5.3.2 Insulation

To provide acoustic insulation, all versions can be fitted with
acoustic lining, which absorbs sounds passively. This is a very ef-
fective solution. However, there is a large difference in their ability
to insulate high and low frequencies. This is because for porous
or fibrous insulating materials to absorb lower wavelengths, they
would require a thickness in the same order of magnitude of the
sound waves (Berardi & Iannace, 2015), which can be very large
in lower frequencies. Yet it is in the low frequencies in particular
where traffic and vehicle-induced noise carry a lot of energy and

P.21



induce a significant discomfort for humans (Can et al., 2010), and
therefore poses an important issue to solve.
For this reason, QW resonators offer an interesting solution, as
they have been shown to possess excellent capabilities to ab-
sorb lower-frequency sound waves. Arjunan (2019), for example,
reached near-perfect sound absorption on the lower side of the
spectrum (475Hz).
Incorporating them in a BV has been trialed in research conducted
by (Field, 2004) . He obtained a weighted sound reduction index
of his proposed device of around 22 dB. However, in a critical
comparison between noise mitigating solutions in naturally venti-
lated buildings, Tang (2017) states the proposed ventilator occu-
pies a large area while the ventilator opening size is small, which
is not beneficial for NV, which needs larger openings to function
with the small pressure differences that drive it (De Salis et al.,
2002). However, 3DP has been proven to be able to make QW
resonators much more compact (Cambonie et al., 2018; Catapane
et al., 2023; Setaki et al., 2023), which have theoretically made
it possible to implement this concept in background ventilators
whilst taking up significantly less space than the concept of Field
(2004).
Additionally, the amount of sound absorption also depends on the
length of the inlet, where longer channels absorb more sound (De
Salis et al., 2002). This is the reason why in case of heavy noise
pollution, even if generally installing BVs in windows is preferred
to their wall-integrated counterparts since require a significant di-
ameter to provide the same airflow, a wall inlet is preferred, due
to their increased sound insulation (Eco traject, 2016).
According to De Salis et al. (2002), optimal performance when it
comes to sound insulation might come from combining multiple
concepts. A hybrid solution could exploit the strengths of lined
inlet ducts (good airflow and absorption in high wavelengths).
Despite their use of insulating materials, none of the background
ventilators provide thermal insulation (Daniël, 2021).

5.3.3 Filtering

In contrast to MV, which by default uses HEPA filters to remove
pollutants, air filtering is much more challenging to combine with
NV. Especially since filters tend to increase the air resistance, and
therefore reduce the capacity of background ventilators. Generally,
the measures installed are limited to coarse grills, aimed primarily
at keeping out animals and other objects.

5.4 Duco Silenzio

An example of a background ventilator that already solves most
issues well is the Duco Silenzio (Duco, 2024a), which is shown
in figure 3. However, to achieve its high performance, it relies on
many separate parts and relatively complex, mechanical solutions,
making it an expensive product (prices range from 400 to 650
euros, based on the provider, reducing their applicability in less
wealthy countries) maintenance-heavy, and more prone to failure.
The goal of designing a 3D-printed background ventilator would
therefore be to achieve similar performance for a lower price. But
implementing a passive, yet effective solution requires a holistic
approach to these problems, both to solve the inherent problems
of NV, but more importantly, to allow 3DP, expensive as it is, to
be a feasible means of production. Unlocking the potential power
of 3DP in the context of NV will therefore be the main objective
of this paper.
The most important issue to solve is the inflow regulation, since
as of yet there is no passive manner to do so. Manual systems

Figure 3: The Duco Silenzio solves most issues that NV poses, but
does so with relatively high complexity and at a relatively high cost
(Duco, 2024a)
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lead to improper usage, and self-regulating systems are complex.
Therefore, this will be the main focus of this thesis. Additionally,
the acoustic and filtering solutions from Part 1 will included. Ad-
ditionally, explore if filtering measures can be implemented, which
would add new functionality to the BV which it currently does
not possess.

5.5 Conclusion

This chapter explored what natural ventilation entails [SQ-V] and
how its complex and contradictory requirements might be solved
through 3DP by utilizing (improvements of) passive principles
such as FDPs, QW resonators, and cyclone separators [SQ-VI].
Many of the complexities have been resolved by background ven-
tilators, however, in their current state, they are successful in do-
ing so only to a certain extent. Additionally, the systems that
solve the problems of NV most effectively are those that rely most
on separate, electronic, and moving parts. Therefore, there is a
large potential for 3DP to provide a passive and holistic solution
[SQ-VII]. The next chapters will focus on the question if these
mechanical solutions can be replaced by 3DP-enabled, passive ge-
ometrical solutions while reaching the same levels of performance,
primarily when it comes to inflow regulation through the use of
FDPs, but also when it comes to acoustic insulation and air filter-
ing, attempting to answer the remaining sub-questions [SQ-VIII
and SQ-IX].
Although Type A regulations are the most stringent and least
commonly used, designing to meet these standards ensures com-
pliance with the more commonly applied Type C regulations, thus
aiming to meet the requirements for Type A during the design
process will ensure its broader application, also in combination
with Type A.

Figure 2: The objective during the design process will be to try and integrate all
functionalities of a standard BV into one, multi-functional component
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Section 6

FDP

This chapter will research the concept of FDPs. To do so, this
chapter will propose a numerical method to approach the behav-
ior of FDPs and compare their performance to the norms as pre-
scribed by the Dutch building regulations. Then, the fabrication
methods are explored, and the performance of a physical model is
tested against the numerical model. Lastly, a holistic integration
of FDPs into background ventilators is explored.

6.1 Previous research

The concept of the Fluid Diode Plate (FDP) was introduced by
Cao et al. (2020). Their research aimed to optimize and use the
diode-like characteristics of Tesla valves by efficiently integrating
them into an infinitely expandable, passive check valve (which
they refer to as an FDP) to prevent back-flow in large ventilation
channels. However, the concept of FDP also lends itself to regu-
lating inflow in natural ventilation applications. This application
was researched by Hu et al. (2024), who continued the research
of Cao et al. (2020). and optimized the Tesla valve for this specific
application.
In their paper in which Cao et al. (2020) first introduced the con-
cept of the FDP, they started by 3D printing one and testing its
performance in a wind tunnel. They then proceeded to use this
data to verify their subsequent simulations. To find an optimized
Tesla valve, they simulated 21 iterations of valves, varying the
number of flow loops and channel ratios, as well as the porosity
(the amount of open area of the FDP that air can flow through) of
the FDPs. They found that with increasing wind speeds, the pres-
sure drop in the backward direction indeed increased significantly,
while in the forward direction, it remained close to a pressure drop
over a grille with similar porosity.
Varying the number of flow loops, N, they found that with not
more than two of them, there was little difference in the pressure
drop between the backward and the forward direction. With a
larger number of flow loops, however, the pressure drop in the
backward directions increased significantly, while remaining low
in the forward direction. They also concluded that the channel
ratio, η (the ratio between the height of the main channel, H,
and that of the side channel, h) influences the performance of
the FDP, with increased performance with higher channel ratios
(Cao et al. (2020) identified η = 0.63 to be the most efficient
within their set of simulations). Similarly, they found the effect
of the porosity of the FDP to influence its performance strongly.
FDPs with the same channel ratio but lower porosities offer more
resistance in the backward direction due to increased turbulence in
the channels. However, decreasing the porosity while maintaining
a high η means a significant increase in the thickness of the FDP.
Their simulations lead to a maximal diodicity of 6.
Continuing on this research, Hu et al. (2024) researched in more
detail the effect of the slope angles and channel dimensions on the
valve’s effectiveness. By doing so, they significantly improved the
performance of the Tesla valve as proposed by Cao et al, reach-
ing a diodicity of 22. In order to find the optimum, Hu et al.
(2024)the values of L, H2, H3 and θ and quantifying the influ-
ence of the dimension of each parameter on the effectiveness of
the valve. They concluded that for L, a length lower than 25mm
resulted in an increased pressure loss in the backward flow direc-
tion. Lengths higher than 25mm resulted in a reduced pressure
drop (and therefore less regulation capabilities). For H2, they
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found that values between 1.75mm and 2.00mm resulted in an
increased pressure drop, whereas widths over 2.00mm resulted
in no further improvement. Furthermore, they concluded that the
smaller the value of H3 (that is, the thinner the baffle), the bigger
the resulting pressure drop, and is therefore mostly dictated by
the limitations and precision of the manufacturing method. The
effect of varying θ was relatively small, showing the best perfor-
mance around 230◦. The results have been summarized in table
5.

Parameter Ideal range
L < 45mm
H2 1.75mm − 2.00mm
H3 < 1mm
θ 210◦ - 230◦

Table 5: Optimal values for each parameter of the Tesla valve (Hu et al., 2024)

From the 16 variants, the best-performing was selected to be fur-
ther simulated and compared to the best-performing valve that
came out of the research of Cao et al. Both sets of parameters are
included in table 6. These parameters will be used throughout the
rest of this paper, as they result in the best-performing Tesla valve.
However, it is important to note that there are further optimiza-
tions possible. This valve was selected as it performed best out
of all simulations, but further research might reveal even better-
performing valves. Furthermore, other research has shown that
valves with differently shaped side channels or topology-optimized
valves can perform even better, which will be expanded upon in
chapter 11. There are however restrictions to these optimizations,
as not all geometries can be effectively fitted into FDPs, as will be
explained in the next chapter.

Group H1 H2 H3 L θ
(Cao
et al.,
2020)

5mm 3.58mm 1mm 15mm 210◦

(Hu
et al.,
2024)

5mm 2.66mm 1.61mm 26.8mm 195◦

Table 6: The valve parameters found to cause highest pressure loss (Cao et al.,
2020; Hu et al., 2024)

6.2 FDP design

Since FDPs consist of many stacked valves, An important limit-
ing factor for their optimization is the need to stack the valves
compactly to maximize the control over the porosity of the FDP,
which in turn strongly influences its performance. Furthermore,
the valves must lend themselves to be extruded and adapted in a
variety of shapes for them to be widely applicable, as this adapt-
ability is one of the strengths of FDPs over conventional regulatory
systems.
The objective of flexibility also complicates the practicalities around
the FDP. In particular, since ventilation requirements vary signifi-
cantly per building, each FDP will have to be optimized to func-
tion optimally in their particular application. Since performing
CFD analysis is time-consuming, Cao et al. state that for FDPs
to find widespread adaptation, a method to determine the appro-
priate FDP specification for any application has to be developed,
which can also take into account parameters such as inflow di-
rection, which are important factors in ventilation engineering. A
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proposal of what such a model might look like is given in chapter
7
Additionally, measures should be taken to prevent internal de-
posits, while other geometric and material choices could improve
its acoustic performance. All of this should however integrated
without jeopardizing the efficiency and customization of the FDP,
A trade-off which will be explored in depth in chapter 12.

6.3 Performance indicators

The objective when designing the Tesla valve for integration into
FDPs is to optimize its ability to regulate inflow, which is achieved
when the pressure drop over the FDP in the reverse direction
is as high as possible, particularly at high winds speeds. Ad-
ditionally, maintaining a pressure drop in the forward direction
that is as low as possible can be beneficial for other applications
of FDPs, but when it comes to regulating inflow, this is of lesser
importance. The ratio of the pressure drop in the forward and
backward direction is commonly referred to as diodicity, Di.

∆PR = P1 − P2 (1)

∆PF = P2 − P1 (2)

Di = ∆PR

∆PF
(3)

P = Air pressure [Pa]

The reason why the Tesla valves show this diodic behavior is that
when a fluid moves through the valve (which is generally made up
of a main channel, a bypass channel, and a baffle separating them
both) in the forward direction, it mostly stays in the main chan-
nel, with little flow in the bypass channel. However, in the reverse
direction, the fluid enters the bypass channels. This creates colli-
sion with the fluid that travels through the main channel, causing
turbulent flows filling the channel with vortices that disrupt cur-
rents, resulting in a pressure drop when the flows meet(Peng et
al., 2023). As such, it offers minimal resistance to forward flow
but significant resistance to reverse flow, especially at higher flow
rates. If this pressure drop is larger than the initial pressure driv-
ing the fluid, it will cause the fluid to stop entirely (Cao et al.,
2020). This behavior is ideal for regulating natural ventilation, as
little resistance to the inflow as possible is required at low wind
speeds, while large resistance is required at high wind speeds, as
discussed in chapter 5.3.1.

6.4 Inlet capacity

The capacity of a background ventilator and the speed with which
the air is flowing through it depends on various factors and is
determined by the pressure difference over the inlet, which in turn
is determined by the inlet’s resistance. This resistance is typically
represented by its flow coefficient, Cv (van Herpen, 2005).

6.4.1 Flow coefficient

The flow coefficient Cv quantifies the resistance encountered by
the airflow within an inlet. It accounts for the collective impact
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of minor loss coefficients, ζ , associated with various components
within the inlet, such as valves, grilles, and contractions. These
coefficients are dimensionless parameters reflecting the efficiency
with which these components facilitate fluid flow and the energy
loss caused by flow disturbances. The flow coefficient, Cv, can be
determined by the formula (van Herpen, 2005):

Cv =
A ·
√

2
ρ

1 +
√

λ · l/Dh + Σζi
(4)

Cv = Flow coefficient [−]
A = Area of the inlet [m2]
ρ = Density of air [kg/m3]
λ = Friction factor [−]
l = Length of the flow path [m]
Dh = Hydraulic diameter [m]
Σζi = Sum of minor loss coefficients (dimensionless)

Essentially, the flow coefficient quantifies how efficiently a valve
can pass a fluid through it under a pressure difference of 1 Pascal,
with lower values indicating more restrictive flow and higher val-
ues indicating less restrictive flow. With standard grilles, Cv is a
constant. With Tesla valves, however, Cv decreases as wind speeds
increase, meaning that at high wind speeds, it will restrict airflow
significantly more than at low speeds, for reasons explained in
chapter 6.

6.4.2 Volumetric ventilation rate

The volumetric ventilation rate Q through an inlet is given by
the formula (van Herpen, 2005) and can be determined with the
background ventilator’s Cv :

Q = Cv · (∆P)
1
n (5)

Q = Volumetric ventilation rate [m3/ s]
Cv = Flow coefficient Panm3/ s
∆P = Pressure difference [Pa]
n = flow behavior index [−] (typically 1 for laminar flows and 2 for turbulent flows)

Once the capacity of an inlet is determined, the airspeed can easily
be obtained with the formula:

vinlet =
Q
A (6)

vinlet = air speed in the inlet [m3/ s]
A = area of the inlet m2

6.4.3 Hydraulic diameter

As shown in 4, The Cv of a background ventilator depends, among
others, on its hydraulic diameter, commonly denoted as Dh, dh, or
simply D. This geometrical property provides a way to simplify
calculations for pressure drop and fluid flow rates in non-circular
pipes and ducts by treating them as if they were circular (Neu-
trium, n.d.). The hydraulic diameter can be calculated as follows
(Engineeringtoolbox, 2024b):

Dh =
4 · A
P (7)

Figure 4: The pressure on a facade can be determined using
equation 15

Figure 5: The Reynolds number in the FDP is determined with the
equation 12

Figure 6: The resistance of the FDP is given by its performance
curve, which is given in equation 13, based on the simulations of Hu
et al. (2024)
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Dh = Hydraulic diameter [m]
A = Area of the valve [m2]
P = Circumference of the valve [m]

In the case of circular conduits, as is the case with the Tesla Valve,
Dh equals the diameter of the conduit.

Dh = D (8)

Dh = Hydraulic diameter [m]
D = Diameter of the circular valve [m2]

6.4.4 Porosity

In a standard background ventilator, most of the losses will be
caused by the grille. The magnitude of these losses depends
largely on the porosity, α, of the grille. This is also true for FDPs,
where a part of the resistance of an FDP is caused simply by its
low porosity. In the context of grilles and FDPs, porosity refers
to the ratio between the free area through which the air can flow
and the total area 4.

α = Afree

Atotal
(9)

α = Porosity [m2]
Afree = Open area [m2]
Atotal = Total area [m2]

To verify how much additional resistance the internal geometry
of the FDP (the Tesla Valves) offers on top of that caused by
their porosity, their performance should be tested against that of
a standard grill with the same porosity. Some standard values for
minor loss coefficients are listed in table 7.

α ζ
0.7 3
0.6 4
0.5 6
0.4 10
0.3 20
0.2 50

Table 7: Minor loss coefficients for different grille porosities (Engineeringtoolbox,
2024a)

6.4.5 Reynolds number

The reason why porosity influences the minor loss coefficient of
a grille is because it directly influences the Reynolds number of
the air flows through the grill. The Reynolds number, Re is a
dimensionless quantity to characterize (among others) the flow
of fluids through openings. Re shows the relative importance of
inertial and viscous effects in the flow dynamics.

Re = Vc ·Dh

v (10)

with

4 When performing simulation on a single Tesla Valve, α equates to 1.

Figure 7: The flow capacity of the inlet is mostly determined by the
resistance of the FDP, and can be obtained using equation 4

Figure 8: The volumetric ventilation is determined with equation 5
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Vc =
V
α

(11)

Re = Reynolds number [−]
H1 = Height of the main channel [m]
v = Kinematic viscosity of air (1.51̇0−5[m2/ s])
Vc = Average speed in main channel [m/ s]
V = Air speed [m/ s]
α = Porosity [−]

However, as we have seen in formula 8, in the case of circular
valves Dh equals its diameter. Therefore Re is expressed as:

Re = Vc ·H1

v (12)

When Re is low ( Re < 2300 for air in a pipe system (Engineering-
toolbox, 2024b)), viscous forces are relatively dominant. leading to
laminar flow characterized by smooth, predictable streamlines. On
the other hand, at high Reynolds numbers (Re > 4000 for air in a
pipe system (Engineeringtoolbox, 2024b)), inertial forces predom-
inate, resulting in a turbulent flow marked by chaotic fluctuations
and mixing. When passing through an FDP, large Reynolds num-
ber will be introduced into the flow due to its low porosity and
the structure of the Tesla valves. This effect increases when wind
speeds increase (Cao et al., 2020).
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Re
[-
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α = 0.3125

Figure 3: Reynold numbers according to formula 12 with α = 0.3125

6.5 Simulation results

To establish the relation between the minor loss coefficients, ζ , and
the flow speed through the FDP, Hu et al. performed a second
set CFD analyses (figure 4). This time, they simulated two units
in a row with the optimized specifications that resulted from their
previous CFD studies, listed in table 6. As an FDP is infinitely
expandable, they assumed every valve to perform similarly and
therefore simulated only one row (made up of the four units).
When plotting the resulting minor loss coefficients of the valve
against the Reynolds numbers, they found they could be fitted
with a five-parameter logistic function (equation 13).

ζ = f (Re) = A + D− A
(1 + exp(B · Re + C))s

(13)
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ζ = Minor loss coefficient [−]
Re = Reynolds number [−]

This curve is referred to as the performance curve of the valve.
The appropriate parameters for the performance curve for both
their simulations and that of Cao et al. are provided in 65 and are
plotted in figure 9.

A B C D s
68.0 −1.93 ×

10−3
0.3999 12.91 0.04654

170.0 −8.46 ×
10−3

6.314 8.17 0.0416

Table 8: Parameters for five-parameter logistic function for Cao et al. (2020) and
Hu et al. (2024)

The performance curve allowed Hu et al. to perform a final CFD
simulation to obtain the volumetric ventilation rate through an
FDP in a practical scenario (figure 10). To do so, they modeled a
small, rectangular building with two identical openings (1840x720
mm) on either side. One of the openings was fitted with a surface
to which the regulatory behavior of the FDPs was assigned using
the performance curve (rather than modeling and simulating a
large FDP, running the risk of the complex geometry of the FDP
would introduce instability into the simulation). Using reference
speeds of 0, 2, 4, 6, and 8 m/s, denoted as Uref , this allowed
them to simulate FDPs performance in a realistic scenario. The
results of the CFD were translated into a Normalized volumetric
ventilation rate, by dividing the volumetric ventilation rate by the
area and the air velocity. The results are plotted in figure 10.
This dimensionless metric not only shows the increased regulatory
capabilities of FDPs at higher wind speeds, but also serves as a
reliable way to compare the accuracy of different simulation and
calculation methods and will be used as such to test the accuracy of
the numerical method of approximating the FDP’s performances.

Qn =
Q

whUref
(14)

Qn = Normalized volumetric ventilation rate [−]
Q = volumetric ventilation rate [m3/ s]
w = FDP width [m]
h = FDP height [m]
Uref = Reference wind speed [m/ s]

But as remarked by Cao et al., performing a CFD analysis for
every variation and application of an FDP is time-consuming and
complex, and stands in the way of widespread adaptation of CFDs.
Therefore, a numerical method will be proposed in chapter 7 using
the performance curve as a basis to predict the FDP’s performance.
The results of this model can be tested against that of the final
CFD simulation, by translating the simulated ventilation rates into
a normalized volumetric ventilation rate, by dividing it by the
area and the air velocities. The results are plotted in the figure 10.
This dimensionless metric not only shows the increased regulatory
capabilities of FDPs at higher wind speeds, but also serves as a
reliable way to compare the accuracy of different simulation and
calculation methods and will be used as such to test the accuracy of
the numerical method of approximating the FDP’s performances.

5 These values differ from the original ones in the paper of Hu et al., as the numbers
they provide do not match the graph they present. The author of this paper has
taken the liberty to change the incorrect parameter values to match the graph plot
provided by Hu et al.
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Figure 9: The performance curves for Cao et al. (2020) and Hu
et al. (2024)
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Figure 10: Normalized volumetric ventilation rate
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Figure 4: After running simulations on two units of the best performing valves, Hu et al. (2024) mathematically formulated their performance to
approximate their performance curves (Hu et al., 2024).
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Section 7

Numerical method

This chapter will propose a quantitative model that can serve as an
early indicator of the performance of different FDPs and replace
time-consuming simulations. This model can ultimately help en-
gineers and architects in determining the dimensions and param-
eters of Tesla Valves integrated within FDPs, thereby enabling the
swift optimization of FDPs to suit any natural ventilation strategy.
Formulas 5, 4, 13 and 15 form the basis of the model. The pa-
rameters are chosen to reflect the simulation setup of that of Hu et
al. Additionally, a standard grill with similar specifications to that
of the FDPs is modeled to compare their regulating performances.
The calculations are performed using Python. The code can be
found in Appendix 1.

7.1 wind pressure

The main objective of FDPs is to regulate the strongly variable in-
flow of are due to changing winds, which cause significant changes
in pressure over a building’s facade. The pressure difference
across a facade typically ranges around 10 Pa but can increase
to 400 Pa or more. On top of that, due to the winds varying
nature, pressure differences can fluctuate considerably within a
small time span (up to a factor of 2.5 within a frame of seconds)
(Pleysier & Vos, 2017). The force of the wind on a building’s
facade or roof is contingent upon the speed of the wind and can
be approached with the following formula (van Herpen, 2005).

∆Pw = 1
2 · ρ · Cp · v2 (15)

ρ = air density
Cp = wind pressure coefficient
v = wind speed

The wind pressure coefficient is a factor by which the pressure
determined from the wind speed at reference height is multiplied
to determine the wind pressure on a building’s façade or roof.
This factor depends, among other things, on the building height,
building shape, terrain roughness (open terrain, forest, or urban
areas, which can be low-rise or high-rise), as well as the direction
of the wind in relation to the facade. (Pleysier & Vos, 2017).
Common values can be found in (Cauberg, 2013) and (van Herpen,
2005). The wind speeds that act at the heigh of an inlet are also
influenced by multiple factors. these are captured in formula 16,
with its parameters listed in table 9.

v = vm ·K · za (16)

v = Wind speed at height of inlet[m/ s]
vm = Reference wind speed at 10 m[m/ s]
K = Terrain roughness parameter [−]
z = Height above ground [m]
a = Exponent [−]

7.2 Parameters

To match the exact reference speeds of those used by Hu et al„ the
reference speeds are set to be 0 to 8 meters per second. These are
taken to be the air speeds with which the air exudes pressure on
the facade. This means that the formula 16 will be ignored. The

0 0.5 1 1.5 2 2.5

·104

50

100

150

Re [-]

ζ
[-
]

Hu et al.
Cao et al.

ζ = 20

Figure 5: Minor loss coefficients for Cao et al. (2020) and Hu et al.
(2024) with a = 0.3125 and the reference grille with α = 0.3 and
ζ = 20
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Figure 6: Cv as a function of wind speed
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Figure 7: Cv as a function of wind pressure
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Terrain type K a
open flat terrain 0.68 0.17
rural area 0.52 0.20
urban area with low rise 0.35 0.25
dense urban area with high rise 0.21 0.33

Table 9: Terrain coefficients for the Netherlands (van Herpen, 2005)

wind pressure coefficient is taken from (van Herpen, 2005) and is
chosen to mimic the situation of the last set of CFD simulations
of Hu et al, where the wind direction is normal to the surface
of the FDP, in an open flat terrain. This is captured in a wind
pressure coefficient of Cp = 0.7 to represent the positive pressure
caused on the windward facade and Cp = −0.5 to represent the
negative pressure on the leeward facade. The total pressure dif-
ference over the facade containing the FDP also depends on the
inside of the building, which is generally taken to be the average
between the value of Cp of the windward facade and that of the
leeward facade(Rijksgebouwendienst, Bureau Bouwfysica, Afdel-
ing Onderzoek en Ontwikkeling, 1984). Therefore Cp will be set
as 0.6, following 0.7 - (0.7 - 0.5) / 2.
Furthermore, when modeling the inlet to obtain its Cv as per
equation 4, it is modeled as a square gap in a wall with the
same dimensions as that in the simulation, which are 1840mm
(width) and 720mm (height), resulting in a hydraulic diameter
of Dh = 1.035 according to equation 7. The inlet is modeled to
be 0.4m deep, with the FDP as an independent element with
its minor loss coefficient modeled as its performance curve. The
porosity, α, used during the simulations to obtain the performance
curves of the FDPs was 0.3125. The reference grille will therefore
be modeled as a standard grille with a porosity of 0.3 and a minor
loss coefficient of ζ = 20 as per table 7.All parameters used to run
the model are listed in table 10
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Figure 8: Q as a function of wind speed
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7.3 Model verification

To compare the numerical method to the CFD simulations, the
objective is to obtain the normalized volumetric ventilation rate as
formulated in equation 14. For that, the volumetric ventilation rate
(equation 5) has to be calculated, which in turn requires the wind
pressure and the flow coefficient of the set-up to be calculated.
Firstly, to obtain the resulting pressures for wind speeds from 0 to
8 meters per second, equation 15 is used. To obtain Cv, equation
4, is used. As stated in chapter 7.2, instead of using a constant
to represent the minor loss coefficient over the FDPs (as is the
case with the standard reference grille), the performance curves of
the FDPs are used. The result of this can be observed in figure
7, which shows that Cv decreases significantly for both the Tesla
valves with higher wind speeds. This confirms that with higher
wind speeds, the FDP facilitates a significantly lower airflow, while
Cv of the standard grill is constant (namely Cv = 0.227). It is
also clear that compared to the standard grille, the FDP is less
capable of facilitating air flows at lower speeds, which might be a
problem for natural ventilation without any mechanically induced
additional pressure differences, as explained in chapter 5.1.1.
Plotting the volumetric ventilation rate using equation 5 and the
values for Cv in figure 9 shows the theoretical performance of
the FDPs. The regulating properties of the Tesla valves can be
observed in comparison to the standard grille. Furthermore, the
large difference in Cv between the standard reference grille and
the valves at low speeds can be observed, as the ventilation rates
already differ significantly at 1 Pascal. It should be noted that this
scenario mimics that of the simulation of Hu et al., who worked
with a large FDP (A = 1.325m2). Therefore, the ventilation rates
are large as well. However, achieving a realistic ventilation rate is
not the main objective of the simulation or this chapter. Instead,
the focus is on comparing the normalized volumetric ventilation
rate, To understand the FDPs performance regardless of their size,
which allows for comparison between different FDP models, cal-
culation and simulation methods. Chapter 10.2 will focus on per-
formance in a practical scenario. The volumetric ventilation rate
can now be normalized following equation 14 to directly compare
the output of the numerical approach with that of the simulation
with that of Hu et al. The results are plotted in table 11.

Figure 10: After running simulations on two units of the best
performing valves, Hu et al. (2024) mathematically formulated their
performance to approximate their performance curves (Hu et al.,
2024).

The plot clearly shows that the numerical method shows similar
behavior to that of the simulations. However, it estimates a lower
volumetric ventilation rate than the CFD. A possible reason for
this is the value for the wind pressure coefficient Cp for calculating
the wind pressure (equation 15) has been chosen too low. Cp = 0.6
resulted from the assumption that the pressure inside the building
was the average of the two pressures working on both facades.
This can however be influenced by openings in the walls. The
indoor pressure can be higher than the average air pressure if, for
example, there is an opening on the windward facade, or lower
if there is an opening on the lee side of the building (where the
wind pressure is negative). (Pleysier & Vos, 2017). In the case
of the simulation of Hu et al., there are two identical openings
on opposite sides of the building, of which only the one facing
the wind is fitted with a regulating FDP. This means that the
suction effect of the wind might create a lower indoor pressure,
causing an overall larger pressure difference over the facade with
the FDP, resulting in a situation where Cp will be presented better
by taking the total pressure difference over the building, which
would be reflected in a Cp of 1.2. The results of running the
calculation with a Cp of 0.9 and 1.2 are shown in figure 11.
This improves how well the model estimates the performance of
the FDPs. The remaining differences between the simulation and
the calculation might be explained by wind phenomena around
the building which can be simulated accurately in CFD analysis
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but can not be captured sufficiently in the single values of Cp.
Despite the slight deviations from the CFD simulations, the model
is accurate enough to estimate an FDP’s performance, as long as
their performance curve is known. Obtaining the performance
curve however still can only be achieved through simulations.
This issue will be discussed in chapter 11

7.4 conclusion

As of yet, the results of the proposed numerical model do not
fully match with the CFD results from Hu et al (Hu et al., 2024).
Potential ways to improve its accuracy are discussed in chapter
7.3. However, the objective of the model is to quickly determine
what valve and FDP specifications suit a given situation, as was
recommended by Cao et al(Cao et al., 2020). A way of how this
model can do so will be explored in chapter 11. Its function
as such means that it does not need to be as accurate as a CFD
analysis. However, the model is worth improving upon regardless.
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Figure 11: Combined plots of Qn for different values of Cp

formula element Parameter Value
15 Cp Terrain open flat terrain

Wind angle 0◦
Wind Pressure coefficient 0.6

- vref Wind speeds (v) [0 - 8] m/ s
12 Re v (kinematic viscosity air) 1.51̇0−5 [kg/(můs)]

α (porosity) 0.3125 [-]
4 Cv Inlet width 1.840m

Inlet height 0.720m
Ainlet 1.325m2

Dhinlet 1.035
linlet 0.4m
λ 0.045 [−] (van Herpen, 2005)
ρair 1.225kg/m3

Σζi (FDP) ζ of FDP performance curves (equation 13)
Σζi (ref) ζ grille with α = 0.3 20

5 n 2 (representing a fully turbulent flow)

Table 10: An overview of all parameters used for the calculations
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Section 8

Test case manufacturing

The motivation to research FDP as a case study for how AM might
be unlocked by designing passive, resilient, and multi-functional
building parts was explained. This chapter will assess its suitabil-
ity for 3D printing.

8.1 Suitability

What makes FDPs particularly suitable for AM is their need to
be customized to specific scenarios as explained in chapter 6.2.
FDPs on higher floors will require a higher regulating capability
than those on lower floors. Their strength also lies in the fact that
they can be fitted in any inlet of any dimension. Customizability,
an essential strength of 3DP, is therefore a necessity for FDPs to
function. Additionally, due to their complex shape and small di-
mensions (especially when it comes to the baffles), 3DP seems the
most suitable method of manufacturing. On the other side, in their
most basic form, FDPs are essentially repeated extrusions. This
means that, especially in the case of mass production, standard
extrusion methods cannot be excluded from feasibility studies.

8.2 test case

To test both the performance of the FDP and its manufacturability,
A small FDP was created using a parametric model (which is
explained in depth in chapter 11.1.2). Its dimensions are 60mm
(W) x 85mm (H), containing four rows of Tesla valves with four
flow loops, of which the dimensions are that of the optimized valve
by Hu et al. (see table 6) (Hu et al., 2024). The resulting depth
of the FDP is 70mm
To speed up and simplify the printing process, the baffles are not
printed. Instead, they are manually cut from 1mm cardboard and
inserted through openings in the side of the FDP. This was done
after finding that the baffles caused some issues during printing
(see chapter 8.3.1). To further simplify the printing process, the
FDP was printed in two mirrored halves, which were then at-
tached to form a functional FDP.

8.3 methods

For the printing of the FDP, two methods of 3D printing were
explored, namely masked stereolithography (MSLA), which is a
form of SLA printing, and fused deposition modeling (FDM).
MSLA is an additive manufacturing process that uses photopoly-
mer resins to create 3D objects layer by layer. The material
used when resin printing is a liquid resin that hardens when
exposed to a specific type of light is used as the primary material,
and a light source, such as a laser (called SLA) or a projector
(MSLA), selectively exposes the resin to light according to the pat-
tern of each layer. Wherever the light hits the resin, it undergoes
photopolymerization, transforming from a liquid to a solid state.
This process is repeated layer by layer until the entire object is
formed(Rashid et al., 2020). the advantage of MSLA over SLA
printing is that the throughput (the rate at which it prints objects)
is much higher, due to its ability to cure entire layers at once. This
means only the amount of layers matters, not the surface area of
the objects and as such, multiple objects can be printed simulta-
neously without an increase in printing time (Solidator, 2023).
FDM (Fused deposition modeling) on the other hand is an Extrusion-
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based additive manufacturing (AM) method, which uses a nozzle
to extrude a viscous material stored in a reservoir. Upon extrusion,
the material solidifies, adhering to previously deposited layers. In
the case of FDM, polymer filaments are used, which are melted in
a heating chamber and extruded through a nozzle under pressure.
FMD is among the most widely adopted AM methods(Rashid et
al., 2020). Table x compares the general performance between the
two (Formlabs, n.d.) (Formlabs, n.d.) (Solidator, 2023).

Aspect FDM MSLA
Resolution • • ◦ ◦ ◦ • • • • •
Accuracy • • • • ◦ • • • • •
Surface Finish • • ◦ ◦ ◦ • • • • •
Throughput • • • ◦ ◦ • • • • •
Complex Designs • • • ◦ ◦ • • • • ◦
Ease of Use • • • • • • • • • •

Table 11: Comparison of 3D Printing Technologies (Formlabs, n.d.)

8.3.1 test prints

The first attempt to print the model was done using MSLA. At
this point, the test model still had baffles, as theoretically, MSLA
should be able to fastly (Due to its ability to print multiple objects
at once) and accurately print such small details. However, despite
its theoretical ability to print the FDP, all the attempts made during
this research failed. Despite that, this technology is very promising
for feasible and fast production of FDPs. There is however a big
disadvantage of resin printing, namely that the resins used for this
technology are often toxic, which does not align with the objective
of this paper to create resilient solutions (Griffin, 2024).
The quality of the FDM prints is far better. On top of that, espe-
cially compared to resins, PLA is more environmentally friendly,
as it is bio-plastic. However, it still requires special attention for
recycling or composting (Filamentives, n.d.).

8.4 Conclusion

From the two 3D printing technologies explored in this chapter, it
is clear that for efficient and large-scale production of FDPs, MSLA
is the most suitable method. Based on the trials, however, it has
also become clear the FDP design would have to be optimized
to this particular 3D printing method, which requires further re-
search. Further research in this paper will use FDM printing, as,
despite its inferior specifications, it has proven to be very suitable,
both quality and speed-wise, for the scale this paper works with.
A conclusion on what is the most effective printing method on a
larger scale will be drawn in chapter 12

Figure 12: The MSLA (upper) and FDP test prints (own work)
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Section 9

Test

9.1 Set up

The test was designed to simulate wind blowing on a facade.
This was done by placing the 3D-printed FDP in the middle of
a 500mm by 500mm plate. The FDP is made up of the two
printed halfs, glued together and fitted with baffles manually. Its
dimensions are 60mm x 85mm, with the baffles being around
1mm thick. The internal valves are that of Hu et al. (2024)
(Hu et al., 2024) with the same porosity of 0.3125. However,
due to the smaller dimensions of the printed FDP, in practice,
the porosity is somewhat lower, as the amount of closed area
is relatively large compared to the small amount of open area.
Additionally, a standard grille of the same dimensions was made
as a reference. Lastly, a channel with the dimensions of the FDP
holds the FDP and allows for accurate measurements of wind
speeds in the channel.
The setup is designed in such a way that the FDP connects the
large plate and the channel. Just above the FDP, a small inlet
is created for a pressure meter (the Testo 400), registering the
pressure exerted on the facade by a small ventilator. Within the
channel, an Extech hot wire CFM Thermo Anomonemeter was
placed to measure the wind speed. This allows the wind speed
in the channel to be plotted against the pressure difference over
the FDP, which can be compared to the outcomes from the calcu-
lations. The measurements were done at 4 distinct speeds of the
fan.
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Figure 5: The test set up (own work)
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9.2 Results

Initially, the test setup was designed to mimic wind blowing on a
facade (see 5). However, too many parameters were influencing
the measurements. This brief exploration did however make clear
that the behavior of the FDP is very sensitive to external factors,
meaning that to verify its performance, it will have to be tested
in a real-life scenario. To better mimic the experiment as done
by Cao et al. (2020) (Cao et al., 2020), which is the foundation
of all further simulations both by them and by Hu et al. (2024)
(Hu et al., 2024), the ventilator was placed in a cardboard channel
with the same diameter, which was placed against the FDP. This
created a reliable environment for measuring.
The first step was to determine the right value for the porosity,
which was done by testing the standard grille (figure 6). It was
found that their result matched that of a grille with a resistance
of ζ = 0.25 (which is slightly higher than a grille with a porosity
of α = 0.3 with a minor loss coefficient of ζ = 0.2).
With the new test setup, the FDP performed significantly better. It
did however still not perform reliably. slight differences in how the
tube was positioned against the FDP resulted in a large variance
in speeds measured within the channel. However, when plotting
the lowest wind speeds measured at each set of measurements
(figure 7), we do see the FDP does add resistance compared to
the standard grille, and most closely resembles the behavior of the
FDP as proposed by Cao et al. (2020) (Cao et al., 2020), despite
the FDP being modeled after the optimized version of Hu et al.
(2024) (Hu et al., 2024).
Possible explanations for the performance not matching that of
the simulation could be the fact that the baffles were inserted
manually, instead of printed. However, Hu et al. (2024) (Hu et
al., 2024) concluded in their research that smaller baffles would
result in better performance. Another possible explanation is that
FDPs are sensitive to external factors such as wind direction and
how laminar the incoming airflow is. The performance curves are
simulated with a laminar flow as input. In reality, this will rarely
ever be the case.

9.3 Conclusion

As such, the tests has shown that FDPs can perform according to
CFD simulations, albeit with lesser performance than simulated.
Additionally, slight changes in external conditions can drastically
influence its regulating capabilities. To make FDPs function as
optimal as possible, the conditions of the simulations should be
mimicked as much as possible, meaning the inlet design should
facilitate the creation of laminar flows as much as possible. This
can be achieved by avoiding sharp transitions within background
ventilators, creating a smooth entrance into the inlet instead (van
Herpen, 2005). which limits the creation of turbulence in the
airflow before it hits the FDP.
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Figure 6: The first measurement determined what calculating value
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Section 10

Performance

10.1 Performance indicators

Chapter 5.3.1 discussed the regulations around background ven-
tilators. For natural ventilation, a sufficient ventilation rate has to
be able to be provided by the inlet with a pressure difference of
1 Pa. A background ventilator’s efficiency is also often expressed
as its capacity over 1 Pa difference. This is essentially the flow
coefficient of the background ventilator, as explained in chapter
6.4.1. However, since FDPs offer higher resistance at higher pres-
sure differences, meaning its Cv is not a constant, it is difficult
to compare FDPs as such. On top of that, What is considered a
sufficient ventilation rate differs per situation, and is determined
among others by the floor area of the room the BV has to serve,
as well as the number of people that that room is expected to
house. As a rule of thumb, however, a ventilation rate of 25m3/h
per person should be easily obtained. Ideally, it should be able
to provide two people with fresh air, requiring roughly 50m3/h.
When working with type C ventilation, a pressure difference of
5Pa can be assumed (Nijeboer & Hage, n.d.).

10.2 Performance

The numerical model will be used to estimate the performance
of background ventilators fitted with FDPs. To do so, they will
be compared to the Duco Silenzio, which delivers 9dm3/ s (9 ·
10−3 m3/ s) of fresh air over a pressure difference of 1 Pa. Using
formula 4 gives that this means the sum of minor loss coefficients
Σζi equates to a mere 1.65. This seems exceptionally low, as
theoretically at least, the sum of minor loss coefficients of a cap
and a grille in front of an inlet should equate, at least in theory, to
at least 2.5 (van Herpen, 2005). Despite that, the Silenzio offers a
good baseline for comparison.
The Silenzio has a diameter of 250mm. However, due to the
acoustic lining, the channel through which air can flow is rectan-
gular and measures 130mm by 130mm. The BVs with the FDPs
are modeled with these dimensions as well. Figure X shows their
respective Cv. The FDPs cause significant resistance, also at low-
pressure differences. The result of this is that the inlets with the
FDPs are unable to reach a sufficient ventilation rate, nor with
1 Pa, nor with 5Pa, whereas the Duco Silenzio can provide suffi-
cient ventilation for two persons at a pressure difference of 2Pa.
It should be noted that the regulating abilities of the Silenzio are
not taken into account in this plot.
The most effective way to increase the ventilation of the BVs con-
tainig the FDPs is to increase their area. The result of increasing
the area of the inlets to 200mm by 200mm is plotted in Figure Y.
The results show a performance that is more suitable for practical
applications. Although This means increasing the area of the inlet
with 42% , it is important to note that the total diameter of the
Duco Silenzio is 250mm, as it has to accommodate the insulating
lining for sound absorption. If the FDP can be designed to insu-
late sound sufficiently well that the lining becomes redundant, the
dimensions of the inlets could stay more or less the same.
Lastly, the resulting wind speed in the channel is plotted in Figure
Q. Here, the strength of the FDP becomes apparent. Theoretically,
the FDPs should be able to keep the speed in the inlet under
the allowed 0.2m/ s up to wind speeds of 4m/ s. These are the
speeds with which the wind hits the facade of the building. Figure
L shows that speeds of this kind or lower make up around 30%
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of occurring wind speeds in the Netherlands. However, these
wind speeds than have to be converted to wind speeds applicable
to the context, according to formula 16, meaning, in reality, this
percentage will be higher.

10.3 Conclusion

In its current form, the FDPs provide too much resistance at low
pressure differences to be suitable for application in naturally ven-
tilated buildings.
The objective of this chapter was to numerically if FDPs offer
enough passive control over the inflow of air at higher wind
speeds, making the need for closing mechanisms redundant. The
outcome of the model shows this is not yet feasible. Instead, the
maximum allowable speed of 0.2m/ s is already reached at wind
speeds of around 3m/ s. This estimation is still generous, as the
numerical model overestimates the performance of the FDP. It
is however significantly better than a standard grille of the same
porosity. The easiest way to improve the performance of the FDPs
is by adding additional valve units, as demonstrated by Cao et al.
However, this will also increase its resistance at low-pressure dif-
ferences, which is undesirable. It should also be repeated that the
configuration as proposed by Hu et al. is not the most optimized
valve thinkable. Chapter 11 will review the possibilities for further
optimizations. Alternatively, the performance can be improved by
adding caps to the BV to block the most direct wind, as is com-
mon practice. At low wind speeds, the FDPs behave similarly to
normal grilles. This is desired since natural ventilation systems
are expected to function at low-pressure differences. The FDP
does however add resistance even at low wind speeds. Taking all
this into consideration, the concept of FDPs to regulate NV is a
feasible one, at least when it comes to its performance. The rest of
the thesis will focus on the feasibility of the FDPs when it comes
to their manufacturing.
Optimize towards less resistance at low speeds, regulating be-
haviour only at higher wind speeds
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Figure 11: ∆P as a function of wind speed for Cp = 0.7

Figure 12: For the FDP to allow enough fresh air it requires a larger
area compared to a standard inlet
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Section 11

framework

This chapter will investigate how the numerical model can be im-
plemented into a predictive model to allow efficient selection of the
right Tesla geometry to meet particular requirements of a project.
To do so, however, an efficient way to obtain the performance
curves of a Tesla valve is required. As of current, there is no
way to obtain the performance curve of a Tesla valve other than
through CFD analysis or AI predictions. The goal of this chapter
is to provide an overview of the optimization possibilities of Tesla
valves and to efficiently obtain their performance curves.

11.1 Optimization

Throughout this research, the following objectives have been iden-
tified for the optimization of Tesla valves for their application in
NV. These are 1) to provide as little resistance as possible at low
wind velocities and 2) to provide as much resistance as possible
at high wind velocities. The latter will influence how many flow
loops will be needed to achieve the required regulating properties.
With optimized valves, fewer flow loops will be required, reducing
the thickness and material needs for the FDP. It also reduces the
resistance the FDP offers in the forward direction. This is how-
ever of lesser importance. However, optimization possibilities are
restricted for reasons discussed in chapter 6.2.
Optimizing Tesla valves can be done in multiple ways. Much
research has been done to find the optimal parameters for the
traditional Tesla valve, either through CFD analysis (Cao et al.,
2020) (Hu et al., 2024) (Bao & Wang, 2022) (Zhang et al., 2023)
or through the use of machine learning methods, as was done by
Peng et al. (2023) using multi-layer perceptron models (Peng et
al., 2023). Other research has found alternative shapes and lay-
outs for the Tesla valves to improve its performance significantly.
Fadl et al. (2009) researched the efficiency of multiple valve struc-
tures, including the conventional Tesla valve, focusing specifically
on their performance at very low Reynolds numbers(Fadl et al.,
2009). Liu et al. (2022) researched the performance of symmet-
rical Tesla valves compared to that of traditional ones, concluding
they perform significantly better (Liu et al., 2022). The limiting
factor of these variations on the Tesla valve is that they stack less
efficiently, leading to less efficient integration into an FDP. The fi-
nal method uses topology optimization to optimize the principle
of the Tesla valve, which was done by Böhm et al. (2022) (Böhm
et al., 2022). This results in completely different geometries en-
tirely, which are not easily manufactured on a large scale. On
top of that, topology optimizations result in the optimal perfor-
mance of the valve in a very specific setting, whereas the perfor-
mance requirements change per application. Therefore, a more
customizable valve design is preferred.

11.1.1 lattice Boltzmann method

A significant issue with all research regarding the Tesla valve is
that their simulating them using traditional CFD methods is com-
plex to set up and time-consuming. In the past 20 years however,
a new simulation approach has rapidly gained popularity. The
Lattice Boltzmann Method (LBM) is known for its ability to han-
dle various types of flows and its simple approach to representing
boundaries using binary masks, along with its easy parallelization
and use of regular meshes. It has shown great promise in com-
putational physics, especially in microfluidics (Fadl et al., 2009).
Its strength LBM lies in the fact that, unlike conventional CFD

Figure 13: The Boltzmann implementation proves it is fast and easy
to implement. However, more research is required before it can
accurately mimic the behavior of flows in a Tesla valve
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methods, LBM functions on a discrete lattice grid where indi-
vidual nodes serve as computational points. Each node is asso-
ciated with a distribution function, representing the probability
of particle groups moving in defined directions and with what
velocities (SimScale, 2023). Thanks to it easy parallelization, it
allows for efficient utilization of computational resources and ac-
celerated simulations of complex flow phenomena within Tesla
valves. Additionally, BLM’s lattice-based approach facilitates the
representation of intricate geometries, enabling detailed modeling
of flow behavior within the Tesla valve’s asymmetric channels and
side channels. Moreover, BLM inherently captures turbulence ef-
fects through its mesoscopic approach, providing insights into the
flow patterns and energy dissipation mechanisms within the Tesla
valve. Furthermore, BLM allows for adaptive mesh refinement
strategies, enabling the resolution of flow features near-critical re-
gions of the Tesla valve to enhance simulation accuracy. (Ganji
& Kachapi, 2015). This means that BLM offers some important
advantages that make it well-suited for efficiently simulating the
efficiency of Tesla valves, which was proven by Fadl et al. (2009)
(Fadl et al., 2009) by successfully implementing the Boltzmann
method to study the performance of different types of Tesla valves.

Figure 6: The binary mask of the Tesla valve (own work)

A possible way to obtain the performance curves for a vast amount
of valves might be done as follows. In Grasshopper (Tedeschi,
2014), a parametric model generates a vast amount of Tesla valves
within the ranges that were already identified by Hu et al. (2024)
and summarized in chapter 6.1. A proposal on how this might
be done is provided in chapter 11.1.2. Since the lattice Boltzmann
Method works on a mesh grid and makes use of binary masks to
represent boundaries, the resulting geometry from the first com-
ponent ought to be translated to a mask. This is easily achieved
by projecting a grid over the geometry and testing whether or not
the grid points are in or outside the flow channel, resulting in a
usable True/False mask. From this point it is recommended to
move out of the Grasshopper environment, as it is rather slow
and parallel computing is difficult to achieve. Additionally, exter-
nal libraries used for the Boltzmann method are not (or difficultly)
obtainable within grasshopper. Instead, Python is used to run the
simulations. An efficient way to run the Python simulations from
Grasshopper might be using the Hops plug-in (McNeel, n.d.), but
this has not been attempted by the author due to time constraints.
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To run the simulation, the only requirement is to load in the mask
into the Python script. However, to exploit the Boltzmann method
to its full potential, great attention should be paid to effective par-
allelization, as to obtain the performance curve, the simulations
will have to be run at multiple speeds (and if desired, in both di-
rections), in a similar way as done Hu et al. (2024), which means
an optimized simulation method is required. Once a significant
data set of performance curves has been selected, they can be inte-
grated into a numerical model which allows for manual selection
of the right performance curve (and thus the right valve) for a spe-
cific application. Additionally, they can be used to train machine
learning models to predict or generate the right valve for a spe-
cific application. This is further explored in chapter 11.1.3. and is
largely based on the works of Ortiz (2022) and Mocz (2022). The
implementation of the Boltzmann method demonstrates that it is
both quick and straightforward to execute. Nevertheless, further
study is needed to precisely replicate the flow dynamics in a Tesla
valve since in its current state it is not able to accurately mimic
the results of the simulations of Hu et al. (2024) and obtain the
performance curve.

11.1.2 parametric model

Figure 7: FDP generator (own work)

To run the Boltzmann simulations for multiple variations of the
Tesla valve, a parametric model providing a binary representation
of the Tesla valve is needed. This chapter proposes a simple
method to rationalize and parameterize the Tesla valve using c#
and grasshopper and generate its binary representation.
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11.1.3 AI prediction

in chapter 3.1.2 it was mentioned that multi-criteria optimization
results in higher resilience of building components.
Once a sufficient amount of CFD analysis have been run, the re-
sults can be used to train machine learning models to predict the
optimal valve for any situation. This concept has been tried and
proven in a couple of researches. First of all, Du et al. (2023) (Du
et al., 2023) propose an artificial neural network (ANN) model
that can predict and optimize the performance of Tesla valves
based on specific application goals. Their study focused on hy-
draulic systems, where strong diodic characteristics are required
from the valves, and on thermal management applications, where
the valves had to be optimized to maximize convective heat trans-
fer. Based on the different optimization objectives, the model was
able to provide the most optimized valves. Although the optimiza-
tion objectives for the FDPs are very different, a similar approach
could be taken to optimize towards NV regulation. Vaferi et al.
(2023) (Vaferi et al., 2023) proposed a similar strategy, predicting
optimal designs of the Tesla valve for different conditions using
a genetic algorithm method and prediction models. The results
indicated that the coefficient of determination for both prediction
models was above 0.99, demonstrating high accuracy(Vaferi et al.,
2023)(Vaferi et al., 2023). Although these researches did not
focus on Tesla valves in NV applications, their general structure
might be adapted to do so.
Once able to predict how the number of units affects the efficiency
of the FDP. Liu et al. (2022) provides a method to define such a
scaling law. (Liu et al., 2022)

11.2 Conclusion

It can be concluded that the proposal for the optimization and
selection method is for the most part an efficient and functional
one. However, for it to work, some important steps still have to
be made. Currently, the mathematical approach to the FDP’s be-
havior mimics that of simulations well. It can be concluded with
relative certainty that The Boltzmann lattice method would be the
most suitable to realize bulk simulation to train a multi-objective
AI model. However, the current implementation proposed in this
paper is too basic to accurately depict the FDP’s behavior and
needs further development. Using the AI predictions and a fine-
tuned mathematical model would provide a very useful tool, and
should be explored further by solving the aforementioned short-
comings of the current implementations
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Section 12

design proposal & feasibility

There are many ways of integrating multiple elements and func-
tions into a BV.
The FDP owns its internal structure to its main function, which
is to regulate airflow. For this purpose, it uses Tesla valves. Af-
ter having analyzed what other functions FDPs should have, and
what passive solutions there are to do so, this chapter will see if
these functions and geometry show overlap, and how they might
be integrated into a holistic BV, using 3DP when needed. Apart
from function, there are other factors at play. As discussed, the
FDP is interesting in particular for its ability to be shaped into any
form. On top of that, for optimal performance, the valves ought
to be optimized for each particular application. Maintaining this
degree of customization can almost only feasibly be done by 3DP.
However, this does mean the production speed will be severely
limited, and all other functions the FDP should have to make it
multi-functional would have to be integrated by geometric, print-
able, and easy-to-integrate solutions. This might be possible, but
such levels of complexity might make the 3D printing of the FDP
unreasonably complex. This chapter will propose and compare
other manufacturing methods for FDPs and propose a possible
solution that allows the mass production of FDPs

12.1 functionalities

12.1.1 regulation

regulation is done with the FDP, but question if 3DP is the most
suitable form. In its current form, it is a simple extrusion. There
are methods more suitable to produce such shapes with a higher
throughput. Additionally. not using 3D printing for the FDP, al-
lows for the use of a larger variety of materials, which can perform
a double function.

12.1.2 accoustics

This double function is most critically decided by the findings in
chapter 10.2 where it was found that the area of the FDP has to be
larger than that of a traditional BV. This means that either the en-
tire design will have to be larger in diameter, or the acoustic lining
will be removed to acquire the required free area. However, this
does mean the FDP will have to offer very high sound insulation.
This can be done by making the FDP out of a sound-absorbing
material, as was proposed in chapter 10.2. There are many such
foams, but many of them are not recyclable. However, bio-foam
has the official cradle-to-cradle therefore resilient and behaves like
..., making it easy to process and suitable as a sound-absorbing
material. Apart from the FDP performing a double function by
creating it out of foam, it also means it can be produced signif-
icantly faster. Two methods qualify to do so, which are foam
die-cutting processes Veinas, 2022 and industrial hot wire cutting
MegaPlot, 2022.

12.1.3 filtering

Cao et al. (2020) (Cao et al., 2020) already mentioned filtering
needed to be applied. But adding a filter to the FDP would
increase its resistance even further which is undesired (Daniël,
2021). A simple solution would be to turn the FDP 90 degrees.
As such, particles will fall to the bottom. In this configuration, the

Figure 14: Since the FDP requires a larger are to allow for enough
air to pass, implementing acoustic lining is no longer possible
(without enlarging the entire inlet). Therefore it would be necessary
to integrate the acoustic absorption into the FDP, potentially by
making it out of an absorbing foam.

Figure 15: Rotating the valves ensures the dirt will fall to the
bottom, where it can be disposed of or collected

Figure 16: In the scenario of a circular FDP, dirt collection might be
integrated into the rims
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FDP might even function as a cyclone separator (Albanes et al.,
2022), and smart design could improve this effect. In any case,
this does mean that dirt will have to be collected and disposed of
or stored which could be done in the lower rim.

12.2 Design

To turn these solutions into a functional design, one that could
be incorporated into a trickle ventilator. As a reference, the Duco
Skymax was chosen (Duco, 2024b). The design proposes an FDP
out of bio-foam, manufactured using die-cutting (figure 9). The
foam components can be held together by the rims without the
need for any adhesives. How this might be achieved is explained
in figure 10. Holes in the rim allow the disposal of the particles
out of the valves and into a sloping compartment, integrated into
the extrusion profile of the trickle ventilator, which in turn leads
the particles to the outside. As such, the rims and baffles form a
complex and multi-functional geometry which lends itself well for
3D printing.

12.3 Further improvements

The design does not solve all issues with NV. For example, heat
loss still occurs. However, for such problems, we should per-
haps look at behavioral changes instead, and find more efficient
manners of heating that do not require the (inherently inefficient)
heating of entire rooms, floors and buildings [low tech]. In gen-
eral, technology will only bring us closer to our goal of a net zero
built environment if the social-economical context in which it is
deployed changes drastically (De Decker, 2023). Another problem
is that cold drafts, and therefore thermal discomfort might persist.
Further development of the product might result in manners to
use of the baffles as pre-heating elements, such as the ones Duco
integrated into their ClimaTop design (Groothoff, 2013), providing
even more functionality to the FDP, but as such also complicating
it significantly (Craig & Grinham, 2017), which does not fit in with
the objective of this thesis.

Figure 17: The complete functionality of the integrated FDP

Figure 8: Complete integration of the FDP into the trickle ventilator
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Figure 9: The process of die cutting the foam
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Figure 10: The assembly sequence of the foam and the rims
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Section 13

Final Conclusion

The second part of the thesis served as a case study, by taking ex-
isting research into 3D printed components which complied with
the requirements set in the first part for promising 3DP appli-
cations, and researching how it might be turned into a feasible
and scalable product. Firstly, it discussed the basic principles of
natural ventilation, its stringent design requirements to function,
and the contradictory measures that have to be taken to tackle
issues concerning sufficient airflow, thermal and acoustic comfort,
and filtering. It is exactly this complexity that might be solved by
a holistic and multi-functional 3D printed solution [SQ-V & SQ-
VI]. Currently, trickle ventilators and background ventilators can
solve some of these issues, but none of the solutions is ideal, and
especially when it comes to the regulation of inflow, current solu-
tions are either not sufficient or complex, which does not comply
with the requirements for resilience. Therefore, special attention
was given to the concept of fluid diode plates (FDPs) [SQ-VII].
Through literature research, it researched how FDPs could be ap-
plied in practice, revealing that their functionality might indeed
be deployed efficiently to regulate inflow, but that a larger sur-
face area is required compared to other background ventilators.
However, this increase can be compensated if the FDP supplies
acoustic insulation, making the need for acoustic lining in back-
ground ventilators redundant, meaning overall the surface area
of the inlets can remain the same. This is however most eas-
ily achieved when the FDP is made of foam, meaning it can not
be produced through AM. However, other parts were identified
where 3DP could be deployed and adhere to the requirements for
efficient 3DP design set in part one of this thesis, such as avoiding
assembly steps [SQ-VIII]. Additionally, the use of 3DP was found
to be promising for integrating low-frequency sound absorption
and filtering in the BV design [SQ-IX].

How can a shift towards a more holistic design approach facilitate the widespread adoption of additive
manufacturing in the built environment, addressing immediate industry needs and fostering innovation
and growth?

The first part identified immediate needs in the building indus-
try such as carbon reduction, resilience, circularity, health, and
equity, and highlighted the importance of scalable and simple so-
lutions for accelerating refurbishment efforts, particularly in the
European Union. Especially passive solutions such as 3D printed
facades, acoustic dampeners, air filters, and regulators, integrated
into holistic design were shown to both contribute towards this
cause and are able to exploit the inherent capabilities of 3DP, in-
cluding customization, multi-functionality, and the ability to create
designs that are challenging to manufacture traditionally.
The second and third parts of the thesis served as a case study on
natural ventilation, a complex issue that aligns with the goals of
resilience and refurbishment. It discussed the multifaceted chal-
lenges of designing for adequate airflow, thermal comfort, and
noise reduction while maintaining filtering capabilities. The po-
tential of fluid diode plates (FDPs) was examined in detail, demon-
strating how their enhanced functionality could address airflow
regulation and acoustic insulation simultaneously, thereby reduc-
ing the complexity and amount of components compared to tra-
ditional methods.
The case study underscored the effectiveness of 3DP in creating
multi-functional, integrated solutions that could lead to the re-
design of existing components and systems in the building in-
dustry. By avoiding assembly steps and employing designs that
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use the strengths of 3DP to integrate multiple functions into a
single component, the adoption of 3DP technologies can be accel-
erated. This approach not only addresses the immediate needs
of the industry but also promotes sustainability and innovation,
suggesting a promising pathway for the future of construction and
architectural design.
Ultimately, the shift towards a more holistic design approach in
additive manufacturing can indeed facilitate its widespread adop-
tion in the built environment, effectively addressing immediate
industry needs while fostering innovation and growth. This ap-
proach not only meets current requirements but also sets a foun-
dation for future advancements in building technologies.
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Section 14

Reflection

14.0.1 methodology and relevance

The objective of this thesis was to establish a critical overview of
the strengths and weaknesses of additive manufacturing in the
context of the built environment and explore how these strengths
and limitations influence the design process of mass-produced 3D
printed solutions in the construction sector, with a particular fo-
cus on its potential to increase resilience in the built environment,
which is an import consideration in the context of current societal
and climate-related predicaments. To achieve this, an approach
was chosen that was twofold. The first part of the research focused
critically on the current applications of additive manufacturing in
the built environment and asses its feasibility. It was concluded
that for 3D printing to be a feasible manufacturing method, it has
to be deployed to solve multi-faceted problems by producing com-
plex, multi-functional parts that solve multiple problems at once.
It was then concluded that this was most likely to be achieved in
the field of climate design, as it was identified that such multi-
dimensional problems were most common in the field of climate
design. On top of that, research into 3D printing in the fields of
structural and facade design was found to be plentiful and well-
established. After identifying potential research directions within
climate design, it was concluded that for the objective of this paper,
natural ventilation, and in particular the role of background ven-
tilators and how they could be improved using 3D printed fluid
diode plates, filters and acoustic solutions, was the most promising
direction to research further as a case study for the second part of
the research, which focused on outlining how the strengths and
weaknesses of 3D printing influence the design process. The sec-
ond part of the thesis thus focused on understanding the passive
and 3D printable methods available to improve background ven-
tilators. Most of the research focused on the fluid diode plates, as
research on them is scarce. Based on the results, the thesis pro-
posed an optimization and selection method for the FDPs, so that
the FDP can be generated to meet the needs of any specific case.
At the same time, the optimal production method was explored, as
well as a proposal on integrating the FDPs into a multi-functional
background ventilator. This approach to the thesis was sufficient
to the initial objective of the paper, namely to explore the conse-
quences of the characteristics of 3D printing as a manufacturing
method for mass-produced components. It led to the conclusion
that to make 3D printing feasible, a holistic approach to the de-
sign process of building components had to be adapted, which
was confirmed by existing literature. On the other hand, due to
the broad nature of the thesis, the research stayed somewhat su-
perficial, meaning that many of the ideas and concepts that were
introduced will have to be tested and validated.
Assessing the academic and societal impact of the thesis, it can be
concluded that 3D printing can play an important role in mak-
ing the built environment more passive and therefore more re-
silient. However, it remains a complicated way of manufacturing,
as the poor scalability of the technology remains a problematic
issue. Therefore, the exploration of holistic design thinking to
unlock 3D printing is an important consideration that came forth
from this thesis. Additionally, successful improvement of back-
ground ventilators through resilient, 3D printed solutions might
guarantee many, especially those in less wealthy countries, access
to affordable, healthy, and quiet ventilation, which aligns with the
qualifications set in the first part of this thesis as to what exactly
counts as is societal value and innovation.
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14.1 Personal

My aim with this thesis was not only to develop a relevant, scal-
able product but also to do so in a way that aligns with my val-
ues, which are that of aiming for low-tech, resilient solutions that
might help improve the life of everyone with as little complexity as
possible. As a Building Technology student, I often feel as if the
opposite is oftentimes encouraged, namely to create convoluted
solutions with little relevant impact. With this as a starting point,
my research led me to discover many interesting aspects of de-
sign. What was most influential for the final design decisions was
researching the concrete implications of what it means to design
in a resilient manner. The technological solutions followed auto-
matically, in large part thanks to my supportive professors, who
encouraged me to maintain my critical attitude and provided me
with essential insights into existing technologies and approaches.
I think any engineer would benefit from following a similar ap-
proach to design, formulating critically what the social objectives
of the design should be, and letting that guide the innovation.
This thesis has shown that in doing so, it might happen that to
innovate, high-tech solutions are not always required. This has
led me to formulate the question ’What counts as innovation’ and
how might we make engineers and designers more aware that
designing for resilience is not the same as relying on the latest
technologies. For me personally at least, this thesis has been a
first step into understanding that.
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