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Abstract

Efficient ventilation systems are crucial for maintaining optimal air quality in indoor and enclosed
environments, both on and off Earth, such as buildings, space habitats, international space station
crew quarters, tunnels, underground mines, and other structures. However, traditional ventilation
systems face challenges, such as uneven air distribution, energy inefficiency, noise, and limited
adaptability to dynamic environmental conditions. Meanwhile, many organisms in nature are
capable of constructing structures that can facilitate efficient air exchange and heat regulation, such
as ant nests, termite mounds and prairie dog burrows. This study explores, analyzes, and summarizes
the mechanisms, structures, and strategies found in nature that can inspire the design of efficient and
effective ventilation systems. To highlight the practical implications of such designs, this paper
reviews the progress of bio-inspired ventilation research, with a focus on air regulation, component
optimization, and environmentally adaptive strategies. A bibliometric analysis and research trend
are presented to illustrate the key developments in this field for over the past 25 years. The potential
of integrating the bio-inspired strategies into ventilation systems, particularly with the focus on the
applications to the off-Earth habitats and underground mines, is discussed. This study presents
comprehensive insight into developing bio-inspired ventilation systems, thus paving the way for
achieving innovative and more efficient design solutions.

Keywords: Bio-inspired ventilation; reduced noise fans; adaptive ventilation systems; ventilation
systems for off-Earth habitats; mine ventilation systems

1. Introduction

The on-Earth ventilation systems which are often an integral part of the heating, ventilation and
air conditioning (HVAC) systems, commonly face issues associated mainly with the energy
consumption and efficiency. The HVAC systems contribute approximately 40% to the building’s
energy consumption globally [1] and almost 50% in the hot and arid regions [2]. They also account
for around 40% of the primary energy use in the United States, with China projected to reach a similar
level in the coming years [3]. While in some cases the natural ventilation can accommodate the supply
of the fresh air to the buildings on Earth, often it is not capable of providing sufficient cooling to the
incoming air during the high-temperature seasons, which results in the thermal discomfort for the
occupants [4]. Consequently, a significant percentage of the modern buildings is still highly
dependent on the mechanical ventilation systems, which are energy-intensive and take up a
considerable amount of space due to their complexity and large volume [5].

A similar but a far more critical challenge exists in the mining industry. While the fundamental
objective of the mine ventilation system appears straightforward, which is to deliver a sufficient air
quantity and quality to all areas of the mine where personnel are present, the reality has become

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0073.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2025 d0i:10.20944/preprints202510.0073.v1

2 of 48

increasingly complex [6]. As easily accessible mineral reserves become depleted, the mining
operations are forced to go deeper underground, where conditions are more hostile, hotter and
gassier [7-10]. At greater depths, the ventilation system must not only supply fresh air but also
address a range of compounding risks, including the serious threat of heat stress to workers and
equipment, the increased likelihood of mine fires, the presence of explosive dust and gases, and the
growing use of mechanized diesel-powered machinery, which generates more heat and emits toxic
exhaust. Beyond safety, there is also the matter of economics, where ventilation systems generally
account for a significant portion of the mine’s operating energy costs [10]. The combination of these
factors creates a pressing need for optimizing mine ventilation systems so that they can effectively
balance safety, health, and operational efficiency while minimizing energy consumption.

As space exploration advances and the focus shifts toward longer and more sustained crewed
missions, the next frontier in the ventilation challenges lies beyond the Earth itself, where future off-
Earth habitats will depend on effective systems to maintain safe and optimal indoor climates [13].
Unlike on Earth, where the natural convection driven by the temperature and density differences
helps the movement of the air, the microgravity conditions of space eliminate this process [14,15].
Consequently, without an adequate forced airflow, the air with a high CO: concentration from
breathing tends to accumulate around the head of astronauts when they are in stationary positions
such as sleeping [16,17], which could lead to various health risks, such as headaches and asphyxiation
[18]. A prominent real-world example of the ventilation in space habitats is aboard the International
Space Station (ISS). Although the general ventilation systems on the ISS are sufficient to accommodate
most situations, this might not be the case for the astronauts’ sleeping quarters or crew quarters (CQ)
[14,19,20]. According to several NASA and ESA reports, the crew members frequently wake up with
symptoms of CO: intoxication due to the localized build-up of CO: around their heads, while the
temperatures in CQs often exceed the standard for comfortable levels [21]. The ISS environment also
becomes increasingly polluted with dust and particulate matter, primarily originating from the
occupants themselves. As dust travels through the ducting of the ventilation systems, it can cause
issues with the airflow sensors monitoring the flow variations [20]. Additionally, as much as 13% of
the CQ’s total mass and 6% of its volume are dedicated to the noise reduction measures. Unlike the
ISS, which is located in the low Earth orbit, this allocation of mass and volume specifically for the
noise reduction of the ventilation system could be impractical for the deeper space missions beyond
the current ISS [21].

With the need to provide effective and reliable life support systems for the future long-duration
crewed space missions [22,23] and the growing demand to reduce the energy consumption as well as
to optimize the ventilation systems of buildings and mines on Earth [2,11], developing an innovative,
energy-efficient, and effective nature-inspired ventilation system could provide a sound solution to
these challenges. For more than 3.8 billion years, many organisms in nature have evolved to be
sustainable, efficient and adaptable. They are capable of a self-regulation through feedback
mechanisms, resilient to sudden changes, and adaptable to new conditions [24]. Like the built
environment, organisms in nature require effective air regulation and heat transfer mechanisms
because sufficient oxygen and thermal comfort are vital for their survival. In the past 25 years, bio-
inspiration has gained a significant attention across various fields of research [25], including the built
environment, where researchers have adopted design principles found in nature to improve the
performance of buildings [26,27]. Figure 1 shows an overview of various organisms with features or
structures applicable to ventilation system designs.
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Figure 1. Overview of various structures and features in nature that are relevant to ventilation systems: (A)
Yellow crocus flower. Adapted from [28], CC BY 4.0 (cropped from original); (B) Ice plant. Reproduced with
permission from [29]; (C) Pine cone. Reproduced from [30], CC BY 4.0; (D) Black-tailed prairie dog. Reproduced
from [31], CC BY-SA 2.5; (E) Sea sponge. Reproduced from [32], public domain; (F) Mimosa pudica. Adapted
from [33], CC BY-SA 4.0 (cropped from original); (G) Ant nest. Reproduced with permission from [34]; (H); Perca
fluviatilis by Gunther Schmida. Adapted from [35], CC BY-NC-SA 3.0 (rotated from original); (I) Bamboo trees.
Adapted from [36], CC BY-NC-5A 3.0 (cropped from original) [36].

Previous reviews on bio-inspired designs and technologies in the built environment have
focused largely on the thermal regulation of buildings, including cooling strategies [37], energy-
efficient built environment [38], thermal energy regulation [39], and applications of thermoregulation
strategies in the architecture [40]. While these works provide valuable insights into improving the
energy performance of buildings, the discussions specifically addressing the ventilation systems are
often limited. Moreover, these studies lack a focused discussion of the research trends in the bio-
inspired ventilation and its components over the past decade, which would reveal how the field has
evolved in terms of design strategies, modelling approaches, application contexts, and performance
outcomes. They overlook both the progress already achieved and the potential applications of the
bio-inspired ventilation in the critical contexts such as underground mines and off-Earth habitats.

This paper presents a systematic review and evaluation of the bio-inspired features, structures,
systems, mechanisms and strategies relevant to the ventilation systems and their components, taken
from various stages of development, i.e. conceptual, numerical simulations and physical testing.
Section 1 of the paper introduces the background and motivation for the study and outlines the
research problem and objectives. Section 2 describes the methodology for identifying and reviewing
the relevant literature, along with the research trend analysis to demonstrate the progress and focus
of the bio-inspired ventilation research over the past 25 years. Sections 3-6 discuss the various insights
and inspiration from nature for effective and efficient ventilation systems and their components.
Section 7 presents the potential applications and integration of such designs and principles for off-
Earth habitats and on-Earth underground mines along with their associated challenges. Section 8
concludes the findings and provides recommendations for future research.
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2. Methodology

This review has been conducted according to the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) guidelines, comprising four key stages: (1) identifying studies
through database searches and other sources, (2) screening the studies to select relevant literature, (3)
assessing the eligibility of full-text articles based on specific inclusion criteria, and (4) including the
final set of studies for review.

2.1. Data Identification

Specific search queries, as shown in Table 1, were used across various literature databases, with
Scopus and Web of Science being the primary sources and Google Scholar being a secondary source.
Keywords such as “bio-inspired” and its various synonymes, e.g., biomimetic, nature-inspired, bio-
inspiration, nature-based, biomimicry, bio-design, bionic, organism-inspired and plant-inspired,
were used. These biomimicry-related keywords were combined with the terms related to the
ventilation systems, their components and the built environment, such as vent, duct, fan, air
regulation, wall, envelope, air circulation and HVAC systems. Boolean operators (AND/OR) were
employed to refine the search. For the initial search in Scopus and Web of Science, to cover all relevant
terms comprehensively, an asterisk (*) wildcard was added at the end of the subject-related words.

For instance, using “vent*”

ensures that variations like vents, ventilation, ventilating, and venting are
included. To cover the progress of the research over the past 25 years, the results were limited to
documents that have been published between 2000 and 2025 inclusive. For the literature search in
Google Scholar, the advanced search tool was utilized using keywords similar to those used in Scopus
and Web of Science. Only the first 100 articles returned by Google Scholar for each search query were
selected for further screening, because the documents beyond this were generally found to be
irrelevant to this review. To prevent the potential biases introduced by the Google Scholar's
proprietary ranking algorithm, it was utilized only as a secondary data source. Additionally, the
reference sections of the papers that passed the full-text evaluation were manually checked to identify
the relevant literature missed during the initial database searches. The documents obtained through
this process were categorized under the snowball search. Figure 2 illustrates the detailed process of
this study, from identifying the gaps in the existing literature to finding, reviewing, analyzing and
summarizing the relevant studies.

Table 1. Keywords for literature search.

Biomimicry-related keywords Boolean  Subject-related keywords

vent* OR fan*
duct®

AND air AND regulat*
wall* OR envelope*
air AND circulat*

bio-inspired* OR bioinspired* OR biomimetic* OR bioinspiration*
OR bio-inspiration* OR nature-inspired* OR nature-based* OR
biomimicry* OR bio-design* OR bionic* OR organism-inspired*
OR plant-inspired*

bio-inspired* OR bioinspired* OR biomimetic* OR bioinspiration*
OR bio-inspiration* OR nature-inspired* OR nature-based* OR
biomimicry* OR bio-design* OR bionic* OR organism-inspired*

HVAC* OR “heating
AND ventilation and air

ditioning”
OR plant-inspired* conditioning
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Figure 2. The workflow and search process of the presented review developed based on PRISMA approach.

2.2. Data Screening and Inclusion

The initial search across multiple databases yielded a total of 13951 documents, covering a wide
range of subject areas, which are discussed in detail under section 2.3. To refine the initial search
results and to exclude irrelevant documents for this review, a systematic review tool, namely Rayyan
was used before proceeding with the manual screening through abstract reading and full-text
eligibility checks. This tool helps in identifying and removing duplicate entries due to the overlap of
similar records across different databases. To further remove the irrelevant documents, the exclusion
filter in Rayyan was used to exclude the literature with keywords outside of the scope of ventilation
systems and the built environment, e.g. signal processing, peptides, bacteria, propulsion, robots, etc.
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The duplicate removal process reduced the total number of documents to 9679, while screening for
irrelevant studies brought this down to 1379. After reviewing titles and abstracts, this was further
reduced to 169 documents. At the final stage of the data collection, which involved a full-text
evaluation or eligibility check, 73 documents were identified. Additionally, 12 more documents were
obtained through a snowball search. The final number of documents included for analysis is 85. The
inclusion and exclusion criteria used for this review are summarized in Table 2.

Table 2. Inclusion and exclusion criteria.

Criteria for inclusion
Documents published between 2000
and 2025 inclusive
Studies on ventilation for the indoor
and outdoor environment

Studies relevant to ventilation
systems and their components

Studies considered important for
improving the ventilation systems,
even if they are not solely focused on

Criteria for exclusion
Duplicate studies or multiple reports from the same
research with no additional data or insights

Studies lacking bio-inspired designs/strategies

Documents written in other languages or containing a
significant portion of confusing and unintelligible
discussions

Pure review studies that do not present new conceptual
designs

ventilation

Only a small portion of the study is relevant to the
ventilation systems, or it is not deemed significant for
the improvement of the ventilation systems.

Written in English language

2.3. Data Analysis

2.3.1. Research Trend and Bibliometric Analysis

Although the pre-screened dataset comprises a large number of documents, examining its trends
is crucial for understanding the impact of bio-inspiration in the engineering fields and related
sciences. Such analysis highlights not only the growth and evolution of the field but also identifies
the shifts in the research focus and emerging areas. The thematic analysis of the pre-screened records
revealed that engineering constituted the largest segment at 22.3%, followed by materials science at
15.8%, physics and astronomy at 8.24%, chemical engineering at 8.18%, and chemistry at 7.8%, as
shown in Figure 3A. The "others" category, accounting for 11.9%, includes additional disciplines such
as medicine, social sciences, biological sciences, and agriculture. This diversity in subject areas is
likely due to the widespread use of terms such as bio-inspired, vent, cooling, heating, and wall across
multiple disciplines. Hence, this underscores the importance of further screening to ensure the
inclusion of the most relevant articles for further analysis. In terms of the most productive countries,
China and the United States lead the trend in the number of publications, contributing approximately
4,800 and 2,200 documents, respectively, as shown in Figure 3B. Several European countries are also
among the top 10 most productive, including the United Kingdom, Germany, Italy and France.
Meanwhile, in Asia, the most productive countries, in addition to China, are India, South Korea, and
Japan. Australia is also among the leading contributors, ranking 10th in the trend. Figure 4 shows the
scientific production of the ten most productive countries, expressed in percentages.
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Figure 3. (A) Percentage of published documents categorized by different focus areas before screening; (B)
Number of published documents by the top 10 most productive countries.
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Figure 4. World map showing the percentage of scientific output of the top 10 most productive countries in the
field of bio-inspired ventilation systems and the built environment before the screening process. Adapted from
[41], public domain.

In addition to classifying the retrieved documents into various subject areas and countries, this
study also examined the number of publications over the years. As shown in Figure 5, from 2000 to
2010 the number of published documents remained relatively low but exhibited an overall upward
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trend, despite some fluctuations. This trend demonstrates the growing interest in the field, along with
the possibility of competing paradigms in its early stages, leading to fluctuations in the number of
publications. From 2010 to 2017, there was a more noticeable increase in publication numbers
compared to the previous decade, reflecting a sustained interest in this field of research. The most
significant surge occurred between 2018 and 2025, during which the number of publications rose
sharply, accounting for more than half of the total publications in the last 25 years. The surge is likely
driven by the rising demand for more sustainable buildings and energy-efficient systems over the
last few years. For 2025, although the data are still incomplete for the current year, the total number
of publications has already surpassed that of 2023 and earlier years, indicating that interest in this
field is likely to continue growing.
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Figure 5. Number of published documents categorized by year.

To further investigate the research trends, a keyword co-occurrence analysis was conducted on
the dataset before and after the screening process using VOSviewer software (version 1.6.20). Two
types of keyword co-occurrence visualizations are presented in this study: network visualization and
density visualization. The density visualization highlights areas of high and low keyword occurrence
across the dataset using a color gradient ranging from blue to green to yellow. A color closer to yellow
indicates a more frequently appearing keyword, whereas a color closer to blue indicates a keyword
that is mentioned less frequently. Meanwhile, the network visualization map is used to display the
relationships between keywords as a network of nodes and links. The lines between the nodes
indicate the strength of the co-occurrence relationships, with shorter distances between the nodes
representing stronger connections or closer associations between the keywords. Before the screening
process, even with an occurrence threshold of 20, the dataset still produced 1,640 terms due to the
high volume of the records analyzed. As shown in Figure 6A, the most frequent keywords were bio-
inspired, chemistry, bio-inspired material, robotics, and animal bone. Many of these terms are either
unrelated to ventilation systems or are too broad in scope. Also, the relationships between these
keywords were unclear (Figure 6B), as the excessive number of terms led to dense interconnections.
To allow for a more focused analysis and to better understand the association between the keywords,
further screening was required.
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Figure 6. Keyword co-occurrence maps before the screening process: (A) Density visualization; (B) Network
visualization.

After the screening process, the keywords displayed in the density visualization map were more
directly related to the ventilation systems and their components, with a total of 92 terms retained
based on the occurrence threshold of 10. As shown in Figure 7A, the most frequently occurring terms
included bio-inspired, biomimicry, ventilation optimization, swarm intelligence, energy saving,
energy conservation, efficiency, building envelope, and responsive system. Figure 7B shows that
these keywords were grouped into five interconnected clusters: the red cluster represents ventilation
and optimization; the blue cluster focuses on buildings and their components; the green cluster
represents the performance outcomes and environmental adaptability of the ventilation and
buildings; the purple cluster focuses on the ventilation components such as duct tees and guide
vanes; and the yellow cluster represents various aspects of the indoor environment.
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Figure 7. Keyword co-occurrence maps after the screening process: (A) Density visualization; (B) Network

visualization.

Figure 8A shows that the keywords bio-inspired and biomimetics are linked to all clusters,
which implies the significance of the bio-inspiration across various aspects of the ventilation systems.
The keyword ventilation optimization is closely associated with the ventilation fans, swarm
intelligence, mine ventilation systems, effective ventilation, and energy saving, as shown in Figure
8B. This indicates an interest of the research community in optimizing the ventilation systems,
including mine ventilation, through the application of bio-inspired algorithms such as swarm
intelligence, with the goal of improving their effectiveness and energy efficiency. Similarly, the term
energy saving (Figure 8C) is strongly connected to responsive systems, smart systems, energy-
efficient, intelligent buildings, and energy utilization, suggesting that the energy saving strategies in
the ventilation and building designs are closely tied to the development of smart, intelligent, and
responsive systems. The keyword natural ventilation (Figure 8D) shows strong links to smart systems
and responsive systems, indicating that adaptive and responsive strategies are frequently considered
in conjunction with or as enhancements to the natural ventilation. The duct tee and duct elbow
(Figure 9A) are both associated with the resistance reduction, implying that the research in this area
has focused on minimizing the resistance in the duct components to improve the ventilation
performance. Finally, the keyword ventilation fans (Figure 9B) is closely associated with
optimization, noise suppression, resistance reduction, biomimetics, and bio-inspired design,
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implying that the research community aims to improve the fan performance through nature-based
strategies, such as reducing aerodynamic resistance, suppressing noise, and enhancing the overall

efficiency.
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Figure 9. Links and co-occurrence of keywords: (A) Duct tee, duct, and guide vane; (B) Ventilation fans.

2.3.2. Comparative Analysis

To better understand the progress and applications of the bio-inspired ventilation research, a
comparative analysis of the fully screened documents was conducted in this study, focusing on the
research methods, structural applications, relevance to mechanical versus natural ventilation, and
suitability across various climate conditions. This analysis revealed a clear trend: most of the bio-
inspired ventilation designs are intended for the natural ventilation, with fewer being applicable to
both natural and mechanical systems, and only a small fraction is designed exclusively for the
mechanical ventilation, as shown in Figure 10A. This trend is likely due to the inherent compatibility
of the bio-inspired strategies with the natural ventilation. Organisms in nature often utilize simple
yet effective strategies of structural or design solutions to harness the natural force-driven ventilation,
as is evident in the prairie dog burrows [42], termite mounds [43], and leaf-cutter ants” nests [44].
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Generally, the natural ventilation systems require less maintenance and consume significantly less
energy than the mechanical ventilation systems [45]. The bio-inspired ventilation research is often
motivated by the goal of enhancing the energy efficiency in buildings [37,38]. While the bio-inspired
principles can be integrated into the mechanical ventilation, their application is inherently
challenging since the mechanical systems rely on active energy consumption, which is fundamentally
different to the passive nature of the biological ventilation strategies. These factors collectively
contribute to the higher prevalence of the bio-inspired research in the natural ventilation compared
to the mechanical systems.

Most of the studies reviewed are conducted in temperate and arid climate regions (Figure 10B),
particularly in China, while very few focus on the tropical countries. This trend is largely due to
factors such as rapid urbanization [46], government policies promoting energy-efficient buildings
[47], and climate diversity in China [48], which likely encourage the research into more adaptive,
effective, and energy-efficient ventilation strategies. In contrast, many fully tropical countries, such
as those in Asia, continue to rely on the mechanical ventilation due to the challenges of high humidity
and year-round warm temperatures [49], which make the natural ventilation less effective [50].
Additionally, urban heat islands in major tropical cities trap heat [51], further reducing the efficiency
of the natural ventilation in providing sufficient thermal comfort [52]. As a result, the bio-inspired
ventilation research, which primarily focuses on enhancing the natural ventilation, is less prevalent
in the tropical regions where the need for the mechanical cooling remains dominant.
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Figure 10. (A) Comparative analysis based on: (A) Ventilation types; (B) Climate types.

The comparison also showed that nearly half of the studies utilized numerical analysis, with
only 21% conducting experimental and 24% implementing combined numerical-experimental
approaches, as shown in Figure 11A. This is likely due to the fact that although the bio-inspired
ventilation strategies offer innovative solutions for enhancing the airflow in the buildings, their lack
of direct control makes it challenging to test them experimentally or implement them in the real-
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world settings. Computational methods such as CFD simulations are often used to model the airflow
behavior before the experimental testing. In the reviewed studies, in terms of the structural types the
most dominant structure incorporating the bio-inspired strategies are the building envelopes,
followed by the residential buildings (Figure 11B). The high percentage of building envelope studies
is likely due to their direct impact on the natural ventilation, as they serve as the primary barrier to
the external environment. The bio-inspired building envelopes can integrate features such as porous
materials or environmentally responsive components to improve the airflow and heat regulation.

A Conceptual design
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experimental study Y Numerical study
e 45%
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High-rise buildings
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Storage buildings ===
Residential buildings

0.0% 10.0% 20.0% 30.0% 40.0%

Figure 11. Comparative analysis of the studies according to: (A) Study type; (B) Built environment and structure
type.

The analysis presented above provided an understanding on how the field has developed and
where further work is needed. Overall, the findings showed that the bio-inspired ventilation research
is strongly oriented towards improving the ventilation efficiency and this is pursued through the
optimization of both the ventilation system, its components, and the building itself, aiming to reduce
the energy consumption, enhance the responsiveness to the environmental changes, enable a smarter
operation, and improve the air distribution. These findings raise a fundamental question: Should we
shift more decisively towards the bio-inspired solutions in the pursuit of achieving a higher efficiency
of the ventilation systems? Nature’s designs and solutions, refined through millions of years of
evolution, could provide valuable models for improving a wide range of engineered systems,
including those for ventilation.
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3. Designs and Strategies Inspired by Animal Dwellings for Improving Natural
Ventilation

3.1. Insights from Prairie Dog Burrows

An excellent example of a structure with efficient ventilation in nature can be seen in the burrows
of prairie dogs. As shown in Figure 12A, the burrow consists of interconnected passages with one
entrance shaped narrowly and located at a higher elevation, while another with a wider opening is
positioned lower [42]. Following the Bernoulli principle, the lower entrance which is exposed to
slower wind speeds, experiences a higher pressure, thus drawing air into the burrow, which then
exits through the elevated entrance where wind speed is higher and pressure is lower. This system
allows for even a light breeze at the lower opening to ventilate the burrow, while the higher opening
facilitates the removal of used air [53]. A comparative CFD analysis of various bio-inspired
ventilation designs showed that the induced flow model inspired by the prairie dog burrows is the
most optimal in terms of both ease of development and airflow improvement [54]. Compared to the
baseline case with conventional openings (Figure 12B), the room with the prairie dog burrows-
inspired openings (Figure 12C) achieved a 1.5- to 5-fold increase in the average air flow velocity.
However, the air flow behavior changed when the model was scaled up, and the increase in the air
flow rate was determined by the wind speed around the simulated room within the CFD domain.

Bernoulli principle

e.g. air flow parallel to the
wind from burrow opening

the left t
t

suction owing
to low pressure

area of
low pressure
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height, high pressure

> |

height,
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air circulation
(always in the same direction)

height, >height,

Figure 12. (A) Mechanisms of ventilation in the prairie dog burrows. Reproduced from [42], CC BY-NC 4.0; (B)
Room with traditional openings; (C) Room with prairie dog burrows-inspired openings (with frame). (B, C)

Reproduced with permission from [54].

In another study, Paar and Petutschnigg [42] developed a bio-inspired ventilated facade with
extruded upper and lower openings, as shown in Figure 13A, to cool buildings and mitigate the urban
heat island effect using a wind-driven air circulation. The initial calculations and laboratory tests on
reduced-scale models, based on summer temperature conditions in the central European cities,
demonstrated that the bio-inspired ventilated fagade design nearly doubled the airflow speed within
the ventilated slot compared to the conventional models. As a result, wall surface temperatures
decreased significantly, reducing the building’s cooling load and improving the building's energy
savings. However, because the design relies on the wind, its effectiveness across different climates
remains uncertain, as the wind conditions vary considerably between regions. Moreover, structural
limitations and scaling challenges may arise when applied to larger buildings, where ensuring a
consistent performance under more complex conditions would become increasingly difficult. A
related approach adapted for hot desert climate conditions was proposed by Alyahya [55]. To mimic
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the elevated entrance of the prairie dog burrows, an opening called the “top mound opening” was
placed at the top of the double skin facade (Figure 13B), rather than placing it on the side (Figure
13C). This configuration aimed to reduce the inner skin surface temperature of buildings by
accelerating the airflow within the ventilated slot. The simulation results indicated that the bio-
inspired design increased the air velocity within the slot by approximately 350% compared to the
baseline design, while also lowering the inner skin surface temperature by 5.4 °C under full sun
conditions. However, the study focused on low-rise buildings, and therefore, the applicability of this
design for other types of buildings such as high-rise and mid-rise, is uncertain.
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Figure 13. (A) Prairie-dog burrows-inspired ventilated facade. Reproduced from [42], CC BY-NC 4.0; (B)
Prairie-dog-burrow-inspired ventilated facade (top opening), compared with (C) baseline fagade with a side
opening. (B, C) Reproduced from [55], CC BY 4.0.

This strategy has also been proposed for underground stations [53]. The numerical studies based
on the fluid dynamics principles showed that elevating one tunnel opening, along with varying the
heights, shapes, and sizes of the other openings, generates a pressure difference that drives the
natural ventilation, thereby increasing both the air change rate (ACH) and the air flow rate in the
tunnels [53]. However, the assumptions and simplifications applied in this study might not fully
capture the complex and interconnected nature of the real-world tunnel networks, thus reducing the
effectiveness of the proposed design in practical applications. For further research, laboratory testing
in conjunction with computational fluid dynamics (CFD) analysis is recommended to validate the
model and improve its reliability. In addition to indoor applications, this principle has also been
employed to enhance the outdoor thermal comfort of residential blocks in New Aswan, Egypt,
through strategic re-arrangement and re-orientation of the buildings. It was found that aligning the
buildings along the east-west axis created pressure differences that improved the natural ventilation,
thus reducing the Universal Thermal Climate Index (UTCI) and saving approximately 10,407.29 kWh
of energy during the summer months [56]. However, this model is better suited for building blocks
with planned gaps between them to allow for the pressure differences to develop. If buildings are
constructed as a single attached block without gaps, the intended ventilation effect may be largely
lost. In addition, since this model was developed for hot and arid climate conditions, its applicability
to cold regions, where the goal is to reduce the heating loads, could be less effective.

Beyond the applications in the buildings and underground structures, Bernoulli’s principle and
the asymmetric openings of the prairie dog burrows inspired Liu et al. [57,58] to develop a bionic
duct (Figure 14A-D) incorporating contraction-expansion sections, venturi-shaped openings, and
protrusions. The design enhances the mass flow into the duct while promoting a more uniform
pressure distribution along the throat. The protrusions accelerate the airflow locally, generating a
low-pressure region that drives the fluid motion from the duct into the conduit and toward the low-
pressure zones. Notably, the protrusions reduced the normalized turbulent kinetic energy by
approximately 94.5%, while the maximum wind speed within the optimized duct increased by about
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107% compared to the conventional duct. Although originally developed for ducted wind turbine
applications, this bio-inspired design also has the potential to be applied to the ventilation systems
in buildings, where the ducting system plays a crucial role in the air distribution and energy
efficiency.
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Figure 14. (A) Schematic diagram of the prairie dog burrows-inspired duct, where C1 denotes the nozzle, C2 the
venturi-shaped duct, C3 the diffuser duct, C4 the straight duct, C5 the conduit, and C6 the protrusion; (B) The
ventilation principle of prairie dog burrows adopted for the bionic duct. (A, B) Reproduced with permission
from [58]; (C) Side profile of the bionic duct. Reproduced with permission from [57]; (D) Prototype of the bionic
duct. Reproduced with permission from [58].

3.2. Insights from Termite Mounds

Over the years, various theories have been proposed to explain the air circulation and passive
ventilation in the termite mounds. One theory attributed it to the thermosiphon effect (Figure 15A)
[59], in which closed mounds without chimneys rely on the heat generated by the large number of
termites inside. This heat creates buoyant air that rises to the top of the mound, where it mixes with
fresh air entering through the porous upper structure and gains additional water vapor. The resulting
denser air is then forced downward toward the nest, thus supplying it with fresh air. Another theory
suggested that the air circulation is driven by the pressure difference between the openings at
different heights, as shown in Figure 15B. In this model, the air enters through the lower openings,
where slower wind speeds create a higher pressure, and exits via the upper chimneys, which are
exposed to faster winds and lower pressure [43,60,61]. Further research suggested that the air
circulation in the termite mounds is driven by the temperature difference between the mound’s
periphery and its center. During the day, the warmer periphery creates a convection cell with an
upward airflow along the outer walls and a downward airflow in the cooler center. At night, the
pattern reverses, with the cooler periphery and warmer center producing an upward air flow in the
center and a downward airflow along the periphery [62,63].

Termite mound-inspired designs have been applied or proposed for a range of buildings, from
the low-rise residential structures to high-rise office towers. The Eastgate Centre in Zimbabwe,
designed by Mick Pearce, is a notable example of this bio-inspired design that reduces the need for
the traditional air conditioning by incorporating both thermosiphon effects and the induced flow
principle, as shown in Figure 15C. The buildings are constructed from concrete slabs and bricks that
can absorb heat without significant changes in their temperature due to their high thermal mass.
Integrated into the design are tall chimneys which are open to the fresh air at the top, and low-power
fans that assist in drawing in the outside air [64,65]. At night, these fans pull the cool air indoors and
distribute it through the hollow floors, allowing the concrete to absorb the coolness and reduce the
temperature of the circulating air. During the day, the heat from the occupants, equipment, and the
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surrounding environment warms the indoor air, triggering a thermosiphon effect that moves the
warm air through the ceilings and upward into the chimneys, from where it is expelled outside [60].
This design is estimated to use only 10% of the energy consumed by the buildings of a similar size in
the region [66]. The same principle has also been proposed for low-rise residential pavilions in desert
climates such as Algeria [26]. The fresh air enters the building through the ground-level vents, while
the stale air and heat are expelled via the vertical ducts connected to each floor and eventually are
discharged through the chimneys. The simulation results showed that this bio-inspired design
increased the air velocity in the occupied area and decreased the indoor temperature by 3.7°C,
resulting in significant energy savings during the summer months [26]. In a more recent study,
Ramasam et al. [67] applied the same strategies for a multi-story residential building in Chennai,
India. By incorporating ventilation pipes at both the bottom and top of the structure, a stack effect
was generated that enhanced the air circulation and reduced the indoor temperatures by up to 30%,
maintaining a stable range of 28-32 °C even when the outdoor temperatures reached 40 °C.
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Figure 15. (A) Thermosiphon flow model of termite mounds; (B) Wind-induced ventilation of termite mounds.
(A, B) Reproduced with permission from [68]; (C) Schematic diagram of the ventilation of the Eastgate Center

inspired by termite mounds. Reproduced with permission from [69].

Apart from using chimneys, the termite-inspired ventilation approach has also been applied in
the form of chambers positioned at different levels with varying numbers in high-rise buildings to
generate a pressure difference that improves the natural ventilation [70]. The chambers are connected
to the functional spaces through the ventilation openings that draw the stale air into the main
chambers, from which it is discharged with the help of the wind-driven pressure difference (Figure
16A). The simulation for China's climate condition showed that the models featuring a main chamber
combined with double-attached chambers, as shown in Figure 16B, were the most effective, achieving
a maximum wind speed difference of 0.19 m/s between the floors and providing a stable wind
environment. Even simpler configurations, such as the main chamber alone or the main chamber with
a single attached chamber, still generated higher airflow rates within the interior space compared to
an original chamber-free high-rise building [70]. A more innovative application has been proposed
for the building envelopes, where artificial surface conduits or reticulated tunnels (Figure 16C) were
integrated into the facade system to create a porous wall that facilitates a wind-driven natural
ventilation [60]. The mechanical actuation through small oscillations can complement the natural
forces such as the wind to drive the heat, air, and moisture exchange between a building’s interior
and exterior. Andréen and Soar [71] found that reticulated tunnels (Figure 16D and E), both narrow
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and wide, exhibited a faster flow mixing under the high-amplitude oscillations compared to the non-
reticulated channels. Specific combinations of the amplitude and frequency contribute to the
turbulence generation, which drives the effective mass transport. The mass transfer was found to be
the strongest at the oscillation frequencies of 30—40 Hz.

Despite its widespread adoption, the applications of the termite mound-inspired architecture
and ventilation approach to functionally built environments present several challenges. For instance,
although the Eastgate Centre successfully reduces the reliance on the air conditioning, it still depends
on fans to meet its daily ventilation demands. The reliance on the wind in some cases also introduces
additional challenges in adapting such bio-inspired strategies, as the wind is an inherently variable
force, with speed and direction fluctuating across time and location. Therefore, to effectively harness
the natural forces, the buildings must account for more reliable factors, such as the boundary layer
gradient that develops with the height in the atmospheric flow [60].

N Attached
chamberz

1=10s 1=30s

Figure 16. (A) Schematic depiction of the ventilation mechanism of termite mound-inspired chambers in a
high-rise building; (B) Main chamber and single attached chamber of termite mound-inspired ventilation. (A,
B) Reproduced from [70], CC BY 4.0 (C) Artificial surface conduits or reticulated tunnels. Reproduced from
[60], CC BY-NC-ND 2.5; (D, E) Flow mixing of wide reticulated tunnels at 10 s and 30 s, respectively. (D, E)
Reproduced from [71], © 2023 Andréen and Soar, CC BY 4.0.

3.3. Insights from Ant Nests

Leaf-cutter ants of the genus Afta construct some of the largest and most complex underground
nests (Figure 17A) that can house up to 5 million individuals [72-74]. These nests rely on a passive
ventilation to maintain optimal conditions for fungus cultivation, including temperatures of 25-30°C,
suitable humidity levels, and efficient oxygen exchange [75-79]. The ventilation is achieved through
the top-mounted turrets that exhaust the CO,-rich air, while the lower openings draw in the fresh air
(Figure 17B) [34,44,73]. Many human-made structures, particularly those built underground,
resemble the architecture and ventilation systems found in the leaf-cutting ant nests, even if not
explicitly designed with this inspiration in mind. A remarkable example of this is the ancient
underground city in Cappadocia, Turkey, which features interconnected conduits, ventilation shafts
and chimneys that open to the fresh air (Figure 17C) for the natural air circulation, allowing the city
to remain well-ventilated with minimum need for the auxiliary air supply [80]. Another example is
the Global Health Center concept (Figure 17D and E), proposed by the State Key Laboratory at the
South China University of Technology. The structure spans approximately 120 m in depth and 500
m in diameter, designed to accommodate up to 2,000 people. Its ventilation strategy employs
concentric cooling walls that act as cool heat sinks that cool the incoming air, while a central chimney
expels the heat and stale air to maintain a stable indoor temperature between 18 °C and 22 °C [81,82].
While the ant nests offer valuable insights for the passive underground ventilation, applying these
principles to deep underground dwellings pose serious challenges. The geological variability,
flooding risks and gas accumulation require complex mitigation systems that reduce the practicality
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of such designs for the permanent habitation [80]. Therefore, the bio-inspired ventilation might be

more suitable for underground tunnels, mines or workspaces, where people stay temporarily and

where improved airflow can improve the energy efficiency.

Figure 17. (A) Leaf-cutter ants’ nests. Reproduced with permission from [75]; (B) Ant nest with turret and

multiple openings. Reproduced from [77], CC BY 4.0; (C) The structure in Cappadocia that resemble ant nest.
Reproduce from [83], CC BY-SA 4.0; (D, E) The design concept of the global health center inspired by ant nests.
(D, E) Reproduced from [82], CC BY 4.0.

Table 3 highlights the key features and structures of ventilation systems and their components

inspired by the animal dwellings along with their advantages and challenges.

Table 3. The summary of ventilation inspired by the animal dwellings.

Source of Mimicked
L. Applications Advantages Challenges/limitations Study
inspiration features
Improved
Ventilated airflow speed Climate/wind
Height facade with within the slot;  dependency;
difference upper and reduced wall manufacturing and
Prairie dog  between lower surface upscaling challenges of [4255]
burrow entrance and openings or temperature; the complex extruded
exit to the with random  reduced openings; unverified
burrow. extruded cooling load; across building
openings. improved types/heights.
energy saving.
Implementation for
Higher air complex, interconnected
Asymmetric Entrances exchange and tunnel networks is
Prairie dog  height, shape,  and exits to flow rate; challenging and may be (53]
burrow and size of subway improved less effective in practice;
openings. tunnels. natural the effect of urban
ventilation. microclimate is
overlooked.
o Pressure Strategic Improved L
Prairie dog ] L Ineffective in extreme
burtow difference due bulldlns natural - cold; unsuitable for [56]
to the strategic  orientation ventilation and
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placement of and layout to  thermal buildings with multiple
openings. generate a comfort; attached blocks.
pressure reduced
difference. cooling load
and energy
consumption.

Increased mass

Elevated Duct with flow rate; Structural complexity;
. entrance and contraction- accelerated protrusions and sudden
Prairie dog . . .
b convergent- expansion airflow; geometric changes may [57,58]
urrow
divergent sections and reduced cause noise, vibration,
channels. protrusions. turbulent and flow instability.
Kinetic energy.
Buildings Reduced
with cooling load
chimneys and reliance on o .
. Application in high-rise
and lower air o . )
. . L buildings still relies on
Thermosiphon  openings; conditioning; . .
. . fans; sensitive to wind
Termite flow and multi- lower energy o
o . availability; [26,43,60,64,65,67,68,84]
mound wind-induced  chamber consumption;
o . performance depends
ventilation. systems cooler indoor .
heavily on geometry
connected to temperatures; .
] ] and weather conditions.
occupied increased
spaces and airflow rate
external air. and speed.
. Dependence on wind
Artificial R
availability and weather
surface B o
] Improved conditions; limited
) conduits or )
Reticulated . natural control over airflow may
. reticulated o
Termite tunnels and ventilation and  cause drafts and
tunnels that . ] . [60,71]
mound surface cooling of discomfort (in a fully
. connect the o .
conduits. . living spaces passive system);
indoor and . ] .
using wind. manufacturing
outdoor
. challenges for real-scale
environment. o
buildings.
Enhanced
passive Construction
Top turrets Underground . . .
) ventilation; complexity; high
Ant nest and lower or buried ] . [75,77,80,82]
) ) more stable maintenance; risk of
openings. habitat.

indoor thermal  flooding.

conditions.

4. Learning from Biological Systems for Effective Ventilation

4.1. Inspiration from Mammalian and Avian Respiratory Systems

Like the ventilation systems, the respiratory systems of humans and animals play a crucial role
in regulating the gas exchange between the internal and external environments. Understanding these
natural systems can therefore provide valuable insights for designing a more efficient ventilation in
the built environment. The mammalian lungs achieve an efficient ventilation by continuously
replacing the used air with a fresh air from the external environment through the periodic movements
of small volume connecting the interior and exterior of the lungs [85]. Zhang et al. [86] proposed a
bionic ventilation system inspired by the periodic inhalation and exhalation process in the human
and animal respiratory systems. Unlike the traditional ventilation systems that provide a constant air
supply, this bionic system introduced a time-periodic air supply using either a single or dual inlet
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system (Figure 18A and B), regulated by a sine or rectangular wave functions. The results showed
that both models improve the velocity distribution uniformity, reduce the pollutant concentrations
in the stagnant zones, and achieve a higher ventilation efficiency compared to the conventional
constant air supply systems. Under both single and dual inlet systems, the age of the air of the bionic
ventilation was lower than in the traditional constant ventilation, as shown in Figure 18C. Among all
the models tested, the single-sided supply under the rectangular wave functions demonstrated the
best performance in terms of the age of the air and the inhomogeneity coefficient (reduced by 77%
compared to constant supply).
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Figure 18. (A) Single-inlet system of bionic time-periodic ventilation; (B) dual-inlet system of bionic time-
periodic ventilation; (C) age-of-air contours for steady (constant) and bionic time-periodic supply ventilation
under single or dual inlets. (A-C) Reproduced from [86], CC BY 4.0.

Marom et al. [85] developed and numerically studied a biomimetic active ventilation (BAV) for
the indoor spaces, inspired by the human breathing mechanisms, which actively replace the internal
air with the fresh external air. The CFD domain comprised an unoccupied room with two window
openings on one wall and BAV modules translating perpendicular to or rotating about the window
openings, as shown in Figure 19A and B. The 2D simulations showed that the dominant parameter
influencing the efficiency of the BAV concept was the phase shift between the translating modules.
The best performance was registered at the zero-phase shift, where nearly all the indoor air was
refreshed with at least 10% outdoor air within an about 10 minutes time. As shown in Figure 19C, the
indoor air mass fraction (IAMF) index, which represents the ratio of the indoor (used) air mass to the
total air mass, was the lowest at the zero-phase shift (case 04), while the average indoor velocity
magnitude was the highest. This is likely because when the modules move fully in sync, larger
volumes of air are exchanged during each cycle. With respect to the geometry, the flat modules were
the most effective, as they trap less air within their structure and therefore transport greater air
volumes in and out of the room. The 3D simulations further confirmed these findings: although the
air movement and dispersion were more complex in three dimensions, the flat BAV modules
refreshed the entire room height with at least 10% ambient air in just 10 minutes. However, this study
employed a simplified room geometry and did not account for the human occupants, whose presence
and exhaled CO, can significantly influence the air quality and ventilation demands. It also
overlooked the thermal and acoustic comfort, as the periodic movement of the BAV may cause drafts
and noise. The energy requirements were not evaluated; if the energy consumption exceeds that of
the conventional mechanical ventilation, its efficiency becomes questionable. Finally, the findings are
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based solely on the CFD simulations without experimental validation, which introduces a high
degree of uncertainty.
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Figure 19. (A, B) 3D and 2D room model with hemispherical BAV modules, respectively; (C) comparison of
indoor air mass fraction (IAMF) index and velocity magnitude (Vm) for different phase shifts (Ag). (A-C)
Reproduced with permission from [85].

4.2. Inspiration from Kidney and Fractal Structures

Heat recovery is an important aspect of ventilation systems because a significant portion of the
energy loss in buildings occurs through the HVAC systems [87]. Recovering the waste heat from the
ventilation systems can increase the energy efficiency and reduce the cooling and heating demands
[87-89]. Adamu and Price [90] proposed a biomimetic heat recovery system for the natural ventilation
(Figure 20A), inspired by the kidney’s Loop of Henle, which efficiently extracts the useful substances
before the waste elimination. This passive system was integrated into the building envelope to
preheat the supply air using the indoor heat sources such as occupants, equipment, and lighting. It
consisted of a U-shaped duct for the air return and external exhaust, an n-shaped duct for the air
intake and internal supply, and a Z-shaped aluminum plate at their intersection serving as the heat
exchanger. The results showed that with the active heating in place, this bio-inspired heat recovery
ventilation reduced the heating energy consumption by 65.7%-72.1% compared to the traditional
window-ventilated room without a heat recovery system. In the month of January, the system
achieved a rate of 0.92 air changes per hour (ACH) and maintained indoor temperatures between
19.3°C and 22.3°C. However, the simulation domain was restricted to a single room, whereas the real
buildings typically comprise multiple rooms or segmented areas, which could influence the efficiency
of the heat recovery systems. It also overlooked the impact of the door opening and closing, a factor
that contributes to the unintended cooling or heat losses.

Another nature’s source of inspiration for the ventilation efficiency is the fractal structures or
networks commonly found in trees and roots. These self-repeating patterns, which optimize the space
filling and resource distribution [91,92], have been proposed for the ventilation systems in a granary,
as shown in Figure 20B and C [93]. The comparison between the non-fractal and fractal network-
inspired ventilation systems showed that the fractal configuration enhances the airflow uniformity
and cooling in the poorly ventilated areas, but this is achieved at the cost of a slower air diffusion,
reduced penetration into the ventilated zone, and a lower overall cooling rate compared with the
non-fractal networks. Table 4 summarizes the ventilation inspired by biological systems along with
their advantages and associated challenges or limitations.
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Figure 20. (A) Schematic evolution of the biomimetic heat recovery system, showing the transition from a U-

shaped duct with an additional n-shaped duct to a merged configuration forming the LoH chamber. Reproduced

from [90], CC BY 4.0; (B) 3D model of the granary with fractal-inspired ventilation networks; (C) Sectional view
of the fractal-inspired ventilation networks. (B, C) Reproduced from [93], CC BY-NC-ND 4.0.

Table 4. The summary of ventilation inspired by biological systems.

Source of Mimicked L o
. Applications Advantages Challenges/limitations Study
inspiration features
More uniform velocity .
) o o Computationally
Human o Time-periodic distribution; reduced ] ;
. Periodic L . demanding to simulate;
and animal | . ventilation system  pollutants in stagnant .
. inhalation— o . impact on occupants’ [86]
respiratory . with single or zones; higher
exhalation. . o - thermal comfort not
systems dual inlets. ventilation efficiency; . .
) investigated.
lower age of air.
o o . Model assumes advection-
Periodic Biomimetic active .
L dominated transport;
movement of ventilation (BAV) . o
Human Faster air exchange rate  natural ventilation is only
. volumes modules that . . . Lo
respiratory . between indoor and effective with wind inflow; [85]
between the separate indoor . .
system . outdoor environments.  the impact on occupants’
lung interior and outdoor )
i ) thermal comfort is not
and exterior. environments. .
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. Does not meet thermal
Lower heating load; . .
. Substance Natural . . comfort needs in rooms with
Kidney’s . o . improved airflow and .
extraction ventilation with a single occupancy;
Loop of reduced CO, when o [90]
before waste heat recovery . performance is influenced
Henle coupled with stack . .
removal. system. o by the closing/opening of
ventilation.
doors.
Self-repeating o Improved airflow and Reduced upward
Fractal . Fractal ventilation . . . . .
branching cooling uniformity; penetration; slower air [93]
structures networks. L . . .
patterns. enhanced cooling in diffusion and cooling rate.
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weakly ventilated

areas.

5. Bio-Inspired Structures and Strategies for Optimization of Ventilation System
and Its Components

5.1. Nature-Inspired Algorithm for Ventilation in Underground Mines and Buildings

In addition to the physical designs, nature has also provided algorithmic solutions for the
ventilation systems. For example, in the underground mines, where the ventilation is energy-
intensive and critical for safety, several swarm intelligence and evolutionary algorithms, such as
beetle swarm optimization (BSO), ant colony algorithm (ACA), beetle antennae search (BAS), particle
swarm optimization (PSO), bare-bones PSO (BBPSO), and multi-strategy BSO (MBSO), have been
proposed to reduce the power consumption [94-97], improve the energy efficiency [95,98], provide
ventilation on demand [95], invert the gas explosion source point [99] and stabilize the airflow during
the main fan switchovers [100]. Comparative studies highlight their different strengths. For example,
Lu et al. [95] showed that the MBSO achieved the greatest reduction in the energy consumption, with
a high accuracy, stable convergence, and improved volumetric flow rates, though at the expense of a
longer convergence time. In contrast, the BSO provided the fastest convergence and good
optimization but with a lower accuracy, while the BAS and PSO tended to underperform on the
complex networks due to a lower convergence precision. Another study [96] comparing genetic
algorithms PSO and BBPSO, reported that the BBPSO achieved the best balance of the convergence
accuracy and computational efficiency, making it suitable for the large-scale ventilation systems.
Apart from the network optimization, the bio-inspired algorithms have also been applied to the fan
switchover control [100]. Since the coal mines typically operate dual main fans for the redundancy,
the airflow instabilities often occur during the fan maintenance changeovers. An improved PSO
method, which was tested in a coal mine in China, showed that it reduced the airflow volatility to
below 0.4% during the switchover, thereby enhancing both the safety and efficiency of the ventilation
system [100]. Similarly, the ACA has been used to optimize the ventilation network configurations,
as demonstrated at the Handan Mine Bureau in China [94]. The ACA identified which airways should
be retained, excavated, or abandoned, thus lowering the overall ventilation costs.

In the building ventilation, nature-inspired algorithms such as the Whale Optimization
Algorithm (WOA) and Particle Swarm Optimization (PSO) have been applied to identify the
pollutant sources of unknown heights [101]. These algorithms were programmed into source
localization codes and executed by mobile robots. Results showed that both algorithms were highly
adaptable to the changes in the pollutant source heights. However, the WOA_3D outperformed the
PSO_3D, achieving a higher success rate of 77.8% compared to only 55.5% for the PSO_3D, though it
required slightly more localization steps. Additionally, the WOA_3D’s random search strategy
helped to prevent the robots from getting stuck in the local extremum areas, thus improving its
success rate, whereas the PSO_3D was more prone to the premature convergence.

5.2. Fishbone Shape for Outdoor Ventilation

Although the wind facilitates the natural ventilation in the residential areas, it can also exert
pressure on the buildings. To optimize the wind environment and improve the ventilation in the
high-density urban residential areas in Changsha, China, Wei et al. [102] explored the application of
fishbone-shaped building layouts and heights (Figure 21). Similar to how the fish are influenced by
the hydrodynamic forces in the water, buildings are also affected by the dynamic forces in the form
of wind. Thus, adopting a bionic fishbone form to reorganize the building layouts can help mitigate
the wind effects on both the structures and occupants. The results showed that the bio-inspired layout
significantly improved the pedestrian wind conditions, reduced the static air zones, enhanced the
natural ventilation, and decreased the wind pressure on the windward buildings by 20%. To further
optimize the wind environment, the study recommended placing the longer buildings at the center
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and positioning the taller buildings farther from the prevailing wind direction. While the results are
promising, this study did not account for the key parameters of the ventilation comfort, such as the
temperature, draft, and age of the air, which play an important role in assessing the performance of
the ventilation systems. Particularly, although the wind can enhance the heat transfer between the
human body and the surrounding environment, it may also increase the draft sensation. As a result,
the occupants in windy environments often experience a lower thermal comfort compared to those
in the windless conditions [103], even when the overall cooling effect is beneficial. Future research
should therefore examine how the fish-bone building layouts influence such human comfort indices
to better understand the practical implications of this bio-inspired ventilation strategy.

(@]
w]
2
v/
/Al
g
7

o
)
D>
D

JHHER
v
HIRIE

Figure 21. Schematic diagram of: (A) different forms of fish; (B) Fishbone shape; (C) Building layout inspired
by the fishbone shape; (D) Building height inspired by the fishbone shape. (A-D) Reproduced with permission
from [102].

5.3. Designs Inspired by Bat Wings, Whale Fins, and Trees for Duct Resistance Reduction

A significant source of resistance in the ventilation and air-conditioning systems is duct elbows,
which contribute significantly to the pressure loss and an increase in the building energy
consumption [104,105]. Over the years, the use of the guide vanes has been a common strategy for
reducing the elbow resistance, typically achieved by modifying the radius or curvature of the vane
[105]. Recently, researchers have been exploring alternative methods, including adopting nature-
inspired designs such as the sawtooth structures of the leading edges of the whale pectoral fins and
bat wings, as shown in Figure 22A [105]. The results showed that the bionic guide vanes reduced the
local resistance coefficient and improved the uniformity of the velocity distribution, with an
expanded high-velocity region (in red) and a reduced low-velocity region (in blue) downstream of
the elbow, as shown in Figure 22B. It also decreased the turbulence dissipation on the inner elbow
surface, reducing the energy loss at the vane’s leading edge. However, the local resistance reduction
is influenced by the vane’s dimensions. For example, the difference in the local resistance coefficient
between the normal and bionic guide vanes was the smallest when the groove’s dimensionless height
was 0.0312, but increased significantly at 0.00625. As the dimensionless height increased further, the
reduction in the resistance coefficient became relatively insignificant. Therefore, to apply this design
to the real-world ventilation ducts, the optimum sawtooth dimensions must be determined, which
may vary from one duct to another.
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Figure 22. (A) Leading edge of duct guide vanes inspired by bat wings and whale pectoral fins; (B) comparison
of velocity distribution downstream of the duct elbow between normal and biomimetic guide vanes. (A, B)
Reproduced with permission from [105].

Another source of a high local resistance often occurs at the duct tee. Gao et al. [106] proposed a
method for reducing the resistance in the duct tees by incorporating a structure mimicking the shape
of joints (protrusions) found in certain plant trunks, as shown in Figure 23A. The results showed that
the biomimetic duct tees exhibited a significantly lower resistance than the traditional tees in all flow
directions, with an average resistance reduction of 22-68% over the traditional duct tees. In cases with
the high local flow rates and low aspect ratios, the resistance became negative, indicating a 100%
reduction. They also exhibited smaller dissipation areas and lower energy dissipation rates than the
traditional ducts, thereby reducing the energy consumption, as shown in Figure 23B. However,
excessive protrusions could be counterproductive, as they induce fluid deformation and increase
resistance. Therefore, to achieve maximum resistance reduction, the optimal protrusion height must
be determined.

[EIR | |
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Low resistance in flow direction 1-6 H/D=0 Traditional Tee

Figure 23. (A) Adoption of tree protrusion feature from various plants for a biomimetic duct tee; (B) comparison
of turbulent dissipation rates between the traditional (normal) duct tee and the biomimetic duct tee with

protrusions. (A, B) Reproduced with permission from [106].

5.4. Insight from Animals for Ventilation Fan Optimization

Noise produced by the ventilation fans is a well-known issue in a wide range of indoor
environments, from the domestic buildings [107] to the acoustically sensitive habitats such as the
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International Space Station [21]. Meanwhile, many organisms in nature have evolved specialized
features or structures that reduce noise and improve their aerodynamic performance [108-110]. These
features share a common characteristic: the presence of the non-smooth surface geometries, such as
waviness, serrations, grooves, or forked edges, which are commonly found in the trailing and leading
edges of the owl wings [111,112], the pectoral fins of the humpback whales [113-115], the abdomens
of the mantis shrimp [116], the surface morphology of the desert scorpion [117], and the shells of
various crustaceans [108]. Such designs have been studied in different types of fans, including axial,
centrifugal, mixed-flow, and other types of airfoils, ranging from the small to large scales. To reduce
the noise, these bio-inspired geometries can be applied to different fan components, such as the blade
surface, leading and trailing edges, or the blade tips. At the leading edge of the axial fan blades, wavy
structures or serrations help reduce the flow resistance and turbulent kinetic energy, suppress
boundary layer separation, and consequently decrease noise [118]. However, they can also generate
counter-rotating vortices and shift sound sources downstream, which may increase the broadband
noise near the trailing edge [119]. When applied to the blade surface, the ridge or textured structures
reduce the turbulent kinetic energy and delay the laminar-to-turbulent transition, thereby weakening
the vortex formation at the trailing edge and lowering the noise levels [108]. These modifications also
enhance the airflow inside the impeller by reducing the resistance and suppressing the boundary
layer separation [108]. When incorporated at the trailing edge, the serrated structures reduce the
noise but they often do so at the expense of the aerodynamic performance [120].

For the aerodynamic performance improvement, inspiration has been drawn from the butterfly
wings, which demonstrate exceptional aerodynamic performance and efficiency due to their effective
airflow control, structural flexibility, and precise wing positioning [121,122]. Inspired by this, Tian et
al. [123] developed bionic fan blades with the depression structures along the blade’s outer edges to
reduce the power consumption and enhance the aerodynamic performance of the axial flow fans. The
increase in the depression depth initially improves the aerodynamic performance, evidenced by a
higher flow rate and efficiency compared to the baseline design. However, when the depression
depth exceeded 1.9 mm, the fan’s efficiency and volumetric flow rate began to decline, while the noise
levels increased. Another example is the sycamore seed, whose winged structure enables gliding
[124,125], spinning [126,127], and rolling [128,129] during descent. Gururaj et al. [130] applied this
principle to ceiling fan blades, finding that the bio-inspired fan delivered slightly lower airflow
overall, but it achieved higher air velocity at a greater distance compared to conventional fans. Figure
24 summarizes features and structures observed in various organisms in nature and their application
to different types and components of fans.
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Figure 24. (A) Humpback whale pectoral fins. Reproduced with permission from [131], © 2020 Institution of

Mechanical Engineers; (B) Blade leading edge inspired by humpback whale. Reproduced with permission

from [132]; (C) Mantis shrimp abdomen; (D) Blade tip inspired by the abdomen of mantis shrimps. (C, D)

Reproduced from [133], CC BY 4.0; (E) Desert scorpion; (F) Blade surface inspired by desert scorpion. (E, F)
Reproduced with permission from [117]; (G) Owl wing. Reproduced from [134], CC BY 4.0; (H) Blade leading
edge inspired by owl wings. Reproduced from [118], CC BY 4.0. (I) Shellfish; (J) Blade surface inspired by
shellfish. (I, J) Reproduced with permission from [108], © 2020 Institution of Mechanical Engineers; (K) Samara
seed. Reproduced from [135], CC BY-SA 4.0; (L) Blade profile inspired by samara seed. Reproduced with

permission from [130].

Table 5 summarizes the structures and strategies in nature that can be used to optimize

ventilation systems and their components.

Table 5. The summary of bio-inspired structures and strategies for optimization of ventilation system and its

components.
Source of L. L .
. Mimicked features Applications Advantages Challenges/limitations Study
inspiration
Algorithm
¢ Reduced energy use;
or
high accuracy; stable  Requires a longer time for
Beetle . underground
Behavioral patterns. . convergence; convergence or [95]
(swarm) mine . . o
L improved volumetric  optimization.
ventilation
L flow.
optimization.
Algorithm
for
. Faster convergence
Beetle Foraging underground
. . and good Lower accuracy. [95]
(swarm) mechanisms. mine L
o optimization.
ventilation
optimization.
Algorithm Balanced
Animal Collective behavior, for convergence Complex real mine
ima
ial such as the flocking of underground accuracy and conditions and sensor (9]
socia
behavi birds or schooling of mine efficiency; suitable errors may reduce the
ehavior
fish. ventilation for large-scale reliability of the algorithm.
optimization.  ventilation systems.
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whale source
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Resistance reduction

. . Reduced local
Bat wings Guide vanes . o depends on duct
resistance coefficient; . .
and whale for . . . dimensions; local
Sawtooth structures o improved uniformity ) ) [105]
pectoral ventilation . resistance is based on the
) of the velocity )
fins ducts. o average value; the noise
distribution. . .
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Reduced resistance . .
Excessive protrusions can
o and energy .
Tree . Ventilation : cause flow deformation
Protrusions consumption; smaller ] . [106,136]
branch ducts. o and increase resistance
energy dissipation . .
instead of reducing it.
rate.
Owl
wings, Reduced flow
) . Performance and [108-
whale fins, . . o resistance; lower .
. Wavy/sinusoidal/non-  Ventilation o effectiveness depend on 111,113,1
mantis turbulent kinetic
. smooth structures fans. fan types, placement, and 15,116,11
shrimp, energy; reduced
. component types. 9,137]
desert noise.
scorpion

6. Bio-Inspired Approaches for Adaptive Ventilation
6.1. Insights from Plants

6.1.1. Pine Cones

In addition to the efficient air exchange, the adaptability and responsiveness to the
environmental changes are also crucial for enhancing the performance of the ventilation systems. A
robust example of this in nature is pine cones, which respond to changes in the ambient humidity
through reversible movements [138-140]. When the environmental humidity is low, i.e., dry
conditions, the pine cones open their scales (Figure 25A) to facilitate seed dispersal, allowing seeds
to be carried away by the winds. When the humidity level is high, i.e., rainy conditions, the scales
close (Figure 25B) to protect the seeds, as the wet weather is unfavorable for germination [30,140,141].
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Like the pinecone scales, the wood composites also exhibit hygroscopic behavior, enabling them to
respond to the changes in the humidity levels [141-145]. These composites can be integrated into the
building envelopes to function as a component of passive ventilation systems that adapt to the
variations in the ambient air humidity [143,144,146]. One of the most prominent examples of this
application is the HygroSkin-Meteorosensitive Pavilion, whose envelope contains numerous
aperture elements, which can autonomously respond to the changes in the humidity levels [147,148].
The apertures were programmed to open (Figure 25C) when the external humidity around the
Hygroskin is low and to close when the humidity is high (Figure 25D).

Dry

Figure 25. (A) Pine cone scales in dry conditions; (B) Pine cone scales in wet conditions. (A, B) Reproduced
from [30], CC BY 4.0; (C) HygroSkin envelope apertures in the open state (low humidity); (D) HygroSkin
envelope apertures in the closed state (high humidity). (C, D) Reproduced with permission from [144].

A similar mechanism, though operating in the opposite manner, is utilized in the HygroScope
(Figure 26A) [144]. It consists of rectangular and circular apertures that increase their porosity as the
humidity inside the enclosure rises to ventilate out the moisture-saturated air and close themselves
when the humidity drops to retain the internal conditions. Apart from the envelope applications,
similar components called amn-plywood” have been proposed for the ceiling-mounted ventilation
panels [143]. They were programmed to open at relative humidity levels above 50% (wet) and to close
below this threshold (Figure 26B and C). For example, as the indoor air becomes warm and humid
from the occupant activity, the panels autonomously open, allowing the excess heat and moisture to
be expelled with the help of the natural convection process.

One of the important factors influencing the overall performance of the responsive components
in the passive ventilation systems is the geometric arrangement, which can lead to significant
variations in the degree and direction of the opening. For example, when the responsive elements
were arranged tangentially to the reference surface (Figure 26D, type 1-3), an increase in the humidity
caused them to curl and open through an increased curvature. In contrast, when the reactive elements
were rotated out of the surface into a perpendicular orientation (Figure 26D, type 4), an increase in
the curvature led to closing, whereas a decrease in the curvature resulted in the opening. Therefore,
selecting the most suitable patterns or geometric arrangements of the responsive elements is crucial
for their application in the ventilation systems because the percentage of opening of the responsive
elements can significantly influence and regulate how much air can pass through the openings and
the level of the humidity required to achieve the desired percentage of opening [144].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0073.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 October 2025 d0i:10.20944/preprints202510.0073.v1

31 of 48

C Relative humidity < 50%

After 1 hour, at relative humidity = 100%

— %ﬁi-

Figure 26. (A) Hygroscope installation with humidity-responsive components in open and closed states
depending on humidity levels. Reproduced with permission from [144]; (B) Un-plywood, closed when dry and
open when wet; (C) Schematic diagram illustrating the opening and closing of ceiling-mounted ventilation
panels in response to humidity levels. (B, C) Reproduced with permission from [143]; (D) Different geometric
arrangements of the responsive components in open and closed states. Reproduced with permission from
[144].

6.1.2. Ice Plants

Like the pine cones, certain species of ice plants exhibit a sophisticated seed-dispersal
mechanism driven by the water-induced folding and unfolding of their seed capsules [29,149-151].
These capsules consist of several valves that remain closed under the dry conditions (Figure 27A)
and autonomously unfold backward when hydrated (Figure 27B)[150]. Inspired by this,
Khosromanesh and Asefi [150,151] developed a concept for hydro-actuated building facade to
enhance the natural ventilation. The facade system comprises modular square grids with responsive
elements, each consisting of four triangular valves connected to a central base. A sunlight sensor is
integrated into the system to detect the increase in the sunlight and initiate the movement of the
responsive elements. The valves and the middle base of the responsive elements consist of
honeycomb frameworks filled with the hydrogel. When hydrated, the hydrogel swells, causing the
responsive elements to open, thus allowing the fresh air to ventilate the building and the used air to
be expelled. In the dry state, as the hydrogel loses water, the valves contract and close [150,151].
Figure 27B shows the responsive elements in their open and closed states. However, like many other
bio-inspired designs, the practical applications of the hydro-actuated fagades present several
challenges. While the opening and closing mechanisms function relatively easily at small model
scales, they can become far more complex and difficult to control as the system is scaled up. The
precise synchronization of movements across larger surfaces may require more advanced actuation
systems, increasing both the design complexity and the risk of malfunction. The use of the multiple
interconnected and delicate components introduces higher maintenance demands, which in turn
increase the operational costs. Therefore, before the real-world implementation, considerations such
as durability, responsiveness under the real weather fluctuations, and long-term cost-effectiveness
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will be critical in determining whether this design solution can progress from the conceptual models
to the practical applications.

A Dry - Closed Dry - Closed

Figure 27. (A) Folding (dry) and unfolding (wet) of ice plant seed capsules. Reproduced with permission from
[29]; (B) Responsive element closed when dry and open when hydrated (wet). Reproduced with permission
from [150].

6.1.3. Mimosa Pudica

Mimosa pudica is a highly sensitive plant that exhibits reversible movements, such as drooping
its petioles, in response to external stimuli like wind, vibration, or touch [126,138]. Inspired by the
this, Sankaewthong et al. [152] proposed an innovative facade design called the mimosa kinetic
facade (Figure 28) to enhance the efficiency and performance of the natural ventilation. Similar to
how the mimosa pudica reacts to the external stimuli, this bio-inspired fagade can respond to the
changes in the environmental conditions, such as temperature, humidity, and air velocity, through
the use of sensors and motors. The results of their study showed that the mimosa kinetic fagade
enhances the natural ventilation efficiency, improves the quality of the indoor air, and promotes a
better occupants’ comfort, compared to the traditional static fagades. Most of the mimosa kinetic
facade arrangements show a significant increase in the indoor air quality of up to 12 m/s, compared
to the maximum of 2.5 m/s in the single-sided traditional static fagade. This kinetic fagade also
achieves the lower concentration of CO2 being only 400 ppm (compared to more than 1000 ppm in a
traditional facade) and a maximum of 14.50-19.50 air change per hour (ACH). These results
demonstrate the potential of the kinetic facades in improving the quality of the indoor air and the
occupants’ comfort. However, further research is required for achieving a balance between the
improvement of the indoor air quality and promoting the occupants’ comfort. The future research
could also explore the application of such a design in different settings and various climate
conditions.

Kinetic facade (Closed) Kinetic facade (Pattern 1) Kinetic facade (Pattern 3)

Figure 28. Different patterns of kinetic facade inspired by Mimosa pudica. Reproduced from [152], CC BY 4.0.
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6.1.4. Stomata

The opening and closing of the stomata in plants follow the environmental conditions to achieve
a balance between the gas exchange for photosynthesis and the loss of water vapor due to
evaporation. When the concentration of COzin the atmosphere is low, the plants increase the density
of stomata, but at the same time decrease their size [153,154]. Inspired by this, Lee and Lee [155]
proposed and studied a bio-inspired pneumatic fagade (Figure 29A) with different adaptive opening
configurations (Figure 29B) to enhance the performance of the natural ventilation. To determine the
optimum opening configurations for the occupant comfort, the indoor airflows were analyzed
according to changes in the speed and direction of the external winds. The results showed that, to
generate indoor airflow closer to the recommended levels for the occupant comfort, configurations
with larger openings should be used under the lower wind speeds, while smaller openings are more
suitable at the higher wind speeds. In addition, the larger openings should be positioned toward the
windward side, with the smaller openings placed on the leeward side. However, it is important to
note that this study relied solely on the CFD simulations. Since different turbulence models can
produce varying results, a more detailed exploration and discussion of the turbulence model
selection would strengthen the validity of the findings. Beyond the terrestrial applications, the
concept of the adaptive facades could also be extended to the space habitats, where not only the
external envelope but also the internal partitions could dynamically adjust to optimize the ventilation
according to the occupants’ needs.

A 2m
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Figure 29. (A) Pneumatic facade with adaptive openings for natural ventilation; (B) Different configurations of
fagade openings: Gradual-a (0-100%), Gradual-b (50-100%), and Gradual-c (75-100%). (A, B) Reproduced with

permission from [155].

6.1.5. Crocus Flower

The crocus flowers (Figure 30A) exhibit a characteristic known as thermonasty, which is a kinetic
movement of the plants due to the temperature changes. Certain species, such as Crocus vernus, can
respond to the temperature shifts as small as 0.2°C [156]. The unique heat response of this flower is
attributed to the bi-layer structure of its petals, composed of the inner and outer cell layers. At the
colder temperatures, the outer layer expands faster than the inner layer, causing the petal to bend
inward and close. Conversely, at warmer temperatures, the inner layer grows faster, resulting in the
petals moving outward to open [157]. Inspired by this, LIFT Architects [157] developed a concept and
prototype for thermally active ventilation panels, called The Air Flower (ER) (Figure 30B), which
consists of “petals” that incorporate Shape Memory Alloy (SMA) wires as actuating components.
When the temperature reaches the SMA'’s transformation point, the wires contract, causing the petals
to open, and as the temperature decreases and the wires cool, the petals close again. This mechanism
can be adapted to a range of building components to provide a responsive (adaptive) ventilation,
including the roof vents, double-skin ventilated facades, and traditional apertures. For example,
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when the indoor temperature rises to 26 °C, the Air Flower opens its petals to increase the airflow
into the building, and once the interior cools, the petals close to seal it. The number and geometry of
petals can be customized. For instance, to promote a buoyancy-driven natural ventilation generated
by the temperature and humidity differences between the indoor and outdoor environments, a
simplified version with two rectangular petals can be installed at both the upper and lower openings
of a structure. In this configuration, the higher indoor temperature would cause the upper petals to
open, allowing the warm air to rise and escape through the top opening, while the cooler, fresh air
would enter the building through the petals at the bottom.

aumesadwa )

Figure 30. (A) Yellow crocus flower (B) Crocus flower-inspired ventilation panels in open and closed states,

responding to temperature changes. (A, B) Reproduced with permission from [157].

6.2. Insights from Simple Aquatic Animals and Lungs

Exchanging fluid through the inhalation and exhalation is a common mechanism found in many
organisms, not only land animals but also organisms living deep in the sea, such as the sea sponges.
The sea sponges lack organs, nervous systems, and muscles but rely on a canal system with chambers
to pump the water in and out of their bodies, providing oxygen, nutrients, and food while removing
the waste [158]. This pumping process is driven by the flagellated chambers that beat to increase the
surface area, facilitating the water flow [159]. Inspired by the deep-sea sponges and the respiratory
systems of the living organisms, Badarnah and Knaack [159,160] proposed a bio-inspired ventilating
envelope with lung-like chambers (LLC) (Figure 31A and B), that expand and contract to perform air
inhalation and exhalation. These LLCs were made of flexible or elastic materials, allowing them to
dynamically adjust their surface area. Sensors were installed on the inner side of the skin to send
signals to the breathing units, enabling them to execute the inhaling and exhaling processes. Each
LLC consisted of two surfaces, namely the “sucking” and the “expelling” surfaces, which were
interconnected within the basic component. Piezoelectric wires were attached to the sucking surfaces,
causing them to expand and create low-pressure zones when electricity was applied. As a result, air
entered the breathing chambers through the small holes on the sucking surface (Figure 31C). When
the voltage was stopped, the chamber contracted, reducing the volume and creating a high-pressure
zone. As a result, air was expelled through the holes on the other sides (Figure 31D). The holes were
equipped with the unidirectional valves that ensure the air flows in one direction. When the air was
pushed from the inner part of the chamber outward, the valves contracted and closed to prevent the
backflow. To optimize the design, Badarnah, Kadri and Knaack [160] conducted numerical
simulations of the breathing chambers by positioning the air expelling (outlet) and air intaking (inlet)
units at various locations and using different quantities of units. They found that increasing the
number of the breathing units does not necessarily improve the uniformity of the air distribution. To
achieve a better air distribution, it is crucial to position the inlet and outlet at an optimal distance
from each other. Additionally, determining the optimal number of components is essential. When the
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outlet and inlet are placed too close together, the increase in the number of components leads to the
fresh air being expelled before a proper mixing occurs, hence, reducing the overall efficiency.

Table 6 summarizes bio-inspired approaches for adaptive ventilation along with the advantages
and associated challenges.
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Figure 31. (A) Bio-inspired fagade with lung-like chambers (LLC); (B) Front, side, and top views of the lung-like

chambers (LLC); (C) Illustration of lung-like chambers (LLC) during expansion, drawing air in; (D) Illustration

of lung-like chambers (LLC) during contraction, expelling air out. (A-D) Reproduced with permission from [159].

Table 6. The summary of bio-inspired approaches for adaptive ventilation.

Source of Mimicked Lo oL
. Applications Advantages Challenges/limitations Study
inspiration features
Energy-free operation  Limited user control; reduced
. due to autonomous sensitivity over time from
. Adaptive . . . .
Opening and response to humidity ~ material fatigue; response time
. ) envelope ) ) ) ) ) [143,144,
Pine cone closing of changes; lightweight influenced by material thickness
components for . . . 147,148]
scales. . construction; dynamic  and size; performance
ventilation. . .
environmental dependent on geometric shape
adaptation. and arrangement.
Dynamic Manufacturing/upscalin;
Opening and  Adaptive yn gip 8
. . environmental challenges for large structures;
closing of its  envelope ] ) o
Ice plant adaptation; precise synchronization of [150,151]
seed components for . . . .
. responsive to movements is challenging; risk
capsules. ventilation. . L .
changing conditions. of malfunction.
Sensitivity [152]
and o Enhanced ventilation
) . Kinetic fagade o ) o
Mimosa automatic » efficiency; improved Difficult to balance between
. that facilitates . . . . .
pudica response to o indoor air quality and  comfort and air quality.
ventilation. .
external airflow.
stimuli.
Optimum [155]
) ) configuration of . o
Opening and  Facade openings ) Not experimentally verified;
. opening shape and . .
Stomata closing of for natural . dependent on wind conditions
o location ensures .
guard cells. ventilation. ] . and direction.
desirable airflow and
occupant comfort.
Smart and Requires maintenance;
. . Improved natural .
Opening and  responsive o effectiveness decreases
Crocus . . ventilation; reduced . . .
closing of (adaptive) . with material fatigue; [157]
flower o energy use with smart
petals. ventilation . limited temperature
materials.
panels. response range.
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Improved Complex to
Facade with permeability of manufacture and
Sea sponge  Active components that  envelope but still operate; the use of
& human breathing or  inhale and controllable; piezoelectric wire to [159,160]
respiratory ~ pumping in exhale to improved air velocity =~ generate a pressure
system and out. provide distribution and difference may be
ventilation. reduced age of air in inefficient and costly for
optimized case. large-scale buildings.

7. Applications and Integration of Bio-Inspired Ventilation in Off-Earth Habitats
and Underground Mines

7.1. Ventilation Challenges in Off-Earth Habitats and Underground Mines

To identify where the bio-inspired designs and strategies could enhance the ventilation in hostile
environments such as off-Earth habitats and underground mines, it is essential to first understand
the challenges faced by current systems. For off-Earth habitats, lessons can be drawn from existing
facilities like the International Space Station (ISS) and other previous space missions. Reviews of
reports and studies on the ISS, Apollo missions, and the Space Shuttle highlight noise as the primary
ventilation issue [18,161,162]. Unlike terrestrial compartments, space habitats are isolated and
confined, creating an acoustically challenging environment due to continuous noise sources from the
Environmental Control and Life-Support Systems (ECLSS) [163,164]. Various mitigation measures,
such as mufflers, isolators, wraps, covers and barriers, have been implemented, yet addressing noise
at the source through quieter fans remains the most preferable approach [164]. Passive measures,
while useful, often become costly over time, and consume valuable space needed for essential mission
equipment [164-166].

Other challenges associated with the ventilation systems in space include the risk of CO,
accumulation and poor air distribution. In the microgravity, the absence of the natural convection
increases the likelihood of CO, buildup around an occupant’s head when they remain stationary, as
the exhaled air does not disperse as easily as it does on Earth. Continued exposure to the elevated
CO;, concentrations can impair the cognitive function and, in the severe cases, cause unconsciousness
or even death from asphyxiation [167,168]. The inadequate airflow also contributes to the
temperature rises in the occupied zones, which is a major cause for the crew discomfort [21,161].
While the abrasive dust particles have not posed a major issue for the ventilation system aboard the
ISS, dust is one of the most significant environmental challenges that the astronauts will face during
the lunar or other planetary surface exploration, as has been demonstrated by the past lunar missions
and is anticipated for the future missions to the Moon and Mars. On these planetary surfaces, the fine
dust particles tend to adhere to astronauts’ spacesuits and equipment. Once brought into the habitat
or spacecraft, the dust can become airborne and circulate throughout the cabin, potentially both
compromising the equipment such as the ventilation systems and posing serious health risks to the
crew [169,170].

Unlike the off-Earth environment, Earth benefits from the natural forces such as the wind and
convection, which are the primary drivers for the natural ventilation. However, the ventilation
systems in underground mines continue to face significant challenges. As the shallow coal and
mineral deposits become depleted, mining operations are forced to move to the greater depths [171-
174], which has profound implications on the ventilation efficiency and costs. With the increasing
depth, the distance that air must travel also increases, leading to higher operating and maintenance
costs, as well as greater leakage throughout the system, all of which contribute to rising the power
consumption [11,175,176]. In addition, deeper mines experience elevated temperatures due to air
auto-compression and increased heat transfer from the surrounding rock strata [11,172]. For example,
in mines in Germany the temperature is approximately 40 °C at a depth of 900 m, increasing to about
50 °C at the depth of 1712 m. In one of the deepest underground mines in South Africa, operating at
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a depth of 3000 m, temperatures can reach up to 70 °C [172]. To counter this heat gain and maintain
safe working conditions, substantially higher airflow rates must be supplied. However, the required
additional air volume and the associated ventilation costs become increasingly dramatic beyond
certain depths. For example, in Canadian mines operating at a depth of more than 2000 m, an
additional 300 m increase in the depth requires a 20% increase in the air supply, resulting in the
ventilation costs that are for 73% higher in these deeper mines [11].

The growing mechanization of mining, particularly through the use of diesel-powered
equipment, introduces further challenges, as the ventilation systems must dilute higher
concentrations of toxic emissions [174,177], thereby requiring even greater volume of airflow and
energy consumption [11,178]. Mine ventilation systems are also a major contributor to the greenhouse
gas emissions due to their substantial power consumption and dependence on the fossil fuels [178].
Depending on the mine, ventilation may account for 20-40% of the total energy demand and up to
50% of the electricity consumed in the underground operations [179,180]. In the United States,
approximately 63% of the mine electricity is supplied by off-grid sources that generate power from
the carbon-based fuels [181]. This heavy reliance on the fossil energy significantly elevates the carbon
footprint of mining activities, making the ventilation systems a critical target for the energy efficiency
improvements and sustainable practices. Lastly, the underground mine ventilation systems are often
designed to operate continuously at the peak capacity, irrespective of the actual demand. While this
approach is intended to guarantee the worker safety under all possible operating conditions, it also
creates significant inefficiencies. For instance, the mines frequently supply air at the maximum
volume around the clock, even in situations where it is unnecessary, such as during the periods of
low activity or when the electric-powered equipment is used. This results in the over-ventilation of
the mines and substantial unnecessary energy consumption [11].

7.2. Bio-Inspired Solutions for Ventilation in Off-Earth Habitats and Underground Mines

After the challenges stated under the section 7.1 of this paper are identified, the potential
applications of the bio-inspired solutions for the ventilation systems in underground mines and space
habitats can be explored. These solutions may be integrated into various components of the
ventilation systems, including fans, ducts, and air distribution mechanisms. For example, mimicking
the environmentally responsive movements of the plants could allow the ventilation systems to
dynamically adapt to the environmental changes and occupant demands, enhancing the human
comfort while reducing the energy consumption [143,147,152]. This adaptability is particularly
valuable for the off-Earth habitats, such as future lunar and Martian colonies, where ensuring the
crew's health, as well as comfort for the mission success is crucial, and where the energy resources
are limited. In the underground mines, the bio-inspired approaches offer opportunities for the
ventilation optimization, which is crucial to improving efficiency and reducing energy usage. Table
7 summarizes the relevant bio-inspired solutions to each identified challenge or issue associated with
the underground mines and off-Earth habitats' ventilation.

Table 7. Bio-inspired solutions for ventilation in underground mines and off-Earth habitats.

Challenges Context Relevant solutions Integration/Application
Temperature-responsive ventilation . .
Integrated into habitat walls or
Thermal comfort Off-Earth panels that open or close .
. . . . panels to regulate airflow and heat
issue - heat habitats autonomously with the increase or
. autonomously.
decrease in temperature levels.
Humidity-sensitive components or Integrated into wall panels or habitat
Thermal comfort Off-Earth
. . . wall systems that adjust permeability envelopes for passive humidity
issue - humidity habitats . o .
depending on the humidity levels. regulation.
Off-Earth Manipulating the height and shape Incorporated into the habitat duct
-Ear
Air mixing issue habitat differences between the inlet and layouts or the inlet and outlet
abitats

outlet openings so that a greater

openings.
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pressure difference can be generated to
increase the airflow; using a time-
periodic ventilation supply instead of a

steady supply.

Sensor-actuator system integrated

. . Off-Earth Ventilation system or components that  into adaptive ventilation to detect
CO2 build-up issue . . . . .
habitats are responsive to the CO; level. regions with low CO, concentration
and supply air based on demand.
Height, size, and shape differences
between tunnel entry/exit; venturi- Integrated into mine tunnel designs
o Underground . . o
Air mixing issue . shaped openings at tunnel entrances or ~ and auxiliary ventilation systems to
mines
exits located at higher elevations; time-  enhance airflow.
periodic ventilation supply.
Air mixing and Nature-inspired algorithms to balance =~ Implemented in real-time mine
Underground o o ]
power ] ventilation demand, safety, and energy  ventilation control systems or in fan
mines
consumption issue use. operation systems.
Heat recovery ventilation to capture
Power Underground waste heat from the exhaust air and Integrated into mine HVAC and
consumption issue  mines reuse it to warm the intake air in cold heating systems.
regions.
Underground Duct geometry modifications Applied in junctions, tees, and bends

Resistance issue

mines and off-
Earth habitats

(protrusions and sawtooth guide

vanes).

to reduce airflow resistance and save

more energy (power).

Noise issue

Underground
mines and off-

Earth habitats

Sawtooth or non-smooth structures in

ventilation fans.

Incorporated into appropriate
components and locations of

ventilation fans.

Dust issue

Underground
mines and off-
Earth habitat

Lotus-inspired dust-repellent surface

materials.

Applied to duct linings and filter
housings to minimize dust

accumulation.

Despite being a promising avenue, the application and integration of the bio-inspired
approaches in space habitat ventilation remain very limited. These limitations stem from several
factors. The interest in bio-inspiration within the research community has surged only in the past
decade, and the opportunities to apply such concepts in real missions or habitats have been scarce.
Human space missions are still relatively few, and the number of operational habitats in actual space
environments has been extremely limited. Integrating such new untested technologies into the
already existing systems presents significant challenges, including increased costs, time constraints,
and compatibility issues. Although some bio-inspired technologies have been tested on Earth,
accurately replicating the effects of the microgravity and human factors remains a challenge [182]. In
addition, many bio-inspired ventilation strategies developed on Earth also rely on the natural forces
like the natural convection, which do not exist in the microgravity of the off-Earth environment
[15,183]. Furthermore, the numerical models used for simulation are often simplified, which may
yield promising results for the basic designs but raise questions about their feasibility in the more
complex and intricate designs. Hence, it is important to study the performance of the bio-inspired
ventilation structures under various settings, including under the microgravity conditions.

Likewise, the application of the bio-inspired approaches to the underground mine ventilation
has remained very limited. This could be due to the fact that the ventilation is a critical safety system
for both the workers and equipment in the hostile underground mine environment. Consequently,
the stakeholders are generally cautious about adopting new designs that have not yet been rigorously
validated or demonstrated under real operating conditions. Nevertheless, the research on the
applications of the nature-inspired algorithms for the mine ventilation optimization has grown
significantly over the past decade, which has been proposed to improve the energy efficiency, deliver
an optimum ventilation on demand, invert the gas explosion sources, and stabilize the airflow during
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the fan switchover. For the application of other bio-inspired approaches, it is essential to first simulate
and evaluate the designs under a range of climate conditions, as some concepts may be more suitable
for specific environments. In addition, developing prototypes and testing them under realistic
operating scenarios is crucial to ensuring that the anticipated benefits of the proposed bio-inspired
models do not come at the expense of the safety.

8. Conclusions

Ventilation systems are a critical component of the built environment, both on Earth and off-
Earth. While the general ventilation systems on Earth ensure the comfort and health of the indoor
occupants, their role in the off-Earth habitats and underground mines extends beyond the comfort to
the survival. This study, through research trend and bibliometric analyses, found that most bio-
inspired ventilation research has focused on enhancing the efficiency, which is achieved largely
through the optimization of the systems, components, and buildings. Although the bio-inspired
research in the built environment and related engineering fields has been developing for the past 25
years, a significant increase has occurred only in the last decade, which reflects the increasing demand
for more efficient and sustainable designs.

The bio-inspired approaches in the ventilation systems have been proposed for a wide range of
applications, including ducts, fans, and adaptive components capable of autonomously responding
to the environmental changes such as temperature and humidity. However, the real-world
applications of such innovative designs remain limited, and this gap is even more pronounced in the
underground mines and off-Earth habitats such as the crew quarters in the ISS. The introduction of
the untested and unverified designs in such high-risk environments is risky. While these systems
may demonstrate effectiveness at a small scale, their application at a larger scale may encounter
difficulties due to the complexity of mimicking nature’s designs as well as because of the constraints
of the underground mines or space missions, such as limited energy resources and harsh
environmental conditions. Addressing these challenges requires more advanced research to improve
the reliability of the bio-inspired designs and increase their feasibility for practical implementation.
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