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Designing more-than-human
thermal comfort: bio-inspired
evaporative cooling in porous
facade components for
cavity-nesting wild bees
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Stuttgart, Germany, ®Institute of Building Materials, Building Physics, Building Systems and Design (IBBTE),
University of Stuttgart, Stuttgart, Germany, “Institute of Landscape Planning and Ecology (ILPO), University
of Stuttgart, Stuttgart, Germany

Urban surfaces such as Facades and rooftops are critical mediators of
microclimatic conditions in cities, influencing the thermal comfort of both
human and non-human inhabitants. Within a more-than-human design
perspective, these surfaces may be understood as interfaces where
microclimatic regulation can support ecologically relevant funtions, including
nesting habitats that moderate microclimatic extremes for wild bee species in
dense urban environments. This study builds on prior research into additive-
manufactured (3D-printed) porous cellular geometries—specifically Triply
Periodic Minimal Surfaces (TPMS) and Adaptive Density Minimal Surfaces
(ADMS)—developed as structural envelopes for nesting tubes intended to
mitigate heat peaks experienced by cavity-nesting wild bees under urban heat
island (UHI) conditions. These species experience metabolic stress when internal
cavity temperatures (Thest) €xceed 35 °C and face lethal risks above 40 °C. Previous
experiments showed that such geometries can attenuate internal temperature
fluctuations by up to 1.6 K compared with conventional materials, although
passive geometric performance alone proved insufficient during extreme
summer conditions. To enhance thermal regulation, a bio-inspired
evaporative-cooling strategy was developed, modelled after the droplet
collection and retention behaviour of Apis mellifera. Here, the honeybee is
used solely as a biological analogue for water-management mechanisms,
rather than as the species under investigation. Comparative field tests in
Stuttgart, Germany, evaluated small-scale water-supplied (sWS) and control
(sC) samples alongside traditional nesting materials. There resultsinformed the
design of full-scale Facade panels—a water-supplied (pWS) and a control (pC)
variant—later tested in a climatic chamber simulating heatwave conditions. Across
experiments, pWS achieved mean temperature differentials (AT) of 8.6-10.2 K
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relative to pC, indicating the technical potential of evaporative cooling to reduce
microclimate thermal stress in biologically sensitive cavities and to inform climate-
responsive architectural surface design.
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1 Introduction

Urban heat islands (UHIs) and the increasing frequency and
intensity of heatwaves pose a threat to both human and non-human
thermal comfort and survival (Ferrari and Polidori, 2022; Prieto and
Pastén, 2024). While architectural and building-physics research has
traditionally addressed envelope performance in terms of energy
efficiency and indoor comfort, the cumulative thermal behaviour of
exterior building surfaces increasingly affects urban microclimates,
boundary-layer conditions, and localized heat exposure in
dense cities.

From this perspective, fagades and rooftops can be understood
as thermally active interfaces that mediate heat exchange between
the built environment and surrounding air, influencing not only
indoor conditions but also the microclimatic regimes experienced by
organisms occupying urban exterior spaces. Recent work in urban
ecology and more-than-human design has therefore argued for
architectural

extending  performance-based evaluation of

envelopes beyond anthropocentric comfort models toward
species-specific physiological thresholds and exposure conditions
relevant to urban biodiversity (Haraway, 2016; Joachim and Aiolova,
2019; Cruz, 2023; Latour, 2023).

This shift reframes architectural surfaces as components of
distributed

configuration,

environmental infrastructure  whose  material

geometry, and hygrothermal behaviour can
modulate localized thermal stress within the urban fabric.
Importantly, such a framing does not assume that buildings
function as habitats per se, nor that architectural interventions
ecological Rather, it

investigation of how envelope

can replace systems. motivates the

existing technologies and

performance metrics might be adapted to assess microclimatic
effects on non-human organisms under defined spatial, climatic,
and material conditions.

Abbreviations: sWS/sC, Small-scale water-supplied/control samples; pWS/
pC, Full-scale water-supplied/control panels; T, Outdoor air temperature
("C); Tiog. Loggia air temperature (semi-enclosed microclimate), for the real-
building setup (‘C); Thest (SWS), Internal tube temperature — small-scale WS
sample (°C); Thest (sC), Internal tube temperature — small-scale control (°C);
Thest (PWS), Internal tube temperature — panel WS (°C); Trest (pC), Internal tube
temperature — panel control (°C); T,(ch), Chamber air temperature
(controlled test) (°C); Twet, Wet-bulb temperature (psychrometric reference)
(°C); AT, Temperature differential (control — WS) (K); RH,;,, Outdoor relative
humidity (%); RHiog, Loggia relative humidity (%); RHpest (SWS), Internal relative
humidity — small-scale WS (%); RHnest (sC), Internal relative humidity — small-
scale control (%); RHpest (PWS), Internal relative humidity — panel WS (%); RH est
(pC), Internal relative humidity — panel control (%); RH,;.(ch), Chamber relative
humidity (%); Bnest, Cavity-nesting bee offspring (biological reference for
thermal thresholds: High metabolic stress >35 °C; lethal >40 °C); TPMS,
Triply periodic minimal surface; ADMS, Adaptive density minimal surface;
AM/FDM/3DP,  Additive manufacturing/fused deposition modelling/
3D printing.
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In this study, this conceptual position provides the motivation
for examining evaporative cooling in porous facade elements
thermal while the
experimental work itself remains grounded in quantitative

through a more-than-human lens,
measurements of temperature and humidity under controlled
and real-building boundary conditions. To operationalise this
framework, the study focuses on a non-human user group for
which thermal exposure limits are well defined, physiologically
constrained, and directly linked to microclimatic conditions at
the scale of architectural components.

Among urban pollinators, cavity-nesting wild bees constitute a
particularly suitable biological reference for such an investigation.
During their immobile developmental stages, from egg to larva, the
brood is entirely dependent on the thermal buffering capacity of the
nesting substrate, without behavioural means of thermoregulation
(Radmacher and Strohm, 2011; Giejdasz and Fliszkiewicz, 2016;
Ostap-Chec et al., 2021). Short-term peaks above 30 °C can cause
metabolic stress and developmental delays, while exposure to 40 °C
is associated with high mortality rates (Ferrari and Polidori, 2022;
Polidori et al., 2023; Melone et al., 2024). These bees function as
sensitive biological indicators of ecological conditions, with changes
in nesting success, emergence timing, or body size signalling shifts in
the microclimate (Ostap-Chec et al., 2021; Polidori et al., 2023). The
concept of more-than-human thermal comfort-introduced here to
extend the notion of thermal comfort beyond human-centred
parameters—is used as a design-oriented framework, grounding
environmental design strategies in species-specific physiological
thresholds. with the ecological requirements of multispecies
urban habitats.

Cavity-nesting wild bees make up about 30% of global bee
diversity, occupying natural cavities such as stems and dead
wood, as well as artificial nesting aids. In Central Europe, nearly
one-third of the =600 native species are cavity nesters, playing
essential roles in maintaining floral diversity and ecosystem
functions (Biella et al., 2022; Ferrari and Polidori, 2022). Due to
their solitary reproductive strategy, brood development depends
entirely on the passive thermal buffering provided by the nesting
substrate once provisioning is complete (Westrich and Dathe, 1998).
Artificial nesting aids are therefore widely employed in urban and
peri-urban contexts as compensatory habitats, particularly where
natural cavities are scarce due to intensive land use or building
practices. While their ecological effectiveness depends on design,
placement, and surrounding resources, such aids constitute a
common intervention within contemporary pollinator-support
strategies (Meier et al., 2020; Polidori et al., 2023).

Empirical studies further indicate that artificial nesting aids
already form a non-negligible component of cavity-nesting
ecologies in urban environments. Surveys and meta-analyses of
artificial nesting structures report mean occupation rates on the

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1750586

Valverde Rojas et al.

FIGURE 1
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3D-printed nesting aids for solitary cavity-nesting bees. Experimental nesting aids fabricated through additive manufacturing, featuring porous
cellular geometries designed to provide thermal buffering around nesting cavities. Photographed during outdoor experiments conducted in spring

2025 in Stuttgart, Germany.

order of 30%-40%, with urban contexts showing comparable or
slightly higher levels of use than suburban or rural sites, albeit with
substantial variability linked to design, placement, and surrounding
habitat quality (MacIvor and Packer, 2015; Staab et al., 2020). Long-
term monitoring suggests that these structures are predominantly
occupied by generalist cavity-nesting species, particularly within the
Megachilidae, while specialist taxa are less consistently represented
(Fortel et al., 2016). These findings indicate that artificial cavities can
function as effective nesting substrates for a subset of wild bee
species already adapted to anthropogenic environments, while also
underscoring that their ecological role is context-dependent rather
than universal.

Beyond their thermoregulatory vulnerability, recent ecological
studies have highlighted that the spatial continuity of resources
within cities is equally critical for sustaining wild bee diversity. It is
not urbanisation intensity itself that drives biodiversity decline, but
rather the fragmentation and isolation of habitat patches that limit
movement and gene flow among bee populations, reducing both
taxonomic and functional diversity (Buchholz et al., 2020). When
resource patches-such as green roofs, gardens, and facades-are
spatially connected, they can act as ecological corridors, enabling
the persistence of pollinator communities even in dense urban
fabrics. Conversely, isolation has been shown to foster functional
homogenisation, weakening ecological resilience and the capacity of
urban bee assemblages to withstand environmental stressors.

At the local scale, the availability of floral resources and suitable
nesting sites and substrates remains a decisive factor, particularly for
endangered or specialist species that rely on continuous access to
foraging and nesting opportunities. Nevertheless, at the urban scale,
connectivity and habitat accessibility can act as drivers that
determine whether such localized habitats can sustain viable
populations for some species (Buchholz et al., 2020). This spatial
perspective suggests that the potential of architectural components
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may act as complementary, site-specific stepping stones that bridge
fragmented habitats, thus supporting biodiversity, including gene
exchange, within broader urban ecologicalnetworks, rather than as
universal habitat solutions. Facade inhabitation by cavity-nesting
insects is therefore approached here as a situated practice, shaped by
the interaction between material configuration, microclimatic
exposure, surrounding vegetation, and patterns of human use
and tolerance in inhabited urban spaces (Maclvor and Packer,
2015; Meier et al., 2020; Ferrari and Polidori, 2022; Marzouk
et al., 2022).

Building on previous work (Figure 1) that showed how bio-
based, 3D-printed porous cellular structures—modelled as Triply
Periodic Minimal Surfaces (TPMS) and Adaptive Density Minimal
Surfaces (ADMS) - can reduce internal cavity temperatures (Tyes)
by up to 1.6 K compared to conventional reed-stem nesting aid
designs, this study extends the investigation toward active
microclimatic regulation. While evaporative cooling has been
extensively studied for human thermal comfort at building and
urban scales, and artificial nesting aids have been examined
primarily as ecological interventions, few studies integrate these
approaches to within
biologically sensitive cavities embedded in architectural elements.

evaluate microclimatic performance
Despite the improved thermal inertia of these cellular structures,
their internal temperature still largely followed ambient conditions
Tair, limiting protection during extreme heat events (Valverde et al.,
2025). Heat transfer into the nest is primarily governed by
conduction through the material, convection at the surface, and
radiant heat gain, with the rate of temperature change modulated by
the structure’s thermal inertia (Bergman and Lavine, 2017; Xuan
et al., 2024). Most conventional nesting materials, especially under
low-moisture conditions, have limited capacity to attenuate rapid
thermal peaks, thereby increasing brood vulnerability in sun-
exposed locations. While excessive moisture in natural substrates
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can promote mould growth within sealed brood cells, the
evaporative process explored in this study operates through
surface water regulation rather than internal humidity,
preventing such risks.

Evaporative cooling provides a complementary passive
mechanism for moderating temperature. The process relies on
the thermodynamic principle that transforming water from liquid
to vapor absorbs energy from the surrounding air, thereby lowering
air temperature and increasing relative humidity (RH) (Cengel and
Ghajar, 2020). The psychrometric Mollier h-x diagram provides a
reference framework for estimating this temperature drop using two
given state variables, such as air temperature and relative humidity,
or, alternatively, air pressure and the absolute amount of water in the
air. For typical Central European heatwave scenarios, the wet-bulb
depression corresponds to the maximum theoretical adiabatic
cooling potential achievable through evaporation. For instance, at
44.9 °C and 23% RH, the corresponding wet-bulb temperature was
approximately 26.3 °C, defining a theoretical wet-bulb depression of
about 18.6 K.

This present study, therefore, tests the technical hypothesis that
combining a porous geometry with a bio-inspired evaporative
cooling strategy can moderate internal nesting-tube temperatures
(Thest) Withing biologically safe ranges for cavity-nesting wild bees
under heatwave conditions, reducing exposure to metabolic stress
above 35 °C and lethal thresholds near 40 °C.

This approach draws on the thermoregulatory behaviour of Apis
mellifera, which collects and deposits water droplets to dissipate heat
from the brood area through evaporation (Buchmann, 2021; Siefert
et al,, 2021). Here, A. mellifera serves solely as a biological analogue
for water collection and retention mechanism, while the
experimental focus remains on cavity-nesting wild bees as the
target species. By integrating droplet-retentive features into
architectural-scale porous geometries, the study tests whether
evaporative cooling can reduce extreme temperatures excursions
within nesting cavities during heatwave conditions.

Based on the theoretical adiabatic limit derived from the Mollier
diagram, it is expected that the water-supplied (WS) configurations
will achieve a temperature reduction (AT) approaching a defined
fraction of this potential, thereby mitigating extreme microclimatic
fluctuations around the nesting cavities.

To test this hypothesis, small-scale water-supplied (sWS) and
control (sC) 3D-printed nesting aids were compared under identical
boundary conditions. Subsequently, full-scale fagade panels (pWS$
and pC) were evaluated in both a real-building setup and a climatic
chamber. The results provide quantitative evidence of thermal
performance under defined conditions and contribute to the
development and evaluation of climate-responsive architectural
surface concepts for improving thermal safety in cavity-

nesting habitats.

2 Background

2.1 From porous geometry to thermal
regulation

Porous cellular structures such as TPMS and ADMS can be
tailored to control conductive, convective, and radiative heat
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transfer (Huang et al., 2024). Their high surface-area-to-volume
ratios and tailored pore sizes allow for targeted thermal behaviour:
smaller pores (<3 mm) restrict airflow and increase insulation. In
comparaison, larger pores (>5 mm) promote convective exchange
(Xuan et al., 2024). In previous field trials, structures of this kind
tested as surrounding geometries for nesting tubes achieved modest
reductions in peak internal-tube temperature T, compared to
conventional nesting aids, yet they still largely mirrored ambient air
temperature T,;, trends. This outcome suggests that purely passive
geometric modulation cannot fully decouple internal cavity
temperatures from external thermal loads.

Assuming an optimized geometry for minimized heat transfer,
the effective heat capacity of the structure governs this temporal
delay, rather than preventing heat accumulation altogether. To
overcome this limitation, an additional heat sink is required, for
instance, adiabatic temperature reduction through
evaporative cooling.

Evaporative cooling achieves this through the phase change of
water from liquid to vapor. This process uses sensible heat,
converting it into latent heat to break intermolecular forces,
thereby lowering local temperatures while increasing humidity
(Rupp and Gruber, 2021; Dutto et al., 2022; ASHRAE, 2024).
Geometry plays a decisive role in modulating this phenomenon:
it controls hydraulic behaviour, thermal mass distribution, and
airflow interaction at wetted interfaces. In systems employing
discrete droplet retention rather than continuous water films,
irregular or graded morphologies can still enhance evaporation
by increasing exposed surface area and promoting airflow
disruption around droplets, thereby accelerating local heat and
mass transfer (Kumar Dhamneya et al., 2017; Rupp and Gruber,
2021; Dutto et al., 2022). In graded or packed structures, increasing
the effective surface area remains one of the primary strategies to
boost evaporative performance (Jain and Hindoliya, 2011).

In porous geometries, convection must be considered alongside
evaporation. Pore sizes of approximately 5 mm or larger ensure that
airflow remains active, both increasing mass transport and enabling
turbulence that promotes heat exchange, accelerating the
evaporative process. Irregular topologies can induce local flow
mixing and vortex shedding, enhancing convective heat and
moisture exchange. However, these effects are highly context-
dependent and cannot be resolved analytically, as they depend on
coupled Navier-Stokes and energy equations, and are therefore
estimated through empirical correlations or numerical models.
Consequently, the optimisation of conjugate heat transfer in
complex porous systems typically requires prototyping and
iterative empirical validation to accurately calibrate performance,
particularly at architectural scales (Kumar Dhamneya et al., 2017).

2.2 Bio-inspired role model: Apis mellifera

Although honeybees (Apis mellifera) are eusocial and not the
intended occupants of the nesting aids designed in this study, their
brood-thermoregulation strategies offer transferable physical
principles relevant to evaporative cooling. A. mellifera maintains
brood temperatures within a narrow optimal range of approximately
34 "C-36 °C, even under elevated ambient conditions. A key
mechanism is the deposition of water droplets inside the hive,
which cools the brood through evaporative phase change, aided
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FIGURE 2
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Drop retention in biological and 3D-printed porous structures. Comparison between water droplet deposition in Apis mellifera brood cells (left) and a
3D-printed porous geometry (right). The biological reference images (left) are reproduced with permission from Dr. Paul Siefert, Goethe University
Frankfurt, and are originally published in Siefert et al. (2021), PLOS ONE, 16 (3): 0247323, licensed under CC BY 4.0. The right image shows the
extrapolation of the same retention principle applied to a 3D-printed cellular structure, demonstrating analogous capillary behaviour.

by coordinated fanning behaviours that increase airflow across
wetted surfaces. (Siefert et al., 2021).

Effective cooling in the hive relies not on bulk water pooling but
on the controlled retention and spatial distribution of droplets on
micro-scale surface features. This strategy maximises evaporative
efficiency by keeping droplets exposed to airflow while preventing
uncontrolled runoff (Siefert et al., 2021). Abstracted to a design
context, this principle highlights the importance of pore
morphologies capable of establishing droplets against gravity
while sustaining convective exchange (Figure 2).

Natural systems rarely optimise a single parameter; instead, they
reconcile competing demands across multiple scales. Biological
organisms integrate material, structure, and form, tuning their
balance
environmental control (Knippers and Speck, 2012). In the

properties  locally to efficiency, stability, and

architectural analogue explored here, pores in a facade
component are therefore required to perform multiple roles:
enhancing evaporative cooling by enabling airflow and surface
exchange, stabilising droplets to regulate the pace of evaporation,
and providing intrinsic stiffness that allows the component to
This

multifunctional behaviour mirrors biological systems in which

remain  self-supporting without auxiliary framing.
material organisation and geometry together generate both
mechanical stability and environmental responsiveness.

The analogy is further supported at the level of physiological
thresholds. A. mellifera, moderate brood damage occurs around nest
temperature T = 36 °C, with lethal effects above T, = 40 °C
(Buchmann, 2021; Siefert et al., 2021). Solitary cavity-nesting species
show similar sensitivities: optimal development typically occurs at =
Test = 20 “C-25 °C, with metabolic stress beginning above = T\ =
35 °C and mortality rising sharply beyond T, = 40 °C (Radmacher
and Strohm, 2011; Kierat et al., 2017; Ferrari and Polidori, 2022;
Polidori et al., 2023; Melone et al., 2024). While absolute tolerances
vary among species, these shared thresholds justify the transfer of
water-based cooling principles at the level of thermal limits, without
implying ecological or behavioural equivalence.

Frontiers in Built Environment

The water-management strategies of A. mellifera illustrate how
liquid can be precisely deployed through controlled retention and
exposure, balancing evaporation efficiency with stability.
Translated to design, this principle could be extrapolated to
porous structures for facade geometries in which pore size,
curvature, and surface texture jointly determine droplet
behaviour (Figure 2). Accordingly, the experiments presented
here do not assess biological performance, nesting success, or
species-specific behavioural responses. Instead, they evaluate the
physical effectiveness of evaporative cooling—abstracted from
honeybees’  thermoregulatory  strategies—as a  potential
mechanism for moderating temperatures within artificial nesting
cavities. The biological role model is thus used instrumentally to
inform geometric and material design decisions, while detailed
ecological variability among solitary bee species remains beyond

the scope of this study.

3 Methods

The methodology combines empirical field testing and
controlled laboratory validation to evaluate the potential of bio-
inspired evaporative cooling in bee-nesting facade concepts. The
experimental workflow was conducted in two consecutive stages: (1)
field testing under real summer conditions to assess in situ
performance, and (2) climatic-chamber testing to validate the
observed cooling behaviour under controlled boundary
conditions. Two sample configurations were used throughout: a
water-supplied (sWS/pWS) configuration, in which water delivery
enabled evaporative cooling, and a control (sC/pC) configuration,
maintained dry without water input.

The methodological objective was to characterise relative
cooling performance and underlying physical mechanisms under
defined boundary conditions, rather than to establish statistically
generalisable performance metrics across climates or building

typologies.
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Experimental results were evaluated against the psychrometric
Mollier diagram, which relates air temperature (T,,), relative
humidity (RH,;,), and wet-bulb temperature (Twet) to define the
theoretical adiabatic depression. The observed temperature
differentials between control and water-supplied samples (AT =
Thest(C) — Thest (WS)) were expressed as a percentage of the adiabatic
depression,

providing an indication of how closely each

configuration approached the maximum cooling potential
achievable through evaporation under given climatic conditions.
This benchmarking approach enables comparison across
experimental stages while maintaining a physically grounded
reference independent of sample scale.
(sWS/sC) (pWS/
pC) - were fabricated by additive manufacturing (AM) using
Fused Deposition Modelling (FDM) 3D printing and monitored
with temperature and humidity sensors (+0.3 K; £3% RH). TPMS

and ADMS configurations were tested to evaluate their drop-

All  models-small-scale and full-scale

retentive capacity. The most effective configuration was then
evaluated for cooling performance under outdoor conditions by
comparing internal tube temperatures (Tyest (SWS) and Theq (sC))
with traditional nesting material samples—solid wood, air-dried
clay, and reed stems—produced at the same dimensions.

Replication at this stage was limited to repeated measurements
under consistent boundary conditions, with the focus placed on
comparative performance trends rather than inferential
statistical testing.

Two full-scale facade-shader panels (pWS and pC) were
installed on a southeast-oriented loggia in Stuttgart (hereafter
referred to as the real-building setup), where internal tube
temperatures (These (PWS) and Tyey (pC)) were monitored
during the summer heatwaves of 2025. They were then subjected
to controlled testing in a climatic chamber to validate their cooling
performance in a more general setting. The combination of real-
building exposure and climatic-chamber testing was selected to
balance ecological realism with experimental control.

Thermal images were captured with a Bosch GTC400C infrared
camera to document spatial temperature distribution across the
panel. All sensors were synchronized to log data at 15-min intervals.
E T, and RH,;, were retrieved with a shielded sensor placed near the
samples, while wind speed, wind direction, and solar radiation were
obtained from the Stuttgart-Schnarrenberg meteorological station
(4.39 km from the site) via ICON Global forecast and observation
data. The nesting-tube geometry (@5 mm x 200 mm) followed the
average dimensions used by some cavity-nesting wild bees (Best)

(Westrich and Dathe, 1998).

3.1 Geometry selection and water
retention testing

This stage examined how different porous geometries retain
water, as cooling performance depends not only on thermodynamic
potential but also on the structure’s capacity to capture and
distribute droplets. TPMS diamond with uniform pore size, and
ADMS samples were tested in uniform (@15 mm pores) and graded
(©5-25 mm pores) configurations previously evaluated for heat-
transfer behaviour (Figure 3).

All models measured 200 mm x 200 mm x 150 mm. For each
test, 600 mL of water was evenly applied to the top surface through a
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perforated container to simulate droplet distribution. After a fixed
drainage period, the expelled water was collected and measured to
determine the retained volume. Each geometry was tested three
times under same conditions (T, = 15 °C) with identical water
application rates. Retention values ranged from 23% to 30%, with
the graded TPMS diamond showing the highest average retention
(29.4%). This configuration was chosen for subsequent evaporative-
cooling experiments. These repeated measurements were intended
to assess relative retention capacity rather than statistical variance
across populations of samples.

3.2 Cooling effect in small-scale nesting aids

Two identical TPMS diamond-graded models were prepared as
nesting aid prototypes, each featuring a central @ 5 mm nesting tube
aligned along a 200 mm axis. Fabricated with a bio-based PLA-
Wood composite (30% Wood), selected based on previous
experiments showing wild bees accepted nesting in it (Figure 1).
One specimen was designated the water-supplied (sWS) sample and
received 600 mL of water daily at 09:00 to enable evaporative
cooling. In contrast, the second specimen served as the control
(sC) sample, kept dry without water input (Figure 4).

To provide a performance benchmark against conventional
nesting aids, three additional control samples with identical
external dimensions and tube configurations were prepared: a
solid wood block, an air-dried clay block, and a bundle of reed
stems housed in a timber frame. Each contained a central @5 mm
nesting tube, matching the geometry and sensor placement of sWS
and sC samples.

The benchmark tests were carried out in parallel with the sWS
and sC samples, enabling two distinct analyses:

« Direct evaporative cooling effect-comparison between the
temperature of the nesting tube (T),.s) in SWS and sC samples.

o Comparative material performance-comparison of Ty in
sWS and sC samples with T, values recorded in the
traditional materials (solid wood, clay, and reed).

The samples were monitored for 6 days under various weather
conditions (T, RH,,) to understand the behaviour of the
evaporative cooling effect. T,y and RH,.qwere monitored inside
each nesting tube using probes positioned at the mid-length point.

3.3 Full-scale architectural prototype testing

The pWS and pC full-scale Facade components tested the
applicability of the bio-inspired evaporative-cooling concept
under real heatwave conditions during summer 2025. Each panel
measured 200 mm x 150 mm x 1100 mm and was produced with
wood-PLA composite containing 30% wood dust. The geometry
employed a TPMS diamond-graded morphology, featuring @5 mm
pores around the nesting tubes. These were optimized through
preliminary droplet-retention tests and expanded gradually to
@35 mm toward the perimeter to balance cooling efficiency with
airflow (Figure 5).

The panels were conceived as a facade-mounted shader system.
Although the porous geometry can capture rainwater, reliable
thermal buffering during extreme events requires a controlled
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FIGURE 3

Geometric variation of TPMS and ADMS porous samples. Four 3D-printed porous samples: TPMS diamond (uniform and graded) and ADMS (uniform
and graded) geometries, selected from previous heat-transfer studies to assess water retention for evaporative cooling.

FIGURE 4

TPMS diamond-graded geometry and experimental setup. (a) Section of the diamond-type triply periodic minimal surface (TPMS) geometry showing
the nesting tube, sensor placement, and pore gradient ranging from 25 mm to 5 mm. (b) 3D-printed samples used for thermal testing, including the water-
supplied (sWS) and dry control (sC) configurations, each equipped with sensors for recording internal-tube temperature (T,est) during experiments.

water supply (Figure 6). For this purpose, a drip-feed irrigation
system was integrated. During testing in August 2025, the
experiment ran continuously for 7 days, coinciding with
heatwave episodes. The system began operation at 05:00 each day
to pre-emptively counter rising temperatures. Daily water delivery
ranged from 900 mL to 2500 mL with staggered doses of =300 mL
triggered when embedded sensors detected Tyt (pWS) > 35 °C
(high-risk threshold for B,y (Radmacher and Strohm, 2010;
Polidori et al., 2023; Melone et al., 2024).

The pWS and pC models were installed on a real-building setup,
in the third-floor southeast-facing loggia of a residential building in
central Stuttgart, Germany, at a height of 1 m above the floor surface.
The loggia is partially enclosed by glass panels, creating a semi-
outdoor microclimate that amplifies solar heat gain and limits
natural ventilation. The real-building setting was intentionally
selected to evaluate the prototypes under realistic facade exposure

Frontiers in Built Environment

conditions, ensuring that the results reflect actual environmental

dynamics, including natural variations in solar radiation,
extreme
conditions, the glass panels remained closed throughout the test,

creating a heat-trap environment (Figures 6, 7).

temperature, and humidity. To obtain summer

Temperature and humidity were recorded inside the prototype
at the mid-length of a @5 mm nesting tube (Tpeq RHpest). To
establish additional
measurements were taken in the real-building setup: one inside

ambient reference conditions, two
the loggia enclosure to represent the enclosed-air microclimate
(Tlog, RHlog), and one outside the loggia using a shielded
weather sensor to represent the outdoor air temperature
(Tairs RHair).

The dataset was processed to calculate the mean, maximum, and
minimum internal temperatures for each specimen. Temporal
cooling profiles were constructed to identify patterns of diurnal
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FIGURE 5
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3D-printed shader panels with pore-scale modulation for evaporative cooling. Panels fabricated in wood—PLA composite, showing (left) the water-
supplied panel with inlet for the evaporative-cooling test and the dry control on the right, (centre) reduced pore size surrounding the nesting-tube area for
droplet stability, and (right) a close-up of the droplet-collection effect within the porous surface.

variation. The duration of effective cooling was defined as the time
span during which the temperature of the nesting tube in the water-
supplied sample (Tpese (pWS)) remained lower than that in the
control sample (Tes (pC)).

3.4 Controlled climatic chamber validation

To assess whether the cooling behaviour observed in the real-
building setup could be generalized to other facade configurations
and boundary conditions, a controlled validation test was conducted
in a Clima Temperatur Systeme (CTS) C-Series climatic chamber.
While the real-building setup experiment captured the behaviour of
the Facade components within a fluctuating semi-enclosed
microclimate, the chamber setup provided a stationary reference,
isolating the physical process of evaporation from external drivers
such as wind and solar radiation. This setup enabled a mechanistic
validation of the temperature differential (AT), defined as the
difference in internal-tube temperature between the control panel
(Thest (pC)) and the water-supplied panel (Tyese (pWS)). This
comparison quantifies the magnitude of the evaporative cooling
effect observed during the real-building test.

The same pWS and pC panels previously installed on site were
tested within a controlled test volume (2 450 mm x 2 400 mm x
2 050 mm), ensuring uniform air distribution through closed-loop
regulation of chamber-air temperature (T, (ch)) and humidity
(RH,;(ch)). Each specimen contained a central @ 5 mm nesting
tube equipped with an embedded temperature and humidity sensor,
while an additional probe recorded ambient chamber conditions to
verify the stability of the programmed cycles (Figure 8).
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Two experimental scenarios were implemented. The first
scenario reproduced the air temperature (T,,) and relative
humidity (RHl,,) recorded inside the loggia of the real-building
setup, representing the enclosed-air microclimate surrounding the
facade components during the hottest field day. During this period,
the outdoor air temperature (T,;,) exceeded 30 "C and peaked at
36.9 °C; using seven discrete setpoints. As short-wave solar radiation
could not be replicated, the pC specimen did not reach the
maximum temperatures observed outdoors. The second scenario
instead reproduced the internal-tube temperature of the control
panel (Tpe (pC)) measured during the real-building test,
representing the thermal conditions directly experienced within
tube. This
temperature setpoints above 40 °C, corresponding to the lethal
threshold for the bee brood (B,eg)-

At the start of each cycle, the pWS panel received an initial

the nesting sequence used nineteen discrete

900 mL water dose through its integrated irrigation inlet to trigger
evaporation. Subsequent water supply was automatically triggered
whenever Ty (pWS) > 35 °C, maintaining continuous evaporative
activity during peak heat conditions.

4 Results
4.1 Cooling effect in small-scale nesting aids

Over six consecutive test days, the mean temperature inside the
nesting tube of the water-supplied sample (T, (SWS, mean)) was
26.8 °C, compared to 30.0 °C in the dry control sample (T s (sC)).
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FIGURE 6

Real-building setup and longitudinal section of the 3D-printed panel. The left diagram illustrates the real-building setup, indicating sensor positions

for Tlog, Tair Thest (PWS), and Thest (PC). The right diagram presents a longitudinal section of the 3D-printed panel, showing the watering system, nesting
area with smaller pores, tracked nesting tube, and water-collection zone.

FIGURE 7
Installation of WS and C panels on the building Facade. Water-supplied (pWS) and control (pC) models, each measuring 200 x 150 x 1100 mm, on the
third-floor Facade of a southeast-oriented building in Stuttgart, Germany.
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FIGURE 8
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Climatic-chamber test of pWS and pC Facade components. Climatic-chamber setup used to test the water-supplied (pWS) and control (pC) Facade
components under simulated heatwave conditions. Sensors recorded Tpest (PWS) and Thest (PC) to compare evaporative performance between both

configurations

Here, T).s denotes the internal-tube temperature measured at the
midpoint of each 5 mm nesting cavity, while sWS and sC refer
respectively to the water-supplied and control small-scale models.
Maximum values reached T,ey (SWS) = 34.3 °C and T, (sC) =
449 °C, yielding an average temperature differential (AT = Teq
(sC) = Thest (SWS)) of 3.16 K. Water application at 09:00 produced
an immediate drop in Tpeq (SWS), with peak differentials between
10:30 and 14:00 (AT = —13.9 K relative to T, (sC); —17.8 K relative
to outdoor air temperature T,;,). The cooling effect persisted
through the afternoon and gradually diminished after 22:00,
when both samples converged overnight (Figure 9).

Throughout the test, Ty (SWS) < 30 °C, below the stress
threshold for Bjes, while T (SC) exceeded 40 °C for up to
4.5 h day'. Thermal imaging showed that the surface of the
water-supplied sample was approximately 9 K cooler than the
surface of the control sample (Figure 10).

Maximum instantaneous reductions of =10 K, mean daily
cooling ranged from 2.15 K to 3.87 K. Strong cooling effects
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(AT >5 K) persisted for 1.5-6.25 h per day. Moderate cooling
(AT >2 K) prevailed for most of the diurnal cycle.

4.2 Cooling effect—Benchmark analysis

A comparative test evaluated the sWS and sC models against
conventional nesting materials—clay, wood, and reed stems-under
identical environmental conditions (outdoor air temperature Ty,
and relative humidity RH,;,) (Table 1). Here, T,;, and RH;, refer to
the air temperature and relative humidity measured near the
samples during outdoor testing.

Even without evaporative cooling, the control sample sC
maintained mean internal-tube temperature T, (sC, mean) =
29.0 °C, which was approximately 2.3-3.8 K cooler than the
benchmarks (T,eq mean = 32.0 "C-32.8 °C). Here, T, denotes
the temperature measured at the centre of the 5 mm nesting tube
inside each sample. When supplied with water, the water-supplied
sample sWS achieved a mean internal-tube temperature Ty (SWS,
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FIGURE 9

Temperature profiles of small-scale samples (sWS, sC) and outdoor air (T,;,). Temperature variation of the water-supplied (sWS, teal line) and control

(sC, orange line) samples, and outdoor air (T, dark blue line), recorded over six consecutive summer days in Stuttgart. Blue-shaded areas indicate
evaporative-cooling effects (Thest (SWS) < Thest (SC)), while pink-shaded areas mark temperature-conversion phases associated with evaporation. Dashed
lines denote high-risk (35 °C) and lethal (40 °C) temperature thresholds for wild-bee offspring. Weather icons at the bottom represent observed daily

conditions.

FIGURE 10

Infrared images showing surface-temperature differences between the water-supplied WS and control C panels. (a) Infrared thermal image of the
water-supplied WS specimen. (b) Comparative infrared thermal image of the water-supplied WS and control C specimens. Images were captured using a
Bosch GTC400C thermal camera during outdoor tests in Stuttgart, Germany. Lower surface temperatures observed in the WS specimen indicate droplet-
driven evaporative cooling. Temperature scale bars differ across images due to different measurement times.
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TABLE 1 Temperature range of traditional nesting materials and 3D-printed samples under heatwave conditions. Mean, minimum, and maximum internal-tube
temperatures (T,,cs) Of traditional nesting materials—clay, wood, and reed stems—compared with 3D-printed control (sC) and water-supplied (sWS) samples
under outdoor heatwave conditions in Stuttgart. The temperature differential (AT) represents the mean cooling effect of the evaporatively cooled sWS
sample relative to the corresponding dry control (sC).

Material/ Thest. mean/°’C  Tpest, MIN/’C Tphest, max/’C AT to EV-Cooled T es; (SWS, mean)/K
Sample

Ty (outdoor) 31.33 21.7 459 536

Clay 32,01 21.9 465 6.04

Wood 3228 22,0 467 631

Reed stems 32.84 22.0 49.2 6.87

sC 29.03 194 436 3.06

SWS 25.97 17.8 343 -

Bold values indicate the lowest mean internal nesting temperature (Tnest, mean) observed among the tested samples.

mean) = 26.0 ‘C and a maximum T, (SWS, max) = 34.3 °C, lower than that of the dry control panel (T, (pC)), with a
corresponding to relative temperature decreases of 14.9 K compared ~ temperature differential (AT = Thest (PC) — Thest (PWS)) of
with reed stems, 11.6 K compared with clay, and 5.6 K compared ~ 5-8 K during peak hours. Here, T,y refers to the temperature
with the dry control sC (Table 1). The daily temperature amplitude ~ recorded inside the 5 mm-diameter nesting tube embedded in each
(AT_day = Tpeq (max) — Tpeq (min)) was lowest for sWS (16.5 °C),  facade prototype. The largest reductions occurred within the first
indicating that latent heat exchange moderated diurnal temperature ~ hours after irrigation, and both temperature profiles converged
fluctuations more effectively than in the other materials. overnight (Figure 12).

Duration analysis displayed: AT > 5 K persisted 4.0-6.2 h day™", During the test, Tpes (pC) exceeded 40 °C, whereas T ,ese (pWS)
and AT > 2 K up to 20-24 h day ™. The internal-tube temperature in ~ remained below 35 °C in all trials. Infrared imaging revealed cooler
Thest (SWS) never exceeded 40 °C, remaining below the lethal limit ~ surface regions on pWS—particularly around droplet-retention
for bee brood (Bj,e), whereas traditional materials remained above  zones with smaller pores—where surface temperatures were up to
this lethal threshold for 2.5-5 h day™". 8 K lower than those of the control panel (Figure 13).

The improved thermal regulation of sWS is attributed to its Mean internal-tube temperatures were T, (pWS, mean) =
graded pore architecture. Pores (@5 mm) around the nesting tube ~ 25.0 °Cand T,,.s (pC, mean) = 29.8 °C, confirming the cooling effect.
stabilised droplets and prolonged evaporation, while the outer = Ambient references recorded within the real-building setup (loggia)
(@25 mm) pores enhanced convective airflow. This spatial  showed enclosed-air temperature Tjog, mean = 30.8 °C and relative
variation contributed to a reduction in peak temperature, humidity RHjo, mean = 38%, while outdoor-air temperature was
indicating that the combined effects of geometry, material T, mean = 26.4 °C with relative humidity RH,;,, mean = 47%.
composition, and latent heat exchange can outperform dense  These values indicate a higher thermal load and lower humidity

(clay, wood) and fibrous (reed) references (Figure 11). inside the semi-enclosed real-building setup compared with exterior
conditions (Figure 14; Table 2).

4.3 Facade panels: evaporative cooling At peak load (13 August 2025), the maximum internal-tube

experi ments temperature T,eq (pC,max) = 44.9 °C, RH, et (pC) = 23%, while T

(pWS) = 33.3 °C, RH ;e (pWS) = 71%, resulting in a measured AT
Across the seven-day test period, the internal-tube temperature ~ (pC-pWS) = 11.6 K. When the pC state (44.9 °C, 23% RH) is plotted
of the water-supplied panel (T,es (pWS)) remained consistently — on the Mollier diagram, it corresponds to a wet-bulb temperature
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FIGURE 11
Diurnal temperature variation of tested nesting materials under outdoor conditions. Temperature profiles comparing the small-scale benchmark

samples—water-supplied (sWS, teal line) and control (sC, orange line)—with traditional nesting materials: clay (yellow line), wood (brown line), and reed
stems (green line). The outdoor-air temperature (T;,, dark blue line) is shown for reference. Dashed lines mark high-risk (35 °C) and lethal (40 °C)
thresholds for wild-bee offspring. Weather icons at the bottom represent observed daily conditions.

FIGURE 12
Temperature variation of pWS and pC panels in real-building setup. Temperature profiles of the water-supplied (pWS, teal line) and control (pC,

orange line) Facade panels compared with the loggia-air temperature (Tlog, green line) and outdoor-air temperature (T4, dark blue line). Dashed lines
indicate high-risk (35 °C) and lethal (40 °C) thresholds for wild-bee offspring. Weather and wind icons at the bottom represent observed daily conditions.
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FIGURE 13

Thermal-imaging comparison of evaporatively cooled and control panels. Infrared thermal images captured during outdoor tests in Stuttgart,
Germany, in summer 2025 using a Bosch GTC400C Cold Detector. (a) Comparison between the water-supplied (WS) and control (C) panels, showing
localised surface-temperature reduction in the cooled area. (b) Detail of the WS panel highlighting lower surface temperatures in the region of smaller
pores surrounding the nesting tubes. (c) Comparative thermal image illustrating the temperature differential (AT) between the evaporatively cooled

and non-cooled panels. Cooler zones appear blue, warmer regions yellow to red.

Twet =26.1 °C, defining a theoretical wet-bulb depression of =18.9 K.
The difference between the theoretical and measured cooling was
approximately 7.3 K) indicating that the system achieved about 62%
of the total adiabatic potential.

This deviation can be attributed to the fact that part of the latent
heat absorbed during evaporation was used not only to cool the
internal nesting cavity but also to reduce the temperature of the
surrounding air layer within and around the porous geometry. In
natural analogues, such as the evaporative regulation observed in Apis
mellifera colonies, a similar distribution of cooling occurs: collected
water droplets serve to stabilize both brood-cell temperature and hive-
air conditions through combined convective and evaporative fluxes
(Buchmann, 2021). In the tested prototypes, this shared cooling effect
explains the observed AT within the tube relative to the full adiabatic
potential, indicating that evaporated water contributes simultaneously
to the microclimate of the nesting cavity and to localized air-mass
cooling around the panel surface.
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During the hottest days, Tpheq (pPWS) < 35 °C for 3-10 h day™',
depending on RH,;, and solar intensity (Table 3). Cumulative
thermal exposure showed that pWS remained above 30 °C for t
(>30°C) = 23.5 h, compared with 79.0 h for pC, and above 35 °C for
only 2.5 h versus 45.3 h in pC.

Daily profiles (Figure 14) exhibited consistent AT (pC-pWS)
peaks and recovery trajectories, indicating that cooling was
primarily governed by the water-supply cycle and radiative load.
The facade-mounted pWS panel reduced Tyee by up to ATy =
15 K compared to pC, while maintaining T e (pWS) < 35 °C, within
the thermally safe range for B, (Table 3).

4.4 Facade panels: Controlled climatic
chamber validation

Two climatic-chamber test phases were conducted to validate
the evaporative-cooling mechanism observed during the real-
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FIGURE 14

Temperature distribution of Facade-mounted panels and ambient references. Box plots showing minimum, mean, and maximum temperature
values over 7 days for the loggia air (Tlog), outdoor air (T;,), and panel samples—control (pC, pink) and water-supplied (pWS, blue). Reduced peak
temperatures in pWS indicate the cooling effect compared with pC and ambient conditions. Corresponding statistical values and cumulative exposure

durations are reported in Table 2.

TABLE 2 Summary of temperature statistics across all experiments (7 days). Mean, minimum, and maximum temperature (T) and relative humidity (RH) values
recorded for each monitored condition over a seven-day period in Stuttgart. Data include the loggia air (Toq/RH\og), outdoor air (T,;/RH,;), and internal-
tube conditions of the water-supplied (T,est/RHnest (PWS)) and dry control (T,est/RHpest (PC)) facade panels.

Category Variable Mean °C/% Min °C/% Max ‘C/% Description

Ambient conditions | Tiee/RHieg 30.8/38.3 19.3/22 44.0/58 Loggia air, transitional microclimate between the room and the exterior
Tair/RHyir 26.4/46.9 13.5/28 37.2/71 Outdoor air reference (meteorological baseline)

Models T,WS/RH,WS . 25.0/66.0 14.3/37 36.9/100 Internal tube conditions of the water-supplied facade-shader panel (pWS)
T,C/RH,C 29.8/39.7 18.0/21 44.9/64 Internal tube conditions of the dry control facade-shader panel (pC)

building setup experiment under controlled and stationary
conditions. Scenario 1 reproduced the loggia-air temperature
(Tiog) and relative humidity (RHy,g) profiles recorded on site,
while Scenario 2 replicated the internal-tube temperature of the
control panel (Tpes (pC)) to examine the temperature-dependent
response of the system.
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In Scenario 1, chamber-air temperatures ranged from T,;,(ch) =
29.9 °C-36.3 °C, with RH,;(ch) = 42-28%. The control specimen
reached Tpes (PC) = 36.5 °C, RH e (pC) = 38%, whereas the water-
supplied specimen peaked at T ,eq (pPWS) = 29.8 °C, RH e (pWS) =
76%, yielding a differential AT
(pC-pWS) = 7 K.

maximum temperature
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TABLE 3 Duration of exposure above biological temperature thresholds for pWS and pC panels (data correspond to Figure 14). AT (pC—pWS) and AT nax
(pC—pWS) denote daily mean and maximum temperature differentials between pC and pWS models. t,es: (p > 35 °C) and t,es: (P > 40 °C) represent the
duration (hours day™) that the internal tube temperature exceeded the stress (35 °C) and lethal (40 °C) thresholds for (Byest)-

Date AT A e e thest (PC > e thest (PC >
(2025) (pC—pWS)/K  (pC—-pWS)/K (pWS >35 °C)/h 35°C)/h (pWS >40 °C)/h 40 °C)/h
08-07 485 10.0 35 124 0.0 23

08-08 5.04 10.5 6.8 17.2 0.0 3.8

08-09 547 14.9 9.0 205 0.0 45

08-10 3.16 10.9 33 117 0.0 19

08-11 3.97 11.4 38 146 0.0 26

08-12 5.20 11.8 65 189 0.0 3.1

08-13 6.67 11.7 100 220 0.0 40

To estimate the theoretical cooling limit, the psychrometric state
corresponding to the control-panel condition (Tys (pC) = 36.5 °C,
RH,et (pC) = 39%) was plotted on the Mollier diagram. The
corresponding wet-bulb temperature (Twet) =~ 24.6 °C, defining a
theoretical wet-bulb depression =11.9 K. With the measured
temperature differential AT (pC-pWS) = 7 K, the system
achieved approximately 59% of the adiabatic cooling potential.

In Scenario 2, chamber-air temperatures ranged from T,;,(ch) =
40.5°C-44.9 °C and RH,;(ch) = 27-21%. The control panel recorded
Thest (PC) = 40.5 °C-44.9 °C and RH,,es (pC) = 30-39%, while the
water-supplied panel maintained T, (pWS) = 31.7 °C-35.0 °C,
yielding a mean differential AT (pC-pWS,
mean) = 10.2 K.

At the peak condition (T e (pC) = 44.9 °C, RH ¢ (pC) = 32%),
the psychrometric state corresponded to a wet-bulb temperature
Twet =29.1 °C, defining a theoretical wet-bulb depression =15.8 K.
The water-supplied panel measured T (pWS) = 31.7 °C and
RH,est (pWS) = 84%, yielding AT (pC-pWS) = 132 K,
approximately 84% of the theoretical adiabatic potential. When

temperature

plotted on the Mollier diagram, the pC and pWS system states
align closely along the adiabatic line; shifting from the pC to the
pWS state follows the direction of adiabatic cooling, confirming
evaporation under near-adiabatic conditions. Across both scenarios,
Thest (PWS) < 40 °C, remaining below the biological-stress threshold
associated with increased larval mortality in By, whereas the C
panel  exceeded  this  limit  under
conditions (Table 4).

The climatic-chamber results provide a controlled verification of

high-temperature

the evaporative-cooling process under stable conditions, thereby
confirming adiabatic cooling. Unlike the outdoor tests, where wind,
radiation, and humidity fluctuated, the chamber setup isolated the
direct thermal effect of evaporation. A comparison between both
settings indicates similar cooling behaviour but differing efficiencies.
In the real-building setup, the mean temperature differential
between pC and pWS was AT ., = 4.8 K, with a peak of
11.6 K, corresponding to about 72% of the adiabatic cooling
potential. In the chamber, Scenario 1 reached =60-65% efficiency
due to humidity accumulation, which reduced the vapour-pressure
gradient, whereas Scenario 2, under drier conditions, achieved
~80-85%. Overall, the data confirm that water supply enables a
consistent effect, reliable

evaporative-cooling providing a
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benchmark for refining the system and applying it to other
Facade configurations and environmental contexts.

4.5 Discussion and conclusions

The results align with the initial hypothesis that combining
porous geometry with controlled evaporation can moderate
microclimates within a conceptual architectural element. Across
the experimental stages, the water-supplied configurations
maintained internal temperatures within ranges compatible with
the thermal requirements of cavity-nesting bees during summer heat
events, even though some were only slightly under the threshold
temperatures in the experimental set-up.

From a technical perspective, these findings indicate that
evaporative cooling can extend the thermal buffering capacity of
porous nesting structures beyond what is achievable through passive
material inertia alone. Geometry and surface porosity thus emerge as
operative parameters for regulating temperature through a passive,
water-based mechanism.

Beyond demonstrating thermal performance, the results
suggest that porous geometry and controlled evaporation can
be explored as technical strategies to moderate microclimatic
conditions within biologically sensitive cavities. Within a more-
than-human design perspective, environmental control is
reframed not as optimization for human comfort, but as a set
of measurable boundary conditions relevant to non-human
physiological thresholds (Haraway, 2016).

In this context, the fagade prototypes are treated as exploratory
test elements rather than as redefinitions of architectural agency.
They serve to examine whether material systems can simultaneously
support structural, thermal, and habitat-related functions when
evaluated against species-specific criteria (Knippers and Speck,
2012; Sattler and Osterreicher, 2019). Within this constrained
scope, the findings may be read as indicating that architectural
surface elements can be evaluated against non-human thermal
thresholds

traditionally applied in human comfort research, or in purpose-

using performance logics comparable to those
built structures intended for domesticated animals (Polidori et al.,
2023). In this sense, comfort and habitat for non-human species are
treated not as ancillary outcomes, but as explicit design criteria
assessed through measurable environmental parameters.
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TABLE 4 Summary statistics for climatic-chamber tests. Overview of temperature (T) and relative humidity (RH) conditions recorded during the two
experimental phases of the climatic-chamber tests. Phase 1 replicates outdoor air conditions, and Phase 2 replicates high-temperature scenarios. Reported
values include maximum temperatures for the control and water-supplied panels (Test (PC,max) and T,.es: (PWS,max)), their mean temperature differential
(AT (pC—pWS,mean)), and relative humidity measured near the water-supplied (RH,est (PWS)) and control (RH,.es: (PC)) panels.

Scenario RHair Thest Thest AT RHpest RHpest
(ch)/% (pC,max)/°C (pWS,max)/°C (pC—pWS,mean)/K (PWS)/% (PC)/%

1 29.9-36.3 42-28 365 29.8 63 76-78 38-45

2 40.5-44.9 27-21 449 35.0 102 79-85 30-39

Accordingly, the technical investigations—measurements of  prescriptive ecological solution. By drawing on thermoregulatory
temperature fluctuations, analysis of convective regimes, and  strategies observed in biological systems and translating them into
controlled replication of climatic stressors—are employed here as  quantifiable architectural performance metrics, the study aligns
methods for examining how material systems and environmental = biomimetic design with established building-physics evaluation
conditions interact in ways that are relevant to species-specific =~ methods. Temperature differentials, cooling ratios, and fractions
physiological thresholds. While the experiments remain limited  of adiabatic potential are therefore employed not as indicators of
to defined configurations and boundary conditions, this approach ~ comfort in a human sense, but as analytical tools for assessing
allows the material-environment interaction to be analysed in a  microclimatic suitability relative to species-specific thermal
manner that is comparable across human and non-human comfort  thresholds.
frameworks, without extending the empirical claims beyond the While the prototypes presented here are exploratory and limited
tested scale. to defined boundary conditions, they indicate how porous geometry

By translating the physical process of evaporation into an  combined with controlled evaporation can be evaluated as a
architectural regenerative strategy, the study situates design  technically viable strategy for moderating microclimatic extremes
within existing discourses of multispecies cohabitation (Haraway,  in biologically sensitive cavities. Future work is required to extend
2016). It proposes that maintaining microclimatic stability for non-  this investigation toward scalability, including the refinement of
humans should be regarded as integral to the resilience of urban  additive manufacturing workflows, material selection, and
ecosystems rather than as an ancillary effect. The prototypes  geometric optimisation to balance thermal performance,
developed are not proposed as solutions but as exploratory  structural stability, water management, and production
models linking environmental physics with questions of  constraints. In parallel, broader validation across climatic
coexistence and care of people and the environment alike. contexts and urban configurations will be necessary to assess

The implications extend beyond the individual facade element  robustness and transferability.
to the scale of the urban fabric. If architectural surfaces were
considered a distributed set of more-than-human resources, cities
may be interpreted as interconnected systems in which facades, Data availa blllty statement
roofs, and shading devices collectively contribute to microclimatic
regulation and ecological continuity (Buchholz et al., 2020). In this The raw data supporting the conclusions of this article will be
sense, architectural envelopes can be understood as infrastructural ~ made available by the authors, without undue reservation.
“stepping stones,” supporting both microclimatic regulation and
spatial connectivity for non-human life within dense urban contexts.

Several limitations of the present study should be acknowledged. Author contributions

First, biological responses are interpreted using generalized thermal

thresholds for cavity-nesting bee offspring; species-specific MV: Conceptualization, Data curation, Formal Analysis,
tolerances, behavioural adaptations, and nesting preferences may  Investigation, Methodology, Validation, Visualization,
vary. Second, performance is climate-dependent: evaporative  Writing - original draft, Writing - review and editing. JK:

cooling efficiency is constrained by ambient humidity, water =~ Methodology, Supervision, Writing - review and editing. DO:

availability, and local microclimatic conditions, limiting direct  Supervision, Writing - review and editing. LF: Supervision,

transferability across geographic regions. Third, while evaporative =~ Writing — review and editing. JK: Supervision, Writing — review

facade systems for human comfort are often benchmarked using  and editing.

similar psychrometric metrics, direct comparisons of comfort

outcomes are not appropriate here, as the biological thresholds

and exposure conditions of non-human species differ fundamentally Fundin g

from those of human thermal comfort models. In this study, cross-

domain benchmarking is therefore restricted to physical efficiency The author(s) declared that financial support was received for

(e.g., fraction of adiabatic cooling potential), rather than experiential ~ this work and/or its publication. This work was supported by the

or comfort-based criteria. Deutsche Forschungsgemeinschaft (DFG, German Research
Taken together, the findings position bio-inspired evaporative ~ Foundation) under Germany’s Excellence Strategy—-EXC 2120/

cooling as a transferable physical mechanism rather than as a  1-390831618.
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