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Abstract:

This study aimed to identify and prioritize bionic architecture indicators affecting energy consumption efficiency in residential buildings
while accounting for the interdependent and network-based relationships among architectural design criteria. This applied study employed a
survey-based research design. The relevant bionic architecture criteria and subcriteria were initially identified and refined through a review
of the theoretical literature, previous studies, and expert judgments, resulting in a final framework comprising four main criteria and 19
subcriteria. Experts were selected purposively, with theoretical saturation used to determine sampling adequacy. Data were collected using a
structured matrix questionnaire based on pairwise comparisons and fuzzy scales, whose face and content validity were evaluated by specialists
in architecture and energy. An integrated fuzzy multi-criteria decision-making framework combining the Analytic Network Process (ANP)
and DEMATEL was employed to determine relative importance, model interdependencies, and derive final criterion weights. Excel and
MATLAB were used for data preparation and fuzzy computations. The final prioritization indicated that environmental and contextual factors
ranked first, followed by institutional and value-related factors, cultural and social factors, and physical and spatial factors, respectively.
Causal-network analysis further demonstrated that institutional and value-related factors exerted the greatest influence on other dimensions,
whereas physical and spatial factors exhibited the lowest network influence. At the subcriterion level, “maintaining unity of elements with
place and the cosmos while preserving plurality” achieved the highest normalized weight (0.0916), followed by “qualitative differentiation
of spatial zones and continuity of spatial hierarchy” (0.0648). Inspiration from vernacular architecture and collectivity occupied the
subsequent priority positions. Energy-efficient bionic architecture requires moving beyond formal imitation of nature toward the translation
of natural principles of adaptation, integration, contextual responsiveness, and organization into architectural solutions. The divergence
between final priority and causal influence also demonstrates the importance of adopting a network-based rather than exclusively weight-
based approach to architectural decision-making.
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Extended Abstract

Introduction

The building sector is one of the principal domains in which environmental sustainability, energy efficiency, technological
innovation, and architectural quality intersect. Increasing energy demand, the depletion of non-renewable resources,
environmental degradation, and the rapid expansion of urban and residential development have intensified the need to
reconsider conventional approaches to architectural design. Energy efficiency in buildings can no longer be understood merely
as a matter of installing efficient mechanical equipment; rather, it is fundamentally influenced by decisions regarding building
form, orientation, spatial organization, envelope configuration, site placement, natural ventilation, and the relationship between
architecture and its climatic context. Research on the optimization of building form and facades has demonstrated that
computational approaches can substantially contribute to the development of environmentally responsive architectural
configurations (1). Likewise, environmental planning of residential areas has highlighted the importance of integrating spatial
organization and environmental conditions when seeking to improve the performance and livability of the built environment
().

Within this context, bionic and bio-inspired architecture have emerged as important approaches to sustainable design. Nature
consists of complex systems that have evolved through long-term processes of adaptation, optimization, self-organization, and
efficient resource utilization. Biological systems generally achieve functional efficiency while minimizing unnecessary energy
and material consumption. Bionic architecture seeks to identify these underlying principles and translate them into architectural
strategies. Accordingly, the objective is not simply to imitate the external appearance of natural organisms but to understand

their structural, functional, adaptive, and organizational logic. Reviews of bionic building energy efficiency and bionic green
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architecture have emphasized the potential of biological principles to inform building envelopes, structural systems, climatic
adaptation, resource utilization, and energy-saving strategies (3).

Recent advances in digital design have further expanded the applicability of bionic principles. Parametric design enables
architects to define relationships among multiple variables and to generate forms that can adapt to changes in environmental or
functional parameters (4). Digital landscape architecture has similarly developed from simple representation toward data-driven
modeling, simulation, and analysis of relationships between designed environments and natural systems (5). These
technological developments provide a foundation for transforming bio-inspired principles into measurable and analyzable
design criteria rather than treating bionics as a primarily aesthetic concept.

A central challenge, however, is distinguishing genuine functional bio-inspiration from superficial formal imitation.
Structural investigations of non-canonical shells generated through bionic architecture demonstrate that bio-inspired geometry
must also be evaluated according to structural and functional performance (6). Similarly, applications of architectural bionics
in building renovation and reconstruction indicate that natural principles can contribute to improving existing buildings when
they are incorporated into structural and functional design decisions (7). Evidence from other engineering fields reinforces this
distinction. Bionic screw-pile systems have demonstrated how biological principles can be translated into structural engineering
applications (8), while research on bio-inspired porous architectures and bionic robotic control systems illustrates how
biological organization can inform engineered structures and adaptive systems (9, 10).

Climate responsiveness constitutes one of the most important intersections between bionic architecture and energy
efficiency. Buildings that make effective use of natural ventilation, solar orientation, climatic conditions, and local
environmental resources can reduce their dependence on active energy systems. Research on integrated natural ventilation
systems for residential buildings in arid regions demonstrates the importance of coordinating architectural components with
local climatic conditions (11). Iranian desert architecture similarly illustrates how locally evolved architectural solutions can
embody principles comparable to biomimicry through climatic responsiveness, resource efficiency, and adaptation to
environmental constraints (12). These findings suggest that bionic architecture and vernacular architecture can be considered
complementary rather than competing approaches to environmentally responsive design.

Bio-inspired thinking can also extend beyond individual buildings. Bionic systems have been proposed as models for future
urban environments in which spatial, ecological, and infrastructural components operate as interconnected systems (13).
Community-scale applications of design bionics have likewise demonstrated the possibility of translating organizational
patterns found in nature into sustainable community complexes (14). At the same time, sustainable architecture must remain
responsive to human and social requirements. Contemporary neighborhood design increasingly emphasizes social interaction,
adaptability, and the quality of shared spaces (15). Humanization of residential environments and universal design further
underscore that sustainable environments must address diverse users, accessibility, social participation, and quality of
experience (16, 17).

The relationship between architecture and nature is therefore both environmental and spatial. The integration of natural and
architectural space has been identified as a means of creating greater coherence between built form and landscape (18).
Ecological approaches to residential development similarly emphasize the need to coordinate density, spatial organization,
environmental quality, and human needs (22). At the level of architectural morphology, contemporary residential environments
demonstrate considerable formal diversity, indicating that geometry and spatial organization are influenced simultaneously by

functional, cultural, and aesthetic considerations (21). Dynamic and kinetic architecture provides another dimension of
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adaptation by enabling architectural components to respond to changing environmental conditions (19). The potential
relationship between biomimicry and kinetic architecture has consequently received increasing attention in sustainable building
research (20).

These studies collectively indicate that bionic architecture is inherently multidimensional. Energy-efficient bio-inspired
design may depend simultaneously on environmental conditions, institutional and technological capacities, social and cultural
characteristics, and physical-spatial organization. Consequently, evaluating bionic architectural indicators through isolated or
linear criteria may fail to represent the interdependencies that characterize real architectural decision-making. A systematic
model is required to identify the relevant criteria, determine their relative weights, and distinguish between criteria that are
intrinsically important and those that exert substantial influence on other components of the design system. Accordingly, this
study aimed to identify and prioritize bionic architectural indicators affecting energy consumption efficiency and to
analyze their interrelationships using an integrated fuzzy DEMATEL-ANP approach.

Methods and Materials

This applied study employed a survey-based, expert-oriented multi-criteria decision-making design. The initial indicators
were identified through a review of the theoretical foundations and previous studies and were subsequently refined using expert
judgments. The final conceptual framework consisted of four major criteria and 19 subcriteria. The main criteria were
institutional and value-related factors, environmental and contextual factors, cultural and social factors, and physical and spatial
factors. Experts, managers, and engineers with relevant professional knowledge of architecture, construction, environmental
design, and energy-related issues constituted the study population. Participants were selected purposively to ensure that
judgments were obtained from individuals directly familiar with the research problem. Ten experts contributed to the detailed
pairwise evaluation of the subcriteria.

Data were collected using a structured matrix questionnaire based on pairwise comparisons and fuzzy linguistic scales. Face
and content validity were assessed by specialists in architecture and energy. The consistency of pairwise judgments was also
evaluated. Qualitative judgments were converted into triangular fuzzy numbers so that uncertainty inherent in expert assessment
could be retained during computation. Expert judgments were aggregated using fuzzy averaging.

Data analysis was conducted using an integrated fuzzy DEMATEL-ANP framework. Initial pairwise comparisons were
used to estimate the relative importance of criteria and subcriteria. Fuzzy weights were normalized and subsequently defuzzified
using crisp values. DEMATEL was then employed to determine the direction and strength of causal relationships among the
four principal criteria. The CFCS procedure was used to transform the fuzzy direct-relation matrix into crisp values. After
determining direct and indirect relations, influential and dependent criteria were distinguished through the D and R indices.
The identified network relationships were incorporated into the ANP structure. An unweighted supermatrix, weighted
supermatrix, and finally a limit supermatrix were generated to obtain stable final weights for the 19 subcriteria. Excel was used
for data preparation, whereas MATLAB-based programmed routines were used for fuzzy calculations, defuzzification,
dependency analysis, and derivation of final weights.

Findings

The final model comprised four main criteria and 19 subcriteria. The initial fuzzy pairwise comparison produced normalized
weights of 0.244 for institutional and value-related factors, 0.015 for environmental and contextual factors, 0.061 for cultural
and social factors, and 0.132 for physical and spatial factors. The inconsistency ratio was 0.07, which was below the acceptable

threshold of 0.10 and therefore indicated satisfactory consistency among expert judgments.
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The DEMATEL analysis revealed a different but complementary pattern. Institutional and value-related factors
demonstrated the greatest causal influence on the other dimensions, with D = 23.604, R = 14.187, and D-R = 9.416, making
this the only clearly causal main criterion. Environmental and contextual factors had D = 15.810 and R = 33.579, cultural and
social factors had D = 10.576 and R = 39.172, and physical and spatial factors had D = 7.387 and R = 38.697. Their respective
D-R values were -17.769, -28.596, and -31.311, indicating predominantly dependent positions within the network. Cultural and
social factors showed the highest overall network prominence, with D+R = 49.748, closely followed by environmental and
contextual factors with 49.389.

The limit-supermatrix results showed that “maintaining the unity of elements with place and the cosmos while preserving
plurality” was the highest-priority subcriterion, with a normalized weight of 0.0916. “Qualitative differentiation of spatial zones
and continuity of spatial hierarchy” ranked second with 0.0648. “Inspiration from vernacular architecture” ranked third with
0.0476, followed by “collectivity” with 0.0472 and “attention to correspondence” with 0.0431. Nature orientation, signs and
symbols, freedom from a single geometric system, form stability, and climatic domain occupied the subsequent positions. The
lowest normalized weights were obtained for inspiration from diverse archetypal forms, technology, and norms.

After integrating the outputs of the analytical stages, the final ranking of the four principal criteria placed environmental
and contextual factors first, institutional and value-related factors second, cultural and social factors third, and physical and
spatial factors fourth. Thus, the criterion with the highest causal influence was not identical to the criterion with the highest
final priority.

Discussion and Conclusion

The results indicate that energy-efficient bionic architecture should be understood primarily as a context-responsive system
rather than as a formal imitation of biological shapes. The final predominance of environmental and contextual factors suggests
that climatic adaptation, relationship with the site, integration with nature, and reinterpretation of vernacular architectural
knowledge constitute the most consequential dimensions of bio-inspired energy-conscious design.

At the same time, the causal analysis demonstrates that institutional and value-related factors act as enabling forces within
the system. Their high causal influence suggests that values, technological capacities, economic conditions, settlement patterns,
and institutional priorities can determine whether environmental, social, and spatial strategies are actually implemented. This
distinction between final priority and causal influence is one of the most important outcomes of the study. It demonstrates that
a criterion may not achieve the highest final rank yet may still exert considerable control over the functioning of the entire
network.

The prominence of spatial unity, continuity of spatial hierarchy, vernacular inspiration, and collectivity also shows that
bionic architecture cannot be reduced to envelope technology or unconventional geometry. The most highly weighted
subcriteria reflect integration, organization, adaptation, and relationship. In biological systems, efficiency is typically produced
through coordinated interactions among components rather than through the optimization of isolated parts. The same principle
appears relevant to architectural design: form, spatial hierarchy, cultural context, climatic response, and social use should
operate as an integrated system.

The relatively low overall ranking of the physical-spatial criterion should therefore not be interpreted as evidence that
physical form is unimportant. Two of its subcriteria received the highest individual weights in the entire model. Rather, the
findings suggest that physical and spatial characteristics acquire their significance when they are connected to environmental,
social, and contextual requirements. A visually biomorphic form that lacks climatic responsiveness or contextual integration

would consequently represent only a limited application of bionic principles.
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Overall, the integrated fuzzy DEMATEL-ANP model demonstrated that the evaluation of bionic architecture requires
attention to both priority and interdependence. Environmental and contextual responsiveness emerged as the dominant final
criterion, whereas institutional and value-related factors constituted the major causal driver. At the subcriterion level, unity
with place and nature, coherent spatial hierarchy, vernacular architectural inspiration, and collective spatial qualities were
particularly important. The study therefore concludes that effective bionic architecture for energy efficiency should move
beyond direct formal imitation of nature toward the systematic translation of natural principles of adaptation, integration,

hierarchy, resource efficiency, and contextual responsiveness into architectural decision-making.
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