124

Self-sufficient kinetic module for facades: Biomimetic integration of mechanical,
electronic and photovoltaic systems

Maédulo cinético autosuficiente para fachadas: Integracion Biomimética de sistemas
mecanicos, electronicos y fotovoltaicos

Jaimes-Torres, Maribel*?, Sanchez-Pozos, Miriam® and Martinez-Méndez, Rigoberto®

a ROR Universidad La Salle » “*" 0009-0000-8163-0431- & 268300
b ROR Universidad Auténoma del Estado de México « > 1SA-3747-2023 « "“" 0000-0002-6528-5524
¢ROR Universidad Auténoma del Estado de México «® HLH-8313-2023 « ““/ 0000-0001-6494-5263

SECIHTI classification DOI: https://doi.org/10.35429/H.2025.9.124.135

Area: Engineering

Campo: Engineering

Disciplina: Electronic Engineering
Subdisciplina: Automation and control

Key Handbooks

The main contributions of this research consist of the design, modeling, and prototyping of a self-sufficient kinetic facade module
for architectural applications, which integrates mechanical, electronic, and photovoltaic systems into a single adaptive component.
The study demonstrates the possibility of generating movement and controlling ventilation and lighting through a system inspired
by Mimosa pudica, applying biomimetic principles to architectural design. It also establishes a methodological basis for the
development of prefabricated modular elements with environmental responsiveness, contributing to the advancement of
knowledge in the field of adaptive and sustainable facades. The key aspects to understand for applying this research to the
generation of universal knowledge are related to the replicability of the self-sufficient kinetic module in different architectural
contexts and the transfer of the biomimetic principles employed in its design. The study demonstrates the feasibility of integrating
mechanical, electronic, and photovoltaic systems into a single adaptive component that improves the environmental performance
of building facades. In addition, this work reinforces the link between architecture, engineering, and renewable energy,
contributing to the generation of applicable knowledge for future sustainable developments in construction

The main conclusions:

— The design, modeling, and prototyping of a self-sufficient kinetic facade module for architectural applications were
successfully achieved.

— The module integrates mechanical, electronic, and photovoltaic systems, allowing autonomous operation.

— The opening and closing mechanism is inspired by Mimosa pudica, applying biomimetic principles to architectural design.

— The modular and prefabricated system facilitates its application in different architectural typologies.

— The research establishes a methodological and experimental basis for the development of adaptive and sustainable facades.

Area: Development of strategic leading-edge technologies and open innovation for social transformation

Citation: Jaimes-Torres, Maribel, Sdnchez-Pozos, Miriam and Martinez-Méndez, Rigoberto. 2025. Self-sufficient kinetic
module for facades: Biomimetic integration of mechanical, electronic and photovoltaic systems. 124-135. ECORFAN.

* =4 [maribel.jaimes@Iasalle.mx]

Handbook shelf URL.: https://www.ecorfan.org/handbooks.php

ISBN 978-607-8948-69-7/©2009 The Authors. Published by ECORFAN-Mexico, S.C. for
its Holding Mexico on behalf of Handbook HAET. This is an open access chapter under
the CC BY-NC-ND license [http://creativecommons.org/licenses/by-nc-nd/4.0/]

Regitro Nacinal de Instcones y

Peer Review under the responsibility of the Scientific Committee MARVID®- in : .
contribution to the scientific, technological and innovation Peer Review Process by training Emprss el Tl

Human Resources for the continuity in the Critical Analysis of International Research. I 702902 SECI HTI



https://ror.org/05c99rg80
https://orcid.org/my-orcid?orcid=0009-0000-8163-0431
https://ror.org/0079gpv38
https://www.webofscience.com/wos/author/record/HLH-8313-2023
https://orcid.org/0000-0002-6528-5524
https://ror.org/0079gpv38
https://www.webofscience.com/wos/author/record/HLH-8313-2023
https://orcid.org/0000-0001-6494-5263
https://www.ecorfan.org/handbooks.php
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.marvid.org/

125
Abstract

The present chapter addresses the design and construction of a self-sufficient kinetic module for facades,
inspired by Mimosa pudica, conceived as a lighting and ventilation control system. The methodology
employed was based on the “Biomimetic Design Spiral,” structured in four stages: biological abstraction,
subsystem development, functional integration, and prototype assembly. The module articulates three
subsystems: (1) mechanical, composed of movable panels operated by servomotors; (2) electronic, based
on temperature and light sensors connected to a programmable board; and (3) photovoltaic, consisting of
solar cells and an energy storage battery. The results demonstrate the relevance of translating natural
principles into dynamic, autonomous, and replicable architectural solutions that respond to
environmental stimuli without depending on external energy. This proposal constitutes an innovative
alternative in the field of biomimetic and sustainable kinetic facades.

Conceptual and methodological synthesis of the self-sufficient kinetic module
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El presente capitulo aborda el disefio y construccion de un moédulo cinético autosuficiente para fachadas,
inspirado en la Mimosa Pudica, concebido como un sistema de control de iluminacién y ventilacion. La
metodologia empleada se baso en la “Espiral del Disefio Biomimético”, estructurada en cuatro etapas:
abstraccion bioldgica, desarrollo de subsistemas, integracién funcional y montaje del prototipo. El
modulo articula tres subsistemas: (1) mecanico, compuesto por hojas mdviles accionadas mediante
servomotores; (2) electrénico, basado en sensores de temperatura y luz conectados a una placa
programable; y (3) fotovoltaico, conformado por celdas solares y una bateria de almacenamiento
energético. Los resultados evidencian la pertinencia de traducir principios naturales en soluciones
arquitectonicas dinamicas, autonomas y replicables, que responden a estimulos ambientales sin depender
de energia externa. Esta propuesta constituye una alternativa innovadora en el campo de las fachadas
cinéticas biomimeticas y sustentables.

Sintesis conceptual y metodoldgica del médulo cinético autosuficiente
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Introduction

In architecture, the facade cannot be understood solely as a visual resource; it is an integral envelope that
fulfills three dimensions: the aesthetic, as it represents the first impression of the building and conveys
its identity; the symbolic, as it preserves and projects the cultural memory of a society; and the functional,
as it acts as a barrier against solar radiation, rain, or wind while helping to minimize energy consumption
by taking advantage of environmental qualities, thus being considered a form of passive energy (Bastero
Martinez, 2025). Likewise, its thermal and acoustic insulation capacity contributes to improving
habitability conditions and comfort in interior spaces (Dorozhkina et al., 2021).

Contemporary architectural design faces the challenge of reducing energy consumption without
compromising environmental comfort, especially in contexts where artificial lighting and air
conditioning represent a significant portion of energy expenditure. Building operation accounts for 30%
of global final energy consumption and 26% of energy-related global emissions, with 8% corresponding
to direct building emissions and 18% to indirect emissions derived from the production of electricity and
heat used within them (AIE, International Energy Agency, 2023). This situation has driven the
development of architectural solutions capable of actively responding to immediate environmental
factors, without relying on external energy sources.

In this context, biomimicry has become an effective innovation strategy by taking adaptive
processes found in nature as a reference. As stated by Pawlyn (2019), the application of biological
systems and principles makes it possible to transform architecture by designing nature-inspired solutions
to create more efficient and resilient buildings.

This chapter presents the development of a self-sufficient kinetic module for facades, inspired by
Mimosa pudica, (Conabio.gob.mx, 2025) which integrates three coordinated subsystems: a mechanical
subsystem, to execute the opening and closing movement of the panels; an electronic subsystem, which
activates the system based on environmental stimuli; and a photovoltaic subsystem, which ensures its
autonomous energy operation.

The added value of this proposal lies in its ability to combine active mobility, automated response,
and energy self-sufficiency within a single replicable modular system, without requiring grid connection
or specialized infrastructure. Unlike other intelligent facade systems based on home automation or
passive solar control mechanisms, this module offers a bio-inspired, adaptable, and lightweight response
whose functions are activated according to the thermal and lighting behavior of the environment. The
central hypothesis posits that if the movement of Mimosa pudica is functionally abstracted, it is possible
to design a kinetic modular system capable of regulating lighting and ventilation autonomously through
the integration of mechanical, electronic, and photovoltaic subsystems.

2. Background
2.1 International Context

Several proposals have been developed that adopt natural principles for their application in architecture,
such as the Hazza Bin Zayed Stadium (2014), inspired by the date palm tree. It employs 612 rotating
textile panels mounted on a steel diagrid system, with bolted frames and textile membranes that adapt
their orientation according to the solar angle (Pattern Design, Hazza Bin Zayed Stadium / Pattern Design,
2015). Similarly, the Helio Trace Center of Architecture (2010) in the United States is directly inspired
by Mimosa sensitiva to generate shading systems using foldable triangular panels, optimizing energy
consumption by 42% (Dewidar, 2013). Another example is the One Ocean Pavilion (2012) in South
Korea, which adopts a vertical fin system without hinges, inspired by the bird-of-paradise flower
(Flectofin), where the fins rotate through elastic deformations induced by edge actuators (Chayaamor-
Heil & Montas, 2018).

Finally, the Al Bahar Towers (2012) in the United Arab Emirates reinterpret Islamic geometric
patterns and flower petals to create a dynamic shading system that covers 24 floors, composed of glass
curtain walls and adjustable panels (Attia, 2017).

! Hinge-free system for a facade inspired by nature, (Lienhard et al., 2011)


https://uvadoc.uva.es/bitstream/handle/10324/77074/TFG-A-403.pdf?sequence=1&isAllowed=y
https://uvadoc.uva.es/bitstream/handle/10324/77074/TFG-A-403.pdf?sequence=1&isAllowed=y
https://doi.org/10.1051/E3SCONF/202124405029
https://www.iea.org/energy-system/buildings
https://www.researchgate.net/publication/378402010_Biomimicry_in_Architecture_book_by_Michael_Pawlyn
http://www.conabio.gob.mx/malezasdemexico/mimosaceae/mimosa-pudica/fichas/ficha.htm
https://www.archdaily.mx/mx/763872/estadio-hazza-bin-zayed-pattern-design
https://www.archdaily.mx/mx/763872/estadio-hazza-bin-zayed-pattern-design
https://www.researchgate.net/publication/290379403_Living_Skins_A_New_Concept_of_Self_Active_Building_Envelope_Regulating_Systems
https://www.researchgate.net/publication/330202824_Bio-inspired_Passive_Kinetic_Solar_Shading_Device_for_a_Responsive_Architectural_Envelope
https://www.researchgate.net/publication/330202824_Bio-inspired_Passive_Kinetic_Solar_Shading_Device_for_a_Responsive_Architectural_Envelope
https://doi.org/10.5339/qproc.2016.qgbc.8
https://doi.org/10.1088/1748-3182/6/4/045001
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These cases demonstrate the relevance of analyzing, abstracting, and transferring functional
principles found in natural organisms to the field of architectural design, consolidating a reference
framework for the development of the proposed module.

Unlike the previously mentioned systems, which integrate biomimetic principles applied to solar
regulation or mechanical movement of facade elements, the proposed module stands out for its ability to
operate autonomously and complementarily, without electrical grid connection or dependence on
centralized automation systems.

While the Hazza Bin Zayed Stadium, Helio Trace Center, One Ocean Pavilion, and Al Bahar
Towers rely on complex devices, composite materials, or distributed actuators that depend on robust
infrastructure and specific conditions, the present development proposes a modular, replicable, and
lightweight alternative that synthesizes the mechanics inspired by Mimosa pudica with environmental
sensors and photovoltaic generation.

Figure 1

Shows four examples of international facades and their kinetic
systems

Source [Attia, 2017; Dewidar, 2013; Lienhard et al., 2011a; Majed & Alkhayyat,

2013]
2.1 Background in Mexico

In Mexico, the Fortus Mexico Office Building (2015) uses a vertical Termobrise (THB) adjustable louver
system, which allows controlled light and sunlight penetration while helping to mitigate and control
noise. The cross-section of each panel has a bone shape, externally covered with a 0.4 mm aluzinc strip,
and internally filled with injected polyurethane, providing high rigidity, insulation, and low weight. Each
panel includes two aluminum end caps that are resistant to impact and weather conditions (Hunter
Douglas, 2014).

Another representative example in Mexico is the remodeling of the Sears store, where an
innovative kinetic aluminum facade was incorporated. This system is characterized by the independent
movement of its 40,121 sheets, which respond to air currents and create a visual effect similar to large
waves. The project was designed and manufactured by IASA (2019), developing mechanisms that allow
the movement of the panels and their distinctive optical impact. Figure 2 shows examples of national
kinetic facades.


https://doi.org/10.5339/qproc.2016.qgbc.8
https://www.researchgate.net/publication/290379403_Living_Skins_A_New_Concept_of_Self_Active_Building_Envelope_Regulating_Systems
https://doi.org/10.1088/1748-3182/6/4/045001
https://parametrichouse.com/adaptive-kinetic-patterns/
https://parametrichouse.com/adaptive-kinetic-patterns/
https://primerplano.com.mx/wp-content/uploads/2019/06/FT-termobrise.pdf
https://primerplano.com.mx/wp-content/uploads/2019/06/FT-termobrise.pdf
https://www.iasa-mex.com/project/sears-perisur/
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Figure 2

Sears Facade and Fortius Building
Source [ Hunter Douglas, 2014; 1ASA, 2019]

The review of international and national cases makes evident that kinetic facades inspired by
nature represent a new field in architectural innovation, with significant advances in solar control, energy
efficiency, and formal experimentation. However, while countries such as the United States, Europe, and
Asia have consolidated complex systems with a high degree of automation, in Mexico the examples
remain limited and focused on aesthetic or passive comfort solutions.

This difference highlights the need to develop proposals that, in addition to being functional and
replicable, simultaneously integrate mobility, sensing, and energy self-sufficiency. Within this
framework, the kinetic module inspired by Mimosa pudica is proposed; this research is based on
mechanical, electronic, and energy subsystems that enable the articulation of a self-sufficient, adaptable,
and low-consumption solution, suitable for contexts where reducing conventional energy use or where
access to services is limited. Thus, a bridge is established between the functional principles of nature and
their technological implementation in architecture, providing an original contribution to the field of
kinetic facades.

Methodology

The methodology employed for the design and construction of the self-sufficient kinetic module was
based on an applied biomimicry approach, structured into four main stages: (1) biological abstraction,
(2) subsystem development, (3) functional integration, and (4) prototype assembly. The process was
guided by the biomimetic design spiral, a progressive method that comprises the phases of definition,
biologization, discovery, abstraction, emulation, and evaluation, (Biomimicry, 2025) through which
natural principles are adapted into technical solutions by means of conceptual, functional, and
constructive schemes.

1. Biological abstraction: The behavior of Mimosa pudica was analyzed, particularly its leaf-closing
response to external stimuli. This function was abstracted in terms of controlled mobility,
environmental response, and operation without human intervention. The key principles of sensory
activation, motion transmission, and shape recovery were identified, and the mechanical and
electronic design criteria were reinterpreted.

In this stage, other natural references were also reviewed, such as heliotropic plants and organisms
sensitive to humidity. For example, Oxalis triangularis measures between 20 and 40 cm in height. Its
leaves are trifoliate, and its petioles measure between 5 and 15 cm. The leaflets are inverted and triangular
in structure. Oxalis, of dark and shiny purple appearance, opens and closes in response to light (Silva,
2020). These references were discarded for not providing rapid and direct responses comparable to the
movement of Mimosa pudica.


https://toolbox.biomimicry.org/es/metodos/el-proceso-biomimetico/
https://www.researchgate.net/publication/340829095_Beauty_For_Health_-Oxalis_Triangularis
https://www.researchgate.net/publication/340829095_Beauty_For_Health_-Oxalis_Triangularis
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In this way, it was ensured that the selected abstraction responded to the requirements of a
dynamic, autonomous, and replicable architectural system. In Figure 3, the opening form of the analyzed
species can be observed.
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Figure 3

Oxalis triangularis / Mimosa pudica
Soruce [ Nina et al., 2020; Romero et al., 2024]

2. Development of Subsystems: Three independent yet complementary subsystems were designed:
a. Mechanical Subsystem

For this subsystem, traditional alternatives such as hinges and spring mechanisms were initially
considered; however, they were discarded due to their higher wear and limited control precision.
Ultimately, low-power servomotors integrated into a lightweight structural frame were selected, allowing
programmable rotation of a set of movable leaves arranged symmetrically around a vertical axis. The
motion was achieved through servomotors fixed at the base of the main frame. To ensure construction
feasibility, various structural materials were evaluated to achieve a balance between lightness, durability,
and ease of assembly.

b. Electronic Subsystem

Regarding the electronic subsystem, a programmable control board (Arduino) was used, enabling the
development of simple algorithms for managing temperature and light sensors. Activation thresholds
were defined to open or close the leaves, replicating the plant’s behavior in response to environmental
variations. Alternatives such as centralized control systems or conventional home automation were
considered, but a low-cost, autonomous solution was prioritized to avoid dependence on complex
infrastructure. As a line of improvement, this subsystem could be integrated in the future with loT
platforms to record environmental data and expand its applications.


https://repositorio.uniandes.edu.co/server/api/core/bitstreams/229f688a-d1e9-4711-8414-10808367b1e2/content
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C. Photovoltaic Subsystem

The photovoltaic subsystem incorporated solar cells, selected among different capacities and dimensions
for their ability to adapt to the geometry and dimensions of the leaves. These cells were connected to a
12V 7Ah rechargeable battery, sufficient to power the servomotors and control board for several hours
of continuous operation, even under low-radiation conditions. Compared to grid connection, the
autonomous system was chosen for its coherence with the objective of energy self-sufficiency and its
capacity to be replicated in environments with limited electrical infrastructure.

3. Functional Integration: The three subsystems were assembled into a functional module. The
physical positions of each component were defined and adjusted to prevent mechanical
interference between moving, electronic, and structural elements, ensuring integration without
compromising motion, accessibility, or operation. Likewise, energy compatibility between the
control system and the power source was verified, along with the structural resistance of the
module. Internal cable layout, electronic protection, and overall stability under real operating
conditions were carefully ensured. The final design prioritized ease of assembly, lightweight
construction, and low maintenance and operation requirements.

4. Prototype Assembly: The final assembly of the prototype was carried out by integrating the three
subsystems into a modular structure designed for facade installation. The movable leaves were
attached to vertical posts connected to the servomotors, ensuring proper axis alignment and
mechanical stability. The electronic system was mounted on a protected base plate, with
organized internal wiring to prevent interference, and connected to the photovoltaic subsystem
through a circuit. The rechargeable battery was placed at the base to ensure structural balance and
facilitate maintenance. Figure 4 shows the linear process.

Espiral del Diseno
Biomimeético

A 4

Abstraccion bioldgica

A

Desarrollo de
subsistemas

Integracion
funcional

v

| Montaje del prototipo J

Figure 4
Process Diagram

Source: [ Author’s own work]
Results

The proposed system is based on a biomimetic principle inspired by the thigmonastic and photonastic
dynamics of the plant known as Mimosa pudica, which responds to environmental stimuli through visible
movements in its leaves, mediated by turgor variation mechanisms in structures called pulvini. Under
natural conditions, the plant generates rapid movements in response to touch or changes in light, as a
result of a sudden loss of water in the motor cells, causing the folding of the leaflets. This behavior is
reversible, controlled, and regulated by factors such as solar radiation and the circadian rhythm.
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Based on this natural logic, the electromechanical module artificially reproduces this adaptive
response. The plant organs (leaves, pulvini, and veins) are replaced by movable panels, servomotors, and
electrical wiring, respectively. Just as the pulvini redistribute water to induce leaf folding, the
electromechanical system employs servomotors that generate angular rotation, using electrical energy as
the driving force. The plant veins—channels for the transport of water and nutrients—are replaced here
by electrical conduction lines that supply and interconnect the electromechanical subsystems. This
functional analogy allows the module to adopt reactive behaviors to external environmental stimuli
through a programmed adaptive logic. Figure 5 shows the different parts of the Mimosa pudica

Peciolo———

Figure 5
Mimosa Pudica

Source [ chat gpt]

Each plant leaf is reinterpreted as an articulated panel, built with weather-resistant materials,
coupled to a rotation axis that simulates the flexion point of the plant’s leaflets, and anchored with screws
to a double-joint rotation shaft. These panels are symmetrically aligned vertically along two central posts
right and left that function as the main stems. The fixed frame acts as a support for the kinetic systems,
allowing the expansion or retraction of the leaves (panels) without compromising the structure of the
window frame.

Each artificial leaf integrates a 1.2 W monocrystalline solar cell oriented to capture solar energy,
acting as a substitute for photosynthesis by absorbing incident solar energy instead of synthesizing
nutrients. The collected energy is channeled into a 7.4 V LiPo battery located at the bottom of the frame,
analogous to the plant’s energy storage system. This battery powers two 5 V servomotors with 4.5 kg-cm
torque, functioning as artificial muscles that generate the folding or extension of the leaves, just as the
biological pulvini do through turgor pressure. The servomotors are mounted on a rigid base and rotate
along an axis connected to the panels, allowing movements controlled by the central microcontroller.

The microcontroller, programmed in the Arduino environment, interprets signals from thermal,
light, and humidity sensors placed on the upper leaves. This system acts as the central nervous system of
the artificial plant, receiving sensor data on temperature, light, and humidity technological equivalents
of the sensory receptors distributed in natural leaves and stems. This process determines the opening
angle of each leaf, replicating the coordinated action of nastic movements. The programmed code allows
modulation of reaction cycles based on thresholds, similar to how the plant responds to limits of light
intensity or physical contact.
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The internal wiring represents the plant’s vascular system, responsible for distributing signals and
energy. It is organized within concealed channels that function as conductive bundles, analogous to the
xylem and phloem that transport water, minerals, and biochemical signals. The choice of cables coated
with plastic materials ensures system integrity under external conditions. The mechanical fastening
system—screws, shafts, and modular bases is equivalent to the structural supports that hold together
leaves and branches in plant morphology. In this case, the arrangement of the components ensures
structural flexibility without compromising stability. Figure 6 shows the abstraction of the plant into a

facade module

=
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Parte
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-

Servomotares y bateria

Figure 6
Kinetic Facade Module

Source: [ Author’s own work]

Finally, the complete device functions as a synthetic vegetal organism. The assembly behaves as
a reactive, self-sustaining kinetic system capable of modulating its morphology in response to its
environment. Imitating Mimosa pudica, the system integrates structural, sensory, and response
components that interpret environmental stimuli and act accordingly, replacing biological tissues with
engineered solutions. This reinterpretation not only reproduces the plant’s adaptive behavior but also
enhances it through architectural, energetic, and technological criteria, transforming it into an innovative
solution for intelligent bioclimatic facades.
Figure 7 shows the installed module.

Figure 7
Installed Module

Source: [ Author’s own work]
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Conclusions

The self-sufficient kinetic module developed demonstrates the technical feasibility of replicating a
biological behavior in a functional facade device. Inspired by the leaf-closing response of Mimosa
pudica, the system was designed and built with the objective of controlling lighting and ventilation
through mechanical, electronic, and solar-harvesting components organized in a modular configuration.
This result represents progress in the exploration of self-sustaining kinetic systems applied to
architecture, not only as aesthetic features but as a technical solution for environmental regulation.

The mechanical subsystem successfully translated the natural movement of plant leaves into a
configuration of rotating posts and movable panels arranged symmetrically, actuated by servomotors
within a lightweight structural frame. The simplicity of the mechanism enabled its fabrication with
modular, easy-to-assemble materials, facilitating assembly and reducing total weight. The principles of
modularity and lightness were preserved, resulting in a module that can be replicated without the need
for complex industrial tools.

The electronic subsystem incorporated environmental sensors (light, temperature, and humidity)
and a programmed microcontroller to activate the leaves according to the detected conditions. The results
of the assembly verified the correct automated response, triggering closure or opening based on the
defined thresholds. Additionally, the internal cable layout and component protection ensured continuous
and stable operation, guaranteeing autonomous performance without human intervention.

Finally, the photovoltaic system closed the self-sufficiency loop: the solar cells integrated into
the leaves captured enough energy to power the entire system. The rechargeable battery stored the
generated energy, maintaining functionality even with variations in solar radiation. The integration of the
three subsystems into a single functional module demonstrated that it is possible to manufacture adaptive,
self-sufficient constructive solutions. Although this chapter does not address environmental performance
metrics, the automated operation of the prototype confirms the technical viability of the concept and
establishes the foundation for future validation stages in real-world contexts.
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Abreviatures

AIE Agencia Internacional de Energia
IMPI Instituto Mexicano de la Propiedad Indistrial

LiPo Lithium Polymer (bateria de polimero de litio)
LoT Internet of Things (Internet de las cosas)
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