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AN AUTONOMOUS HUMAN-POWERED AMBIENT LIGHTING SYSTEM
WITH INTEGRATED GRAVITY ENERGY STORAGE

In the rapidly evolving landscape of urban development, the quest for sustainability has catalyzed a transition
toward smarter, more resilient city environments. This paper presents a comprehensive study of a novel autonomous
lighting system that uniquely integrates human biomechanical energy harvesting with a gravity-based storage mechanism.
Designed for seamless incorporation into the public spaces of Smart Cities, the system addresses the critical dual need
for environmental responsibility and active community interaction. The proposed solution champions urban sustainability
by operating entirely off-grid, utilizing a calibrated mass-based energy storage system that circumvents the ecological
drawbacks of conventional photovoltaic panels and chemical batteries, such as intermittency, toxic waste generation,
and limited lifecycles. Unlike traditional energy storage solutions that rely on lithium-ion or lead-acid technology, this
mechanical approach offers a service life exceeding 20 years with minimal maintenance requirements. The technical
core of the system comprises a manual lifting mechanism where a user raises a 25 kg mass to a height of 5 meters via
a robust crank handle. The gravitational potential energy thus stored is converted back into electrical power during a slow,
controlled descent regulated by a centrifugal brake and a high-ratio planetary gearbox (approx. 1:1000). This transmission
setup drives a high-efficiency BLDC generator to power a low-voltage 0.5 W LED fixture. Theoretical feasibility analysis
and experimental simulations demonstrate that a mere 15 seconds of manual effort can yield approximately 35 minutes
of pleasant ambient illumination. Beyond its technical performance, the system serves as a «tangible energyy installation,
providing a visceral educational experience that makes energy consumption physical and understandable. By directly
involving citizens in the act of energy co-creation, the system promotes mindful consumption and enhances community
engagement. In the context of urban resilience, particularly in regions facing energy instability or frequent blackouts, this
human-powered installation offers a reliable, decentralized alternative for essential public lighting. The study validates
that such “Active Infrastructure’ not only provides functional benefits but also reshapes the relationship between residents
and their urban environment, fostering a durable culture of sustainability within the Smart City paradigm.

Keywords: Human-powered lighting, Gravity battery, Urban furniture, Citizen Engagement, Sustainable
Technology, Smart City, Energy harvesting.
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JepxaBHUI IOTaTKOBUH YHIBEPCUTET

ABTOHOMHA CUCTEMA JTOKAJIBHOI'O OCBITJIEHHA
HA BA3I M’SI30BO1 EHEPTI'II JIIOAUHHA 3 IHTETPOBAHUM
TPABITAIIIMHUM HAKOIINYYBAYEM

Y konmexcmi cmpimkozo po36umKy cy4acHo2o MicbKo20 NpOCMOpY NOWLYK WIIAXIE CMAlo20 pO36UMKY CIMas
Kamanizamopomnepexooy 00 «pO3YMHILUUX» MAOLIb CIMIUKUXMICOKUX cepe0osuwy. Y yiticmamminpedcmagieHO KOMNIEKCHe
00CNi0NCeHHsl THHOBAYIUHOI A8MOHOMHOI CUCMEMU OCBIMJICHHS, KA VHIKATbHUM YUHOM NOEOHYE 30ip OiomexaniuHol
eHepeii IouUHU 3 2pasiMmayiiHUM MexXaHizMmom HakonuueHnHs. Po3pobnene piwenns npusnauere 0is 6e3uio6Hoi inmeepayii
6 epomadcuki npocmopu Smart City ma supiutye Kpumuuy noosiliHy nompeody 8 eKo102iuHill 8i0ON08I0aIbHOCMI Ma AKMUBHIL
83a€MO0ii 3 epomadoio. 3anpononosana cucmema NIOMPUMYE NPUHYURU CMAN020 YPOAHi3MY | (hYHKYIOHYE NOHICHIO
asmoHOMHO No3a elekmpomepedicelo. Bukopucmanis kanioposanozo Macogoeo HAKONUYYeaya enepeii 003601A€ YHUKHY MU
EKOJIO2IYHUX HeQONIKI6 MPAOUYItHUX YOMOCIEeKMPUYHUX NAHeLel MA XIMIYHUX AKYMYISMOopie, MAaKux sK nepepusyacmicms
2eHepayii, ymeopenHs MOKCUYHUX 8I0X00I8 mMa 0OMeNCeHUN HCUMmMeSUL Yuki Komnonenmie. Ha eiominy 6i0 mpaouyitinux
HAaKonuyy8ais, wjo 0A3yI0MmsbCs Ha JMiti-iOHHUX YU CBUHYEBO-KUCTOMHUX MEXHONO2IAX, Yell Mexaniunull nioxio 3abesneyye
mepmin excnayamayii nonao 20 pokie 3a MiHIMATbHUX 8UMO2 00 00cy208y8anHs. TexHniune a0po cucmemu 6azyemvca Ha
MEXAHizMi py4HO20 NiOtioMYy, 0e KOpUCMY8ay NIOHIMAE BAHMAIC MACOI0 25 K2 Ha GUCOMY 5 Mempi6 3a 00NOMO2010 NOCULEHOT
Kopou. Haxonuuena nomenyitina enepeis nepemeopiocmvcsi Ha elekmpuyty nio 4ac nosilbHO20 KOHMPONbOBAHO20 CHYCKY,
WO pe2ynoembces 8IOYEeHMPOBUM 2ATbMOM MA NAAHEMAPHUM PEOYKIMOPOM i3 GUCOKUM NEPeOasaIbHUM YUciom (Oau3bko
1:1000). La rxoncmpyxyis npueooums y 0Oito sucokoepexmusnuti BLDC-eenepamop 0ns dcusnenns ceimiodio0Ho2o
ceimunvruka nomysicHicmio 0,5 Bm. Ananiz mexuiunoi 0oyitbHOCMi ma MOOe08AHH 0eMOHCIMPYIOMb, Wo auwe 15 cexyno
PYUHUX 3yCule 3a0e3neuyioms npubnauzno 35 xeunun kom@popmnozo Gonosozo ocgimaenns. OKpim mexniunux noKasHUKie,
cucmema UKOHYE POoltb THCMAAYIL «8I0UYmMHOI enepeiiy, Haoarouu 6e3nocepeomitl 0C8imuiti 00C6io, AKUL pobums npoyec
CROJICUBAHHSL eHepeil QI3UUHO 3PO3YMINUM. 3ayuarouu pomMaosin 00 eeHepayii eHepeii 6IACHUMU QIZUMHUMU 3YCULTIAMU,

https://doi.org/10.32782/mathematical-modelling/2026-9-1-27 ISSN 2618-0332 (print), 2618-0340 (online)
299



ITPUKIIA/THI ITHNTAHHA MATEMATHYHOI O MOJE/IFOBAHHA T. 9, Ne 1, 2026

cucmema CMUMYIIOE YC8IOOMAEHe CNONCUBAHHS MA NOCUTIOE 3AEMOOI0 8 Medicax epomaou. B xowmexcmi micokol
cmituKkocmi, 0CobIUB0 0151 Pe2ioHi8, WO CMUKAIOMbCA 3 eHEePeemMUYHOI0 HeCmadiibHICMIo abo Yacmumu BIOKIIOYEHHAMU
ceimna, ys ycmarno8Kka nNPONoHye Haoitiiy, OeyeHmparizo6ay albmepHamugy 0 KPUMUUHO20 SpOMAOCLKO20 OCGIMICHHSL.
Hocnioscenna niokpecaioe, wo maxa «akmueHa iHgpacmpykmypay He auuie 3adesneqye QyHKyionanvHi nepesau, aie
i mpancghopmye GIOHOCUHU MIdHC MEWKAHYAMU MA MICbKUM cepedosuujem, Qopmyiouu mpusary KyIonypy cmanozo
PO3BUMKY 6 Medicax napaouemu « Pozymnozo micmay.

Knrouosi cnosa: oceimienns 3a paxyHoxk m’s30600 cunu, epasimayiiina 6amapes, 8yIuuHi Me0Oli, 3a1y4eHHs
epomaosn, cmaii mexnonozii, Pozymne micmo, 36ip enepéii.

Statement of the problem

The global trend towards urbanization has placed unprecedented pressure on city resources,
necessitating a shift towards smarter, more sustainable development. The “Smart City” concept
leverages technology to enhance quality of life and operational efficiency [1]. Central to this vision
are public spaces that are safe, accessible, and interactive. However, the energy required for essential
services like public lighting presents a challenge due to reliance on centralized grids or components
with adverse lifecycles.

Conventional off-grid solutions often depend on solar panels and chemical batteries. Solar
systems are limited by intermittency, geographical location, and space requirements. Chemical
batteries pose environmental risks and disposal challenges throughout their limited 5-10 year
lifespan [2]. Most importantly, these technologies create a passive relationship between citizens and
the urban environment. This paper argues that a truly “smart” city requires active citizen engagement,
transforming residents from passive consumers into active participants in sustainability [3].

The evolution of the “Smart City” paradigm has transitioned from purely techno-centric models
(Smart City 1.0) to more integrated, citizen-oriented frameworks (Smart City 3.0). Modern urban
innovations are characterized by the convergence of the Internet of Things (IoT), distributed energy
resources (DER), and “Active Infrastructure”. According to the multidimensional model proposed by
Giffinger et al., a smart city encompasses six key dimensions: smart economy, smart mobility, smart
environment, smart people, smart living, and smart governance.

A critical innovation in the «Smart Environment» dimension is the development of decentralized
energy harvesting systems. Unlike traditional infrastructure, which relies on unidirectional energy flow
from central plants to consumers, innovative smart systems promote bidirectional «prosumerismy» —
where citizens contribute to energy generation. The concept of «Energy as a Service» (EaaS) and the
integration of kinetic harvesting into urban furniture represent a shift toward “Tactical Urbanism”. This
approach utilizes low-cost, high-impact physical interventions to improve the quality of urban life.

Furthermore, innovations in smart cities are increasingly focusing on circular economy principles.
This involves minimizing the lifecycle environmental impact of infrastructure by replacing high-
maintenance electronic components (like chemical batteries) with durable mechanical alternatives.
The integration of gravity energy storage into urban landscapes exemplifies this trend, offering a
robust, long-term solution that maintains functionality without the ecological burden of rare-earth
materials or toxic chemical recycling.

A prominent example of aesthetic and functional integration in smart environments is the «Solar
Tree.» Solar trees are architectural installations that mimic the phyllotaxy of natural trees to optimize
the placement of photovoltaic (PV) panels. These structures serve multiple purposes: providing shade,
offering Wi-Fi hotspots, charging mobile devices, and supplying energy for ambient lighting. They
represent a significant advancement in urban prosumerism by maximizing solar energy harvesting
within a limited spatial footprint.

However, despite their visual appeal and multifunctionality, solar trees face several engineering
challenges. Most current designs rely heavily on battery storage to bridge the gap between daytime
generation and nocturnal usage. This dependency reintroduces the issues of chemical degradation,
maintenance costs, and recycling difficulties. Furthermore, the efficiency of solar trees is significantly
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hampered in high-latitude regions or dense urban canyons with frequent overshadowing. Our proposed
gravity-powered system complements the solar tree concept by offering a strictly mechanical, user-
triggered alternative that is immune to weather intermittency and battery-related lifecycles, thereby
enhancing the overall resilience of the smart city’s micro-energy grid.

Analysis of remaining research and publications

Human-powered energy harvesting has transitioned from a niche concept to a viable micro-
generation strategy. Projects like GravityLight demonstrated the potential of gravity-based systems
for developing nations [4—6]. However, urban applications require higher durability and integration
into existing infrastructure. Research by Vytyaz O., Wang R. and Rimpel A. on energy storage control
efficiency emphasizes that optimized mechanical and electrical control systems can significantly
improve the round-trip efficiency of kinetic energy storage installations [7-9].

As summarized, gravity systems circumvent the issues of Lithium-Ion batteries (degradation),
Flywheels (self-discharge), and Pumped Hydro (scale). It uses durable, inert materials with a lifespan
measured in decades, making it ideal for low-maintenance public installations [10].

Research Objective

The primary objective of this research is to design and theoretically validate an autonomous,
human-powered ambient lighting system integrated with a gravity-based energy storage mechanism
for smart city public spaces. Specifically, this study aims to: calculate the mechanical and electrical
efficiency of a system utilizing a high-ratio planetary gearbox and a BLDC generator; determine the
feasibility of achieving functional lighting durations through manageable manual input; compare the
proposed solution with conventional solar-battery systems in terms of lifecycle, maintenance, and
environmental impact; and explore the socio-educational potential of tangible energy harvesting in
fostering active citizen engagement and promoting sustainable urban behaviors.

Presentation of the main research material

Materials and Methods. The proposed system consists of a structural column (integrated into
urban furniture, such as a bench) approximately 5 meters in height. Inside this column, a calibrated
mass is suspended on a high-tensile cable. The operational cycle begins with manual energy input,
where a user employs a manual crank handle with a radius of » = 0.2 m to lift the internal mass. This
physical action effectively converts biomechanical energy into gravitational potential energy stored
within the elevated weight. Once the crank is released, the energy generation phase commences as
the mass undergoes a slow, controlled descent. This downward movement drives a high-efficiency
DC generator through a reduction planetary gearbox with a ratio of approximately 1:1000, converting
low-speed mechanical motion into high-frequency electrical output. Finally, the resulting electricity
directly powers a 0.5 W LED fixture, providing localized ambient illumination for the surrounding
area without contributing to the broader issue of urban light pollution.

The technical architecture of the system is built upon a robust structural foundation consisting
of a steel or concrete column, which houses an internal “elevator shaft” designed to guide the moving
weight. The energy storage medium is a calibrated 25 kg solid block, chosen for its durability and
consistent performance.

To regulate the discharge of energy, the transmission system utilizes a specialized gearbox
equipped with a centrifugal brake that maintains a constant descent speed, ensuring stable power
delivery. Safety is prioritized through the integration of a «safety break» mechanism and a secure
protective enclosure for all moving parts, thereby preventing public injury and ensuring vandal-
resistant operation in uncontrolled urban environments.

To ensure a manageable user experience, the torque T required on the crank is calculated as
follows:
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t=m-g-r=25-9.81-0.2=49.05 Nm. (1)

This torque level is well within the capabilities of an average adult.
Stored Potential Energy (E,):

E,=m-g-h=25-9.81-5=1226.251]. (2)
Electrical Energy Delivered (£,):
E,=E,-n=1226.25-0.85=1042.3], 3)

assuming system efficiency (1) of 85 % (mechanical and electrical losses).
Achievable Lighting Duration ():

E
t=—L= w = 2085 seconds. 4)
P 0.5

The system defines a clear niche: creating localized, intimate atmospheres where high-power

street lighting is not required (Table 1).

Table 1
Comparative characteristics of Gravity Storage vs. Solar-Battery Systems

Independent of irradiance

Technical Feature Gravity System Solar-Battery System
Operational Lifespan 20+ years 3-7 years (battery limited)
Climatic Dependency 0% 100 %

Inefficient in winter/cloudy

User Interaction Type

Active (kinetic engagement)

Passive

Fully recyclable metals

Maintenance Requirements Low High
Mechanical lubrication Battery replacement, cleaning
Environmental Footprint Minimal High

Hazardous chemical waste

The performance scales linearly with mass, allowing for design flexibility based on the intended

site (Table 2).

Table 2

Scaling of potential energy and lighting duration (at 2 =5 m, P=0.5 W)

Mass (m), kg Potential Energy (E,), kJ | Electrical Energy (E,), kJ Duration (¢), min
15 0.74 0.63 21
20 0.98 0.83 28
25 1.23 1.04 35

The graph (Fig. 1) demonstrates a strictly linear relationship between the input mass and potential
energy storage. Utilizing a 25 kg mass with a 0.5W LED provides an optimal balance between human
effort and functionality (35 min duration). Doubling the power load proportionally reduces the runtime,
highlighting the necessity of high-efficiency components in kinetic micro-generation systems.

Possible applications include park seating areas, viewpoints, quiet urban zones, or trail markers. The
system complements high-power lighting with a sustainable layer of human-scale illumination (Fig. 2).

Beyond functional merits, the system re-contextualizes energy consumption. In modern society,
energy is often an abstract concept (kKWh on a bill). The physical act of turning a crank provides a
visceral lesson in the “cost” of energy. A user personally invests effort to produce a tangible outcome:
half an hour of light. This experience fosters a deeper appreciation for energy conservation and
transforms citizens from consumers into «co-creators» of their urban environment.
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Fig. 1. Relationship between the input mass and potential energy storage
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Fig. 2. Concept of an autonomous ambient lighting system with integrated gravity energy storage

Conclusions

This study successfully validates the feasibility of a human-powered gravity lighting system.
Lifting a 25 kg mass to 5 meters provides 35 minutes of light, making it a practical solution for
Smart City infrastructure. The system offers dual value: resilient off-grid lighting and an interactive
educational tool.

Future work: evaluating the crank mechanism with different age groups, testing the gearbox
under extreme temperature variations, designing a reinforced casing for permanent public installation,
considering a small supercapacitor to bridge the energy gap during the manual lifting phase.
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