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Abstract  
Campus buildings are generally not designed to utilize mechanical 
energy generated from routine human activities such as walking 
and stair climbing, limiting their contribution to decentralized energy 
systems. This study investigates how spatial configuration can 
enhance the potential for human-activity-based energy harvesting in 
campus circulation spaces. The research develops a spatial 
optimization approach based on Space Syntax analysis to identify 
circulation zones with high potential for implementing energy 
harvesting. The study was conducted in the Faculty of Engineering 
Building at Universitas Krisnadwipayana, a multi-level campus 
facility characterized by intensive pedestrian movement. A quasi-
experimental pre-test–post-test design compared the existing 
spatial layout with a redesigned configuration. Spatial analysis used 
connectivity and visual integration metrics calculated with 
DepthmapX. In addition, field observations quantified pedestrian 
movement intensity, including step counts and path frequency along 
corridor and stair circulation routes. These data were used to 
evaluate the spatial feasibility of implementing piezoelectric-based 
energy harvesting systems. The results indicate a substantial 
increase in the Potential Zone Ratio (PZR), from 34.6% in the 
existing layout to 84.72% after spatial reconfiguration. This 
improvement was achieved through circulation optimization, 
enhanced spatial continuity, and the integration of behavior-
supportive architectural elements without modifying the primary 
structural system. These findings demonstrate that spatial 
configuration plays a critical role in concentrating pedestrian 
movement and expanding zones suitable for human-activity energy 
harvesting. The proposed framework provides a practical strategy 
for integrating spatial analysis into sustainable campus building 
design.  
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INTRODUCTION  

Energy demand in the building sector 
continues to rise as human activity and space 
utilization increase, accounting for 
approximately 30-40% of global energy 
consumption [1][2]. Although renewable 
strategies such as solar energy are widely 
used, their performance depends heavily on 
weather conditions and sunlight availability 
[3,4,5], highlighting the need for alternative 

energy sources that can be directly integrated 
into building environments. 

Educational buildings exhibit significant 
operational energy demand due to continuous 
daily activities. For example, the Faculty of 
Engineering Building at Universitas 
Krisnadwipayana consumes approximately 
2,877.12 kWh per week (149,600 kWh 
annually) across a total floor area of 5,188 m², 
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reflecting substantial energy use driven by 
intensive academic operations. 

One emerging approach is harvesting 
energy from human activities. Walking and 
stair-climbing generate mechanical energy from 
footstep pressure, which piezoelectric systems 
can convert into electrical energy. Previous 
studies indicate that a single step can produce 
approximately 0.2-0.8 joules, potentially 
generating 2-8 watts depending on system 
configuration [6,7,8]. Given the continuous 
circulation in corridors and staircases, campus 
buildings present promising environments for 
this approach. 

However, energy-harvesting effective-
ness depends strongly on spatial configuration 
and movement distribution. Factors such as 
circulation layout, connectivity, and spatial 
networks determine pedestrian flow 
concentration. Space Syntax offers analytical 
tools, including connectivity and integration 
metrics, to identify high-movement zones 
suitable for energy harvesting implementation 
[9][10]. 

Despite growing research, energy 
harvesting technologies and spatial analysis are 
generally studied separately. Technological 
studies focus on device performance 
[11,12,13], while architectural studies 
emphasize movement patterns without linking 
them to energy potential. As a result, the 
integration of spatial configuration, user 
movement distribution, and energy harvesting 
remains limited. This research addresses this 
gap by proposing a responsive human-centered 
design approach, as illustrated in Figure 1. 
 

 
Figure 1. Mapping of Previous Studies and 

Research Novelty (developed by the authors 
based on literature synthesis) 

 

Figure 1 illustrates the research gap: 
energy harvesting studies focus on device 
engineering, and sustainable building studies 
emphasize human-centered design, but their 
integration remains limited. Given that a single 
step generates approximately 0.2–0.8 joules, the 
high volume of movement in campus buildings 
represents significant yet underutilized energy 
potential due to unoptimized spatial 
configurations. Therefore, this study proposes a 
responsive, human-centered design approach to 
optimize energy-harvesting zones. 

Table 1 presents a comparative overview 
of previous studies on energy-harvesting 
technologies and human-motion-based energy 
conversion. The comparison indicates that most 
existing studies focus primarily on developing 
and optimizing energy-harvesting devices, such 
as piezoelectric, electromagnetic, and vibration-
based systems. Several studies also explore 
applications in wearable technologies or 
infrastructure systems; however, these studies 
generally emphasize technological performance 
rather than the spatial distribution of human 
activities within buildings. 

As shown in the table, previous research 
rarely considers how spatial configuration 
influences pedestrian movement patterns and 
their implications for energy-harvesting potential. 
Consequently, integration between architectural 
spatial analysis and energy-harvesting 
optimization remains limited. To address this gap, 
the present study integrates Space Syntax–
based spatial analysis with a responsive, human-
centered design approach to identify zones 
where human activities such as walking and stair 
climbing can be concentrated to maximize 
energy-harvesting potential in campus buildings. 
 
METHOD 

This study employed a quasi-experimental 
design comprising two phases, namely a pre-test 
and a post-test, to compare the energy 
harvesting potential between the existing campus 
building layout and the proposed responsive 
human-centered design model. The quasi-
experimental approach enables the evaluation of 
spatial design interventions under real 
operational conditions without full experimental 
control, making it appropriate for architectural 
research. Figure 2 illustrates the overall research 
methodology, including the pre-test, design 
development, and post-test stages. 
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Table 1. Comparative Review of Previous Studies on Human Activity-Based Energy Harvesting and 
Research Position of This Study (developed by the authors based on literature synthesis)

Author Method Focus Key Findings Limitation 

Jintanawan 
et al. (2020) 

[11]  

Simulation 
(MATLAB/Simulink), 
prototype development, 
experimental testing 

Kinetic energy 
harvesting floor using 
electromagnetic 
generator 

Generates up to 702 mJ per step 
with 520 mW average power; 
lead-screw mechanism improves 
efficiency up to 74.72% 

Focuses on device 
engineering; does not 
analyze pedestrian 
movement patterns or 
building spatial 
configuration 

Lin et al. 
(2023) [7] 

Literature review and 
comparative analysis 

Human motion energy 
harvesting devices 

Identifies main mechanisms: 
piezoelectric, electromagnetic, 
friction-based systems for 
powering low-energy electronics 

Focuses on 
technology review; 
lacks architectural and 
spatial analysis 

Dziadak et 
al. (2023) 

[14] 

Literature review and 
comparative analysis 

Energy harvesting for 
wearable sensors and 
body area networks 

Multiple energy harvesting 
technologies convert human 
motion and heat into electricity 

Focuses on wearable 
devices; no 
consideration of 
building spatial design 
or pedestrian 
circulation 

Farhan et al. 
(2024) [15] 

Literature review and 
comparative analysis of 
vibration energy harvesting 
technologies 

Optimization of vibration 
energy harvesting 
mechanisms including 
piezoelectric, 
electromagnetic, and 
electrostatic systems 

Vibration energy harvesting 
technologies show high potential 
for powering low-power 
electronic devices through 
improved transduction 
mechanisms. 

Focuses on ambient 
vibration sources; 
does not analyze 
human activity energy 
harvesting or spatial 
configuration in 
buildings 

Ding et al. 
(2025) [16] 

Literature review on 
piezoelectric energy 
harvesting technologies 

Piezoelectric energy 
harvesting from 
structural vibration 

Mechanical vibrations from 
railway systems can be 
converted into electrical energy 
using piezoelectric devices 

Focuses on railway 
infrastructure; does 
not address human 
activity energy 
harvesting or spatial 
configuration in 
buildings 

This Study 
(2026) 

Quasi-experimental design 
using Space Syntax analysis 
(DepthmapX), spatial 
configuration evaluation, and 
movement-based energy 
estimation 

Spatial optimization of 
human-activity energy 
harvesting in campus 
buildings 

Demonstrates that spatial 
configuration significantly 
influences the distribution of 
walking and stair-climbing 
activities, increasing the 
Potential Zone Ratio from 34.6% 
to 84.72% through responsive 
human-centered spatial design 

Limited to case study 
of campus buildings; 
further research is 
required for broader 
building typologies 

 
The unit of analysis was circulation space 

within the campus building, specifically corridors 
and staircases, as these areas represent the 
primary domains of repetitive user movement. 
We conducted observations during regular 
academic weekdays (08:00–16:00) to capture 
typical movement patterns of students, academic 
staff, and administrative personnel. We selected 
walking and stair-climbing activities because of 
their repetitive nature and their potential to 
generate mechanical energy from footstep 
pressure. 

We conducted spatial configuration 
analysis using Space Syntax through Visibility 
Graph Analysis (VGA) in DepthmapX version 
0.8.0. We constructed the spatial model using a 1 
m × 1 m grid resolution, with the analysis 
boundary limited to corridor and staircase areas 
on each floor. We computed two spatial metrics 
for each grid cell: Connectivity and Visual 
Integration (HH) using a global radius (Rn). 

We identified potential energy-harvesting 
zones using quantitative thresholds derived from 
VGA outputs. We classified grid cells as high 
potential when both connectivity and integration 
exceeded the mean, medium potential when 
either metric exceeded the mean, and low 
potential when both were at or below the mean. 
We designated medium and high categories as 
potential energy-harvesting zones. 

To ensure feasibility for piezoelectric 
module placement, we retained only continuous 
clusters of at least four adjacent grid cells 
(minimum 4 m²) as valid potential zones. The 
Potential Zone Ratio (PZR) was calculated as the 
proportion of qualified cells relative to the total 
circulation cells within the building. Based on the 
spatial analysis results, we developed 
responsive, human-centered design interventions 
to improve spatial continuity, connectivity, and 
movement concentration within circulation areas. 
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Figure 2. Research methodology comprising the 

pre-test, design development, and post-test 
stages. 

 
The modified layouts were reanalyzed using 
identical VGA parameters to maintain 
methodological consistency. 

We evaluated the intervention's 
effectiveness by comparing the Potential Zone 
Ratio (%) between the existing and redesigned 
layouts. Differences in proportions were tested 
using a two-proportion z-test (α = 0.05), and 
effect size was calculated using Cohen’s h. 
Statistical calculations were performed using 
Microsoft Excel [17,18,19]. 

 
Theoretical Framework and Spatial 
Implementation 

This study is grounded in Space Syntax 
theory, which explains how spatial configuration 
influences movement distribution. Spatial 
analysis was conducted using DepthmapX 
through Visibility Graph Analysis (VGA), applying 
connectivity and visual integration metrics. 

Circulation areas were classified into high, 
medium, and low spatial potential using mean 
threshold values. High and medium zones were 

identified as potential energy-harvesting areas 
because of their higher accessibility and 
movement concentration. These zones guided 
the responsive human-centered design 
intervention to optimize spatial continuity and 
intensify movement, thereby improving conditions 
for piezoelectric energy harvesting. 

 
Pre-test Phase 

The pre-test phase analyzed the existing 
layout using VGA (connectivity and visual 
integration) to classify circulation areas into 
spatial potential categories, with medium and 
high zones defined as baseline energy harvesting 
areas. User movement observations assessed 
activity intensity based on walking and stair-
climbing scenarios, including frequency, duration, 
and step count. The analysis focused on spatial 
performance and movement distribution as 
baseline indicators of energy-harvesting potential 
before intervention. 
 
Design Alternative 

The optimal design alternative was 
selected using a Multi-Criteria Decision Analysis 
(MCDA) based on the Weighted Sum Model. Two 
criteria aligned with the study objective were 
adopted: (1) Potential Zone Ratio – Connectivity, 
and (2) Potential Zone Ratio – Visual Integration. 
Each criterion received equal weight (0.50), and 
values were normalized using the min–max 
method before computing composite scores. 
Table 2 presents the evaluation results and 
ranking of the three design alternatives. 

Alternative 3 obtained the highest 
composite score (1.00), outperforming the other 
schemes across both spatial indicators, and was 
therefore selected for further development in the 
post-test phase. Sensitivity testing of weight 
variations confirmed ranking stability. 

To estimate theoretical energy output, we 
applied a simplified mechanical-to-electrical 
conversion model. We estimated mechanical 
work per step using W = F x d ground reaction 
force approximated as F = m x g. We calculated 

electrical output per step E = W x  as, assuming 
a conservative piezoelectric efficiency range of 
15–30% (20% baseline).  

 
Table 2. Evaluation and Ranking of Design 

Alternatives Based on PZR Connectivity and 
Integration 

Alternative 
PZR–

Connectivity 
(%) 

PZR–
Integration 

(%) 

Comp
osite 
Score 

Rank 

Alt 1 56.40 26.03 0.16 2 
Alt 2 58.15 9.70 0.03 3 
Alt 3 85.05 61.57 1.00 1 
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We derived total energy potential by multiplying 
energy per step by effective step counts within 
medium- and high-potential zones, incorporating 
a duty cycle factor to account for non-uniform 
stepping distribution. A basic sensitivity analysis 
confirmed proportional variation without altering 
comparative design performance. 

Spatial modeling and scoring were 
conducted using AutoCAD 2022, SketchUp 2021, 
DepthmapX 0.8.0, and Microsoft Excel 365 to 
ensure reproducibility [16,20,21,22]. 
 
Post-test Phase 

The post-test phase repeated the 
analytical procedures used in the pre-test stage 
to ensure methodological consistency and 
comparability. We reanalyzed the modified 
building layout, developed through the 
responsive human-centered design model, using 
identical VGA parameters in DepthmapX (grid 
resolution 1 m × 1 m, global radius Rn). We 
recalculated connectivity and visual integration 
metrics to assess changes in spatial 
configuration. 

The analysis demonstrated a substantial 
increase in the Potential Zone Ratio (%) from 
34.6% in the existing layout to 84.72% in the 
modified configuration. This represents an 
absolute difference of Δp = 0.5012. We tested 
the difference in proportions using a two-
proportion z-test at α = 0.05 and evaluated effect 
size with Cohen's h, indicating a statistically 
significant and substantively large improvement 
in spatial potential. 

We repeated user movement observations 
under the revised layout conditions using the 
same walking and stair-climbing scenarios used 
in the pre-test phase. We recorded path 
frequency, step count, and activity duration to 
maintain procedural consistency. The 
comparative analysis confirmed that the revised 
spatial configuration increased movement 
concentration in medium- and high-potential 
zones. 

By systematically comparing pre-test and 
post-test conditions, the study quantitatively and 
spatially validated the effectiveness of 
architectural design interventions in expanding 
and intensifying energy-harvesting zones. 
 
Evaluation of Increased Zone Potential 

The final phase evaluated the spatial 
implications of the design intervention by 
examining the expansion of medium- and high-
potential zones following layout modification. As 
demonstrated in the post-test analysis, the 
Potential Zone Ratio increased substantially 
compared to the baseline configuration, 

indicating a structural redistribution of spatial 
accessibility and visibility within circulation areas. 

Rather than merely increasing total 
circulation area, the intervention altered the 
spatial configuration to concentrate movement 
within zones with higher connectivity and 
integration values. This redistribution suggests 
greater structural alignment between user 
movement patterns and spatial conditions 
favorable for energy-harvesting implementation. 

The expanded coverage of medium- and 
high-potential zones implies a higher likelihood of 
step accumulation in strategically configured 
areas. While this study did not focus on precise 
electrical output in kilowatt-hours, the spatial 
findings indicate that architectural configuration 
significantly influences the feasibility and 
efficiency of human activity-based energy 
conversion systems. These results reinforce the 
role of circulation design, spatial continuity, and 
visibility optimization as critical architectural 
factors in supporting decentralized energy 
strategies within campus buildings. 
 
Data Analysis 

Data analysis assessed the quantitative 
impact of the design intervention on the 
expansion of potential energy zones within the 
campus building. Spatial data were obtained from 
VGA-based grid cell analysis using DepthmapX, 
in which each 1 m × 1 m grid cell represented the 
basic unit of spatial observation. We used 
Connectivity and Visual Integration metrics to 
classify cells into low, medium, and high spatial 
potential categories. 

We calculated the Potential Zone Ratio (%) 
as the proportion of grid cells classified as 
medium- and high-potential relative to the total 
circulation grid cells. We compared pre-test and 
post-test conditions using a two-proportion z-test 
(α = 0.05) to assess whether the increase in 
potential zone area was statistically significant. 
We calculated effect size using Cohen's h to 
assess the magnitude of the spatial change. 

In addition to spatial metrics, we collected 
user activity data, including path frequency, 
activity duration, and step count, under two 
movement scenarios: corridor walking and stair 
climbing. We analyzed these variables 
descriptively to examine the alignment between 
spatial reconfiguration and observed movement 
intensity within the identified potential zones. 
Although inferential testing was not applied to the 
activity variables, the observed patterns 
supported the spatial results derived from the 
VGA analysis. 
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Instrument and Material 
This study utilized spatial analysis 

software, architectural modeling tools, and 
observational instruments for data collection and 
processing. DepthmapX 0.8.0 was used to 
perform Visibility Graph Analysis (VGA) with a 1 
m × 1 m grid, generating connectivity and visual 
integration metrics to classify potential energy 
harvesting zones. Floor plans were prepared in 
AutoCAD 2022 and SketchUp 2021, and data 
processing and statistical analysis were 
conducted in Microsoft Excel 365 [23,24,25,26]. 

We collected user activity data through 
direct observation of corridor walking and stair-
climbing scenarios. We recorded step counts, 
duration, and path frequency using smartphone-
based pedometer applications to support spatial 
analysis, without collecting personal identification 
data. 
 
RESULTS AND DISCUSSION 

This study shows that implementing a 
responsive, human-centered architectural design 
significantly enhances the spatial potential for 
human-activity-based energy harvesting in 
campus buildings. DepthmapX analysis shows 
that the Potential Zone Ratio increased from 
34.6% in the existing layout to 84.72% in the 
redesigned configuration. 

This increase (Δp = 0.5012) was 
statistically validated using a two-proportion z-
test (p < 0.05) with a large effect size (Cohen’s h 
= 1.09), indicating that the design intervention 
substantially improved spatial conditions 
characterized by higher connectivity and visual 
integration within circulation areas. 

The intervention included circulation 
reconfiguration, spatial guidance elements, and 
passive design strategies such as improved 
natural lighting and ventilation. These 
improvements enhanced spatial continuity and 
environmental comfort within corridor spaces, 
which in turn encouraged greater pedestrian 
concentration in strategically configured zones. 

Observational results indicate higher step 
accumulation in medium- and high-potential 
zones after the intervention. Although inferential 
testing was not applied to movement variables, 
the observed patterns suggest that improved 
spatial configuration contributes to more 
concentrated walking and stair-climbing activities. 

Consistent with Space Syntax theory, 
higher spatial connectivity and visual integration 
tend to attract greater pedestrian flow. Increased 
movement concentration consequently generates 
more mechanical energy from human activities, 
which piezoelectric systems can convert into 
electrical energy. Therefore, the spatial 

redistribution achieved in this study indicates an 
increased potential for cumulative energy 
harvesting in campus circulation spaces. 

Overall, the proposed model demonstrates 
how architectural configuration can support 
decentralized energy harvesting by integrating 
spatial analysis, user movement behavior, and 
human-centered design strategies. This 
framework offers practical implications for 
sustainable campus buildings and other high-
traffic environments. Future research may 
quantify actual electrical energy output (kWh), 
optimize piezoelectric module placement, and 
integrate the harvested energy into building-scale 
energy management systems. 
 
Layout and Distribution of User Activities     

The Faculty of Engineering Building at 
Universitas Krisnadwipayana was selected as the 
case study due to its multi-level configuration and 
intensive circulation patterns. The four-story 
building is organized around a double-corridor 
circulation separated by a central void. At the 
same time, three main staircases support vertical 
movement on the left, center, and right sides of 
the building. The existing ground- and second-
floor layouts, together with their main circulation 
conditions, are presented in Figure 3. 
 

 
Figure 2. Ground and Second Floor Plans of the 

Faculty of Engineering Building, Universitas 
Krisnadwipayana 

Source: Adapted and redrawn by the authors 
based on architectural plans provided by 
Universitas Krisnadwipayana 

 



p-ISSN: 1410-2331  e-ISSN: 2460-1217 

 

Z. Marzuki et al., Spatial optimization of human-activity energy harvesting potential using ... 713 

 

Spatial functions vary across floors. The 
ground floor accommodates classrooms and 
administrative offices, while the second floor 
contains departmental offices and classrooms 
arranged along the main corridors. The third and 
fourth floors are primarily used for instructional 
activities and comprise a total of 28 classrooms. 
The repeated floor layouts across the upper 
levels establish consistent circulation patterns 
and reinforce vertical movement through 
staircase use. 
 
Pre-Test Stage 

Figure 4 presents the connectivity analysis 
of the existing building layout, performed using 
Visibility Graph Analysis (VGA) in DepthmapX. 
The results indicate that low-connectivity areas 
dominate the circulation network on both 
analyzed floors. 

On the ground floor, low-connectivity areas 
cover 102 m², followed by medium-connectivity 
areas (82 m²) and high-connectivity areas (37 
m²). A similar pattern occurs on the second floor, 
where low-connectivity zones cover 161 m², while 
high- and medium-connectivity areas account for 
only 31 m² and 29 m², respectively. 

These findings indicate that most 
circulation spaces in the existing configuration 
have low structural interconnectivity. From a 
spatial performance perspective, this distribution 
suggests limited continuity in movement corridors 
and a weak concentration of circulation flow, 
reducing the spatial conditions favorable for 
concentrated human activity. 

From a Space Syntax perspective, lower 
integration values indicate reduced global 
accessibility within the circulation network. 
Consequently, the existing spatial configuration 
provides limited support for concentrated walking 
and stair-climbing activities within strategic 
zones. 
 

 
Figure 3. Connectivity analysis of the existing 

building layout based on Visibility Graph Analysis 
(VGA) using DepthmapX software 

Source: Author’s analysis using DepthmapX 
 

As shown in Figure 5, lower visual 
integration values indicate reduced global 
accessibility within the circulation network, 
limiting concentrated walking and stair-climbing 
activities within strategic zones. 

From a Space Syntax perspective, lower 
visual integration values imply weaker global 
accessibility within the circulation system. 
Consequently, the pre-intervention configuration 
exhibits limited spatial characteristics that support 
intensified walking and stair-climbing activities 
within clearly defined strategic zones. 

Based on the pre-test spatial analysis, a 
responsive, human-centered design was 
developed to improve movement concentration 
within potential energy-harvesting zones. Figure 
6 presents the selected design layout. 

 
Design Intervention Stage 

Room entrances align with the main 
corridor to improve circulation coherence. 
Staircases are repositioned in high connectivity 
zones to maximize movement intensity and 
energy potential. Passive design strategies 
(lighting and ventilation) improve comfort and 
efficiency. Signage and spatial cues support 
navigation, while color enhances user 
experience. All interventions are applied without 
altering the primary structure. Figure 7 visualizes 
the proposed design in three dimensions to 
illustrate the architectural interventions. 

This visualization highlights design 
interventions such as piezoelectric pathways, 
color-coded signage, natural lighting, and 
aesthetic elements that enhance both user 
navigation and the overall spatial experience. 
Each strategic area is designed to optimize user 
movement toward zones with high energy-
conversion potential, demonstrating synergy 
among spatial design, piezoelectric technology, 
and user comfort within the framework of 
sustainable architecture. 

 

 
Figure 4. Existing Floor Plan Analysis – Visual 

Integration 
Source: Author’s analysis using DepthmapX 
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Figure 5. Selected design layout illustrating the 

integration of responsive human-centered design 
strategies and the placement of potential 

piezoelectric floor areas 
Source: Developed by the authors 

 

 
Figure 6. Visualization of the Responsive Human-
Centered Design Model in the Campus Building 

Source: Visualization developed by the authors 
using SketchUp 
 

 
Post-Test Stage 

Figure 8 presents the connectivity 
analysis of the responsive human-centered 
(RHC) design. The results show a clear 
redistribution of connectivity, with medium-
connectivity zones becoming dominant (251 m² 
on the ground floor and 70 m² on the second 
floor), alongside a notable increase in high-
connectivity areas (136 m²). 

This shift indicates improved spatial 
continuity, where interconnected corridors 
replace previously fragmented circulation, 
thereby enhancing the structural capacity to 
support continuous pedestrian movement. 

Figure 9 illustrates the Visual Integration 
(visibility) analysis of the RHC design. The color-
coded representation shows high-integration 
zones in orange and low-integration zones in 
dark blue. 
 

 
Figure 7. Spatial connectivity analysis of the 

responsive human-centered (RHC) design layout 
for the ground and second floors based on 

Visibility Graph Analysis (VGA) 
Source: Author’s analysis using DepthmapX 
software 
 

 
Figure 8. Spatial visual integration analysis of the 
responsive human-centered (RHC) design layout 
for the ground and second floors using Visibility 

Graph Analysis (VGA) in DepthmapX 
Source: Author’s analysis using DepthmapX 

 
On the ground floor, high-visibility areas 

account for 11.16% of the total floor area, while 
low-visibility zones comprise 15.61%. On the 
second floor, high-integration zones become 
more spatially consolidated compared to the 
existing condition, indicating improved global 
visual accessibility across circulation areas. 

This shift in visual integration distribution 
suggests enhanced spatial legibility and 
improved structural accessibility within the 
redesigned layout. In space syntax terms, higher 
integration values indicate stronger global 
positioning within the visibility network, which 
structurally supports more centralized and 
coherent movement patterns. 

 
CONCLUSION 

This study shows that a responsive, 
human-centered architectural design approach 
can significantly improve the spatial conditions 
needed for human activity-based energy 
harvesting in campus buildings. Using Space 
Syntax-based Visibility Graph Analysis, the 
Potential Zone Ratio increased from 34.6% in the 
existing layout to 84.72% in the redesigned 
configuration. The difference (Δp = 0.5012) was 
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statistically significant (p < 0.05) with a very large 
effect size (Cohen’s h = 1.09), indicating a 
substantial improvement in spatial conditions 
characterized by higher connectivity and visual 
integration. 

The findings confirm that spatial 
configuration plays a critical role in concentrating 
pedestrian movement within circulation networks, 
thereby increasing the potential for energy 
harvesting from walking and stair-climbing 
activities. By integrating Space Syntax analysis 
with responsive, human-centered design 
strategies, this study provides a measurable 
architectural framework for identifying and 
optimizing potential energy-harvesting zones in 
campus buildings. 

Although electrical energy output was not 
directly quantified in kilowatt-hours, the 
expansion of medium- and high-potential zones 
indicates a higher structural likelihood of 
cumulative step concentration within strategically 
configured spaces. The proposed framework 
therefore offers practical implications for 
sustainable campus design and other high-traffic 
public facilities. Future research may further 
quantify energy output, optimize piezoelectric 
module placement, and integrate human activity-
based energy harvesting into building-scale 
energy management systems.  
 
REFERENCES 
[1] M. C. M. Parlato and A. Pezzuolo, “Towards 

Zero Energy Buildings (ZEBs) in Rural 
Areas: Chimera or Reality? A Systematic 
Literature Review and Thematic Content 
Analysis,” Energy Build., vol. 357, p. 
117170, Apr. 2026, doi: 
10.1016/j.enbuild.2026.117170. 

[2] K. Bhatt, S. Kumar, S. Kumar, S. Sharma, 
and V. Singh, “A review on energy 
harvesting technologies: Comparison 
between non-conventional and conceptual 
approaches,” Energy Reports, vol. 12, pp. 
4717-4740, December 2024, doi: 
10.1016/j.egyr.2024.10.019. 

[3] Z. Marzuki, R. Sanjaya, and A. Ardiyanto, 
“The Effectiveness of Human-Centered 
Responsive Design on the Energy Output of 
Human Activities,” Jordan J. Electr. Eng., 
vol. 12, no. 1, pp. 124–137, 2026, doi: 
10.5455/jjee.204-1757939712. 

[4] X. Wang, X. Liu, C. Song, H. Zheng, and Y. 
Li, “Low-cost industrial feedstocks derived 
calcium-based pellets assisted by pores 
regeneration for direct solar-driven 
thermochemical energy storage,” Green 
Energy Environ., Nov. 2025, doi: 
10.1016/j.gee.2025.11.004. 

[5] R. López Pastor, M. G. Pinna-Hernández, 
and F. G. Acién Fernández, “Technical and 
economic viability of using solar thermal 
energy for microalgae drying,” Energy 
Reports, vol. 10, pp. 989–1003, Nov. 2023, 
doi: 10.1016/j.egyr.2023.07.040. 

[6] K. Bäcklund, M. Molinari, P. Lundqvist, and 
B. Palm, “Building Occupants, Their 
Behavior and the Resulting Impact on 
Energy Use in Campus Buildings: A 
Literature Review with Focus on Smart 
Building Systems,” Multidisciplinary Digital 
Publishing Institute (MDPI), Sep. 01, 2023 
doi: 10.3390/en16176104. 

[7] W. Lin, Y. Wei, X. Wang, K. Zhai, and X. Ji, 
“Study on Human Motion Energy Harvesting 
Devices: A Review,” Multidisciplinary Digital 
Publishing Institute (MDPI), Oct. 01, 2023 
doi: 10.3390/machines11100977. 

[8] A. Aabid et al., “A systematic review of 
piezoelectric materials and energy 
harvesters for industrial applications,” MDPI 
AG, Jun. 02, 2021, doi: 10.3390/s21124145. 

[9] I. Benkechkache and M. Kaghouche, 
“Spatial Syntax: Study Between Spatial 
Configuration And Social Interaction In The 
Faculty Of Architecture In Constantine,” Int. 
J. Innov. Technol. Soc. Sci., no. 1(37), Mar. 
2023, doi: 10.31435/rsglobal_ijitss/ 
30032023/7964. 

[10] J. B. Khorsheed and W. A. S. Goriel, 
“Analytical study of university campuses’ 
walkability using space syntax analysis: 
University of Duhok (UoD) as a case study,” 
J. Eng. Res., vol. 9, Aug. 2021, doi: 
10.36909/jer.v9iICRIE.11651. 

[11] T. Jintanawan, G. Phanomchoeng, S. 
Suwankawin, P. Kreepoke, P. Chetchatree, 
and C. U-Viengchai, “Design of kinetic-
energy harvesting floors,” Energies, vol. 13, 
no. 20, Oct. 2020, doi: 
10.3390/en13205419. 

[12] X. Wang et al., “Design and characterisation 
of the out-of-plane dielectric elastomer 
generator for wave energy harvesting,” 
Ocean Eng., vol. 339, p. 122148, Nov. 2025, 
doi: 10.1016/j.oceaneng.2025.122148. 

[13] S. Elias and M. Beer, “Vibration control and 
energy harvesting of offshore wind turbines 
installed with TMDI under dynamical 
loading,” Eng. Struct., vol. 315, p. 118459, 
Sep. 2024, doi: 10.1016/j.engstruct.2024. 
118459. 

[14] B. Dziadak, Ł. Makowski, M. Kucharek, and 
A. Jóśko, “Energy Harvesting for Wearable 
Sensors and Body Area Network Nodes,” 
MDPI., Feb. 01, 2023, doi: 
10.3390/en16041681. 



SINERGI Vol. 30, No. 3, October 2026: 707-716 

 

716 Z. Marzuki et al., Spatial optimization of human-activity energy harvesting potential using ... 

 

[15] M. Farhan, A. G. A. Muthalif, and M. S. M. 
Ali, “Innovative approaches to optimize 
vibration energy harvesting (VEH): A 
comprehensive review,” Energy Reports, 
vol. 12, pp. 5194–5219, Dec. 2024, doi: 
10.1016/j.egyr.2024.11.006. 

[16] D. Ding, J. Fan, H. Wang, G. Jing, and Y. 
Guo, “Piezoelectric energy harvesting in 
railways: Current status and future 
challenges,” Energy Strateg. Rev., vol. 61, 
p. 101869, Sep. 2025, doi: 
10.1016/j.esr.2025.101869. 

[17] J. G. Outram, S. J. Couperthwaite, W. 
Martens, and G. J. Millar, “Application of 
non-linear regression analysis and statistical 
testing to equilibrium isotherms: Building an 
Excel template and interpretation,” Sep. 
Purif. Technol., vol. 258, p. 118005, Mar. 
2021, doi: 10.1016/j.seppur.2020.118005. 

[18] F. C. Hila, N. R. D. Guillermo, A. V. 
Amorsolo, and C. C. Mercado, “A new 
Excel-based Monte Carlo transport code for 
simulating energy response spectra and 
efficiencies in gamma-ray detection 
materials,” Radiat. Phys. Chem., vol. 218, p. 
111616, May 2024, doi: 
10.1016/j.radphyschem.2024.111616. 

[19] S. Wang and Y. Huang, “Magnetic 
topological insulator MnBi2Te4 enabled 
triboelectric nanogenerators for wearable 
energy harvesting and motion sensing,” 
Mater. Des., vol. 259, p. 114795, Nov. 2025, 
doi: 10.1016/j.matdes.2025.114795. 

[20] S. Xiang, L. Du, H. Yu, W. Chen, F. Wan, 
and X. Huang, “Optimized array for 
powering sensors: Thermal and 
electromagnetic energy harvesting and 

fusion,” Energy Reports, vol. 12, pp. 3034–
3047, Dec. 2024, doi: 
10.1016/j.egyr.2024.08.083. 

[21] S. B. Kim et al., “A synergetic effect of 
piezoelectric energy harvester to enhance 
thermoelectric Power: An effective hybrid 
energy harvesting method,” Energy 
Convers. Manag., vol. 298, 2023, doi: 
10.1016/j.enconman.2023.117774. 

[22] R. Alhamad and H. Boujemaa, “Solar 
Energy Harvesting Using a Timer-Based 
Relay Selection,” Comput. Mater. Contin., 
vol. 74, no. 1, pp. 2149–2159, 2023, doi: 
10.32604/cmc.2023.033222. 

[23] S. Chowdhury and S. Adhikari, “Frictional 
Energy Harvesting Vibration Absorbers,” 
Mech. Res. Commun., vol. 149, p. 104539, 
Oct. 2025, doi: 10.1016/j.mechrescom.2025. 
104539. 

[24] Y. Zheng, H. Zheng, Y. Yue, L. Lu, Y. Wang, 
and Q. Tang, “Self-powered graphene-
based composites for rain energy 
harvesting,” Energy Adv., vol. 3, no. 12, pp. 
2929–2938, 2024, doi: 
10.1039/D4YA00479E. 

[25] K. Calautit and C. Johnstone, “State-of-the-
art review of micro to small-scale wind 
energy harvesting technologies for building 
integration,” Energy Convers. Manag. X, vol. 
20, p. 100457, Oct. 2023, doi: 
10.1016/j.ecmx.2023.100457. 

[26] B. Zhao et al., “A graded metamaterial for 
broadband and high-capability piezoelectric 
energy harvesting,” Energy Convers. 
Manag., vol. 269, p. 116056, Oct. 2022, doi: 
10.1016/j.enconman.2022.116056. 

 


