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Abstract

Integrating Internet of Things (IoT) technologies with masonry materials offers a fresh structure to improve real-time
monitoring, resource management, and structural management in a variety of construction use cases. This research exam-
ines strategies to enable innovative deployments of IoT-enabled masonry systems, and focuses on enhanced signal propa-
gation, energy use, and reliability of the collected data within built environments. Through the use of masonry’s inherent
properties such as thermal characteristics, textural qualities, and load capabilities, IoT frameworks are designed to provide
seamless connectivity and strong performance. The research studies these techniques and technologies in a 6 x9 x4 m3
masonry room, divided into 1200 segments, measuring all frame components. IoT modules embedded into masonry walls
use higher frequency resonators in the 2.8-3.6 GHz range, as supported by an array of 3 x 3 antennas for directional com-
munication calibration. The model incorporates environmental parameters with a scattering index of 0.85 and a reflection
coefficient of 0.60 to model material interactions. Each IoT node is optimized across frequencies for 75 distinct frequency
ranges for improved signal quality and lower to minimize signal propagation losses. The simulation results indicate with
15 IoT nodes arranged within masonry structures with a signal uniformity index of 0.82+0.04, a 27% improvement from
the baseline (random placements and free space nodes). Each node’s energy usage reduced to 0.72+0.03 J or a 30%
reduction in energy usage from 1.03+£0.05 J in the baseline, while the interference was reduced to — 68+2 dBm with 40%
interference reduction, resulting in more reliable communication in dense deployments. Moreover, embedded resonator
technology improves resource efficiency, supporting the objectives of adaptive and sustainable infrastructure. The results
highlight how IoT-augmented masonry materials have the potential to revolutionise resource management, connectivity,
and structural evaluation in the fields of contemporary building and historical preservation.
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1 Introduction

Massive scaling of the Internet of Things (IoT) has trans-
formed the nature of connectivity itself by creating a
dynamic configuration in which devices are capable of
autonomous communication across various sectors (urban
infrastructure, healthcare, transportation, and agriculture)
[1]. They increase capacity in decision making, drive auto-
mation, and improve operation processes [2, 3]. However,
there are increasing challenges that IoT networks face as
they grow-out, especially in a high-density deployed envi-
ronment where conventional network architecture faces
the burdens of signal reliability, bandwidth or energy con-
sumption [4, 5]. These challenges further increase when the
objective is to maintain continuous coverage and optimal
performance within highly complex and dynamic spaces
[6]. New strategies, which go beyond conventional para-
digms of network architecture, would therefore be required.
The efforts of engineers and researchers to optimize loT net-
work performance are putting novel materials and advanced
technologies on the menu with masonry materials appear-
ing to be one of the most promising means for enhanced
structural integrity and network efficiency [7, 8]. Uniquely
endowed with thermal mass, porosity, and structural resil-
ience, masonry-the construction material of durable and
versatile nature-is the most ideal for integrating IoT devices.
The introduction of IoT sensors into masonry structures will
turn out networks that are energy-efficient, robust, and scal-
able in various applications [9, 10].

This paper basically looks into the implementation of
IoT-enabled masonry systems, focusing on signal optimi-
zation strategy, energy-reducing method, and performance
enhancement of networked devices. Masonry materials,
embedded with IoT technology, provide the prospect of
enhanced connectivity under extremely challenging envi-
ronmental conditions [11, 12]. Such strategy is very much
applicable in scenarios of smart cities, heritage conserva-
tion, and industrial applications, where an uninterrupted and
efficient connectivity forms the basis for actual system per-
formance [13, 14]. Properties of masonry, such as handling
temperature variation and heavy load-supporting capacity,
render it a suitable medium for embedding IoT sensors,
antennas, and resonators meant for signal transmission opti-
mization [15, 16]. These embedded devices operate at fre-
quency bands that intentionally minimize disturbance and
maximize energy efficiency in line with green designs [17,
18]. In addition, deploying IoT networks in masonry struc-
tures ought to equally consider the environmental effects
that include the reflection coefficients of the material and
its scattering properties for uniform signal spread [19, 20].

Scalability remains a key determining factor in the suc-
cess of IoT networks, especially as the number of connected
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devices rises at an exponential rate [21]. Naturally adapt-
able, masonry-based [oT systems support modular design
conceived to easily scale up and down according to the need
of small-and large-scale applications. The systems can also
evolve along with changing environmental circumstances
thus reducing the need for costly infrastructure updates [22,
23]. Further, energy-efficient systems help minimize oper-
ational costs while at the same time achieving wider sus-
tainability goals [24, 25]. This study implements advanced
simulation techniques and predictive modeling to investi-
gate the ideal approach involved in embedding IoT devices
within masonry so as to achieve maximum effectiveness and
resource conservation [26, 27]. The proposed solutions will
deal with signal optimization and resource-allocation chal-
lenges while providing a cost-effective model that satisfies
the needs of industries that operate under dynamic budget
constraints [28].

Structural Health Monitoring (SHM) has become essen-
tial to maintain safety and longevity of civil infrastructure.
In particular, advancements in Internet of Things enabled
sensors and intelligent algorithms have helped SHM realize
real time monitoring and predictive maintenance [29, 30].
Prior research has focused on optimal placement of devices
and data acquisition to adequately record structural response
due to dynamic loads, such as model updating for masonry
structures using metaheuristic approaches [31]. Data issues
remain in subsequent stages of the process, such as handling
high-volume streams, filtering sensor noise, and integrating
machine learning models for accurate anomaly detection
[32]. The proposed benefits of a fully functioning IoT-based
SHM system as discussed are improved predictive mainte-
nance, reduction in cost, and improved structural resilience.
This study is addressing these gaps through a combination
of optimized positioning of sensors and advanced data pro-
cessing, machine learning techniques to develop an all-
encompassing intelligent framework for SHM applications
with accuracy and in the real-world context.

This study offers a new paradigm for the integration of
connection and resource management into contemporary
infrastructure, highlighting the revolutionary potential of
IoT-enabled masonry systems. This paper presents a thor-
ough framework for integrating IoT networks into masonry
by combining cutting-edge material technologies, network
optimisation techniques, and workable deployment strate-
gies. This opens the door to more intelligent and environ-
mentally friendly building methods in a connected world
[33, 34].
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and antenna constraints. The experiments showed 27%
improvement in the uniformity of signals, 30% decrease
in energy consumption, and 40% reduction in interference
power. The masonry materials presented in this study effec-
tively reduce losses in signal transmission and promote
miniaturization of devices, hence enabling the foundation
of more efficient [oT systems.

Results from this interference suppression scheme
strengthened the demonstration of proposed deployment
techniques. Masonry-based composite materials allowed
the devices to actively modulate their electromagnetic sig-
natures, suppressing the unwanted reflections and thereby
clarifying the signals. Moreover, further refinement of the
estimation function improved network accuracy through
decreasing RMSE values with the increasing number of
Meta-IoT devices, especially with strategically placed
devices. For example, with 15 devices in a 6x9x4 m?3
room, RMSE achieved a 25% drop as compared to the ran-
dom placement configurations highlighting the importance
of accuracy in placement in combination with the properties
of masonry materials.

With combined deployment strategies for Meta-IoT Net-
works and unique properties of masonry materials, solid
approaches are available for scalable, energy-efficient
and sustainable IoT systems. The efforts would be geared
toward other promising applications like smart cities, indus-
trial IoT, and environmental monitoring, where performance
and energy efficiency are imperative. The high expectations
shown here provide us with bright prospects for the revolu-
tionization of masonry material-enabled IoT networks in the
field of optimization of wireless communication, enhance-
ment of environmental sensing, and more sustainable large-
scale IoT deployments.

Author contributions Vivek Sivakumar: Conceptualization, Method-
ology, Software, Formal Analysis, Writing—Original Draft. Prasath P:
Supervision, Project Administration, Methodology, Writing—Review
& Editing. Jeyavelu K: Data Curation, Investigation, Validation, Vi-
sualization. Ravindaran Thangavel: Resources, Formal Analysis, Data
Interpretation, Writing—Review & Editing. Muthupriya P: Supervi-
sion, Funding Acquisition, Resources, Writing — Review & Editing.
Priya Velusamy: Investigation, Visualization, Validation, Writing—
Review & Editing. Pammi SVN: Resources, Technical Guidance,
Writing—Review & Editing.

Funding Not Applicable.

Data availability All data generated or analysed during this study are
included in this publishing article.

Declarations
Competing interests The authors declare no competing interests.

Ethical approval Not Applicable.

@ Springer

Consent to participate Not Applicable.

Consent for publication Not Applicable.

References

11.

12.

14.

15.

16.

17.

Ekmekci E, Kose U, Cinar A, Ertan O, Ekmekci Z (2019) The use
of meta material type double-sided resonator structures in humid-
ity and concentration sensing applications. Sensors and Actuators
A: Physical. https://doi.org/10.1016/j.sna.2019.111559

Melik R, Unal E, Perkgoz NK, Puttlitz C, Demir HV (2010)
Metamaterial-based wireless RFE-MEMS strain sensors. Sensors
Taoran L, Lakafosis V, Ziyin L, Wong CP, Tentzeris MM (2012)
Inkjet-printed graphene-based wireless gas sensor modules. Pro-
ceeding IEEE 62nd Electronics Components and Technology
Conference (ECTC), pp. 1003-1008

Hartmann C, Hartmann P, Brown P, Bellamy J, Claiborne L, Bon-
ner W (2004) Anti-collision methods for global SAW RFID tag
systems. Proceeding IEEE Ultrasonic Symposium, pp. 805-808
Denneulin JBRAS, Khelifi Ablayo B, Roussel-Dherbey F (2009)
The influence of carbon nanotubes in inkjet printing of conduc-
tive polymer suspensions. Nanotechnology 20:385701

Reinhard B, Schmitt KM, Wollrab V, Neu J, Beigang R, Rahm
R (2012) Metamaterial near-field sensor for deep-subwavelength
thickness measurements and sensitive refractometry in the Tera-
hertz frequency range. Appl Phys Lett 100(22):221101

Lee HJ, Yook J-G (2008) Bio sensing using split-ring resonators
at microwave regime. Appl Phys Lett 92(25):254103

Lee H-J, Lee J-H, Moon H-S, Jang I-S, Choi J-S, Yook J-G, Jung
H-I(2012) A planar split-ring resonator-based microwave biosen-
sor for label-free detection of biomolecules. Sensors Actuators B:
Chem 169:26-31

Clark AW, Glidle A, Cumming DRS, Cooper JM (2009) Plas-
monic split-ring resonators as dichroic nanophotonic DNA bio-
sensors. J Am Chem Soc 131(48):17615-17619

Gordon JA, Holloway CL, Booth J, Kim S, Wang Y, Baker-Jarvis
J, Novotny DR (2011) Fluid interactions with metafilms/metasur-
faces for tuning, sensing, and microwave-assisted chemical pro-
cesses. Phys Rev B 83(20):205103

B Dong, WM Zhu, Y H Fu, J M Tsai, H Cai, D L Kwong, E P
Li, E Rius, AQ Liu (2011) An absorptive filter using microfluidic
switchable metamaterials, in: solid-state sensors. Actuators and
Microsystems Conference, pp. 530-533

Wiwatcharagoses N, Park KY, Hejase JA, Williamson L, Chalal
P (2011) Microwave artificially structured periodic media micro-
fluidic sensor. IEEE Electron Compon Technol Conf (ECTC)
85:1889-1893

Holloway CL, Kuester EF, Gordon JA, Ohara J, Booth J, Smith
DR (2012) An overview of the theory and applications of meta-
surfaces: the two-dimensional equivalents of metamaterials.
IEEE Antennas Propag Mag 54(2):10-35

Bao J-Z, Swicord ML, Davis CC (1996) Microwave dielectric
characterization of binary mixtures of water, methanol, and etha-
nol. J Chem Phys 104(12):4441-4450

Driscoll T, Kim H-T, Chae B-G, Kim B-J, Lee Y-W, Jokerst NM,
Palit S, Smith DR, Di Ventra M, Basov DN (2009) Memory meta-
materials. Science 325:1518-1521

Driscoll T, Andreev GO, Basov DN, Palit S, Cho SY, Smith DR,
Jokerst NM (2007) Tuned permeability in terahertz split-ring
resonators for devices and sensors. Appl Phys Lett 91:51

OHara JF, Singh R, Brenerl Smirnova E, Han J, Taylor AJ, Zhang
W (2008) Thin-film sensing with planar terahertz metamaterials:
Sensitivity and limitations. Opt Express 16(2):1786—1795


https://doi.org/10.1016/j.sna.2019.111559

Journal of Building Pathology and Rehabilitation

(2026) 11:47

Page 190f 19 47

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kuester EF, Holloway CL (1994) A low-frequency model for
wedge or pyramid absorber arrays—I: theory. IEEE Trans Elec-
tromagn Compat 36(4):300-306

Fang J (1996) Generalized perfectly matched layers for the absorp-
tion of propagating and evanescent waves in lossless and lossy
media. IEEE Trans Microwave Theory Tech 44(12):2216-2222
Engheta N (2002) An idea for thin subwavelength cavity resona-
tors using metamaterials with negative permittivity and perme-
ability. IEEE Antennas Wireless Propag Lett 1:10-13

Weber WH, Ford GW (2004) Propagation of optical excitations
by dipolar interactions in metal nanoparticle chains. Phys Rev B
70:125429

Shore RA, Yaghjian AD (2005) Traveling electromagnetic
waves on linear periodic arrays of lossless spheres. Electron Lett
41(10):578-580

Shore RA, Yaghjian AD (2005) Traveling electromagnetic waves
on linear periodic arrays of lossless penetrable spheres. IEICE
Trans Commun 88(6):2346-2352

Guasoni M, De Angelis C (2011) Analytical approximations of
the dispersion relation of a linear chain of nanoparticles. Opt
Commun 284:1822-1827

Lawton MC, McGeehan JP (1994) The application of a determin-
istic ray launching algorithm for the prediction of radio channel
characteristics in small-cell environments. IEEE Trans Veh Tech-
nol 43:955-969

Ikegami F, TakeuchiT Yoshida S (1991) Theoretical prediction of
mean field strength for urban mobile radio. IEEE Trans Antennas
Propag 39:299-302

Noerpel AR, Krain MJ, Ranade A (1991) Measured scattered sig-
nals at 4 ghz confirm strong specular reflections off buildings.
Electron Lett 27(10):869-871

Matthews PA, Molkdar D, Mohebbi B (1989) Direction of arrival
and frequency response measurements at UHF. IEEE 5th Inter-
national Conference on Mobile Radio and Personal Communica-
tion, p. 4347

Shafaie V, Movahedi Rad M (2025) DEM-driven investigation
and AutoML-enhanced prediction of macroscopic behavior in
cementitious composites with variable frictional parameters.
Mater Des 254:114069. https://doi.org/10.1016/j.matdes.2025.11
4069

30.

31.

32.

33.

34.

35.

36.

Shafaie V, Movahedi Rad M (2024) Multi-objective genetic
algorithm calibration of colored self-compacting concrete using
DEM: an integrated parallel approach. Sci Rep 14:4126. https://d
o0i.org/10.1038/541598-024-41455-5

Cucuzza R, Civera M, Aloisio A, Ricciardi G, Domaneschi M
(2024) Dynamic characterization and FE model updating via
metaheuristic algorithm of two confined masonry buildings. Eng
Struct 308:117935

Benmebarek MA, Movahedi Rad M (2021) DEM modeling of
crushable grain material under different loading conditions. Peri-
odica Polytech Civil Eng 65(3):794-804. https://doi.org/10.3311/
PPci.17948

Rappaporl TS , Seidel SY, Schaubach KR (1992) Site-specific
propagation prediction for PCS system design. Virginia Tech-
nology 2nd Symposium Wireless Personal Communication, p.
16.1-16.27

Valenzuela RA (1993) A ray tracing approach to predicting indoor
wireless transmission. IEEE Conference on Vehicular Technol-
ogy, pp. 214-218

Zhang B, Ren Y, He S, Gao Z, Li B, Song J (2025) A review of
methods and applications in structural health monitoring (SHM)
for bridges. Measurement 245:116575. https://doi.org/10.1016/j.
measurement.2024.116575

Vijayan D, Sivasuriyan S, Devarajan A, Krejsa M, Chalecki M,
Zotowski M, Kozarzewska A, Koda E (2023) Development
of intelligent technologies in SHM on the innovative diagno-
sis in civil engineering—A comprehensive review. Buildings
13(8):1903. https://doi.org/10.3390/buildings13081903

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1038/s41598-024-41455-5
https://doi.org/10.1038/s41598-024-41455-5
https://doi.org/10.3311/PPci.17948
https://doi.org/10.3311/PPci.17948
https://doi.org/10.1016/j.measurement.2024.116575
https://doi.org/10.1016/j.measurement.2024.116575
https://doi.org/10.3390/buildings13081903
https://doi.org/10.1016/j.matdes.2025.114069
https://doi.org/10.1016/j.matdes.2025.114069

	﻿Advanced IoT solutions for real-time monitoring and resource optimization in masonry structures using innovative material technologies
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿References


