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A B S T R A C T

Moisture at the steel-concrete interface (SCI) can influence the durability of reinforced concrete but a funda
mental understanding of its effects on corrosion initiation and propagation remains inconclusive. This is partly 
due to a lack of reliable, non-destructive monitoring techniques. This study introduces a novel approach 
leveraging 3D-printed reinforcement spacers with embedded RFID-MEMS sensors to enable in situ, real-time 
relative humidity monitoring at the SCI. Concrete specimens with different water-to-cement ratios (0.40, 
0.55) and curing ages (3, 14 days) were exposed to 50 ◦C and 65 % RH, 21 ◦C to produce varying degrees of 
porosity and moisture content. The results show that precise measurements with a maximum difference of ± 2 % 
can be obtained for exposure humidity up to 90 % RH. However, a reduction in precision occurred above 93 % 
RH due to condensation effects. Crucially, this work demonstrates the first successful integration of RFID-MEMS 
sensors in 3D-printed spacers to quantify SCI moisture states non-destructively, providing actionable insights for 
corrosion risk assessment tailored to concrete composition and environmental exposure.

1. Introduction

Moisture in concrete, and particularly at the steel-concrete interface 
plays a critical role in the durability and service life of reinforced con
crete structures. For example, carbonation reaches a maximum rate 
when the relative humidity of the exposure environment is between 50 
and 70 % [1–4]. At lower relative humidity, chemical reactions between 
calcium-bearing constituents and gaseous CO2 are limited by moisture 
deficiency [5]. Moisture containing chlorides increases the risk of 
corrosion and buffers the pH during early pitting corrosion. Partially 
saturated conditions have a higher oxygen supply and accelerate rate of 
corrosion [6–10]. Despite the critical dependence on moisture, current 
understanding of SCI moisture dynamics remains incomplete, primarily 
due to the lack of reliable in situ monitoring techniques capable of 
providing accurate, real-time measurements without compromising 
structural integrity.

Existing approaches for moisture monitoring face significant limi
tations. While non-destructive techniques such as microwave impulse 
devices [11], ground-penetrating radar [12] and nuclear magnetic 
resonance sensors [13] offer valuable insights, they are typically limited 
to control laboratory conditions. Embedded sensors, including 

four-point probe [14], low calcium fly ash geopolymer sensor [15], and 
MEMS devices [16] can provide direct measurements but could disrupt 
the surrounding microstructure of concrete, potentially compromising 
data reliability. For example, these techniques can induce additional 
voids in the cementitious matrix, altering the chloride threshold limit 
[17]. Furthermore, conventional sensors frequently suffer from mea
surement drift due to material hysteresis [18], temperature sensitivity 
[19–21], and limited resolution in cementitious environments [22,23]. 
These constraints highlight a critical technological gap with the need for 
a minimal invasive monitoring system that can provide reliable moisture 
measurements at the SCI without disrupting the local microstructure or 
requiring destructive sampling.

Radio-Frequency Identification (RFID) is a wireless technology that 
uses electromagnetic fields to automatically identify, and track tags 
attached to objects. Unlike traditional methods, RFID does not require 
line-of-sight scanning, enabling faster, more efficient data collection. 
RFID systems consist of a reader (transceiver), an antenna, and a tag 
(transponder), which can be passive (powered by the reader’s signal) or 
active (battery-operated). This technology is widely adopted in supply 
chain management, access control, and retail inventory systems due to 
its ability to handle large-scale, automated tracking. Recent 
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advancements in RFID, particularly when integrated with Micro-Electro- 
Mechanical Systems (MEMS), have expanded its applications into 
structural health monitoring and environmental sensing [24–28]. 
High-frequency (13.56 MHz) RFID-MEMS systems, for instance, 
demonstrate significantly greater longevity than ultra-high-frequency 
(UHF) alternatives, maintaining functionality for over 1000 days in 
harsh cementitious environments [29,30]. Their durability makes them 
ideal for long-term embedded sensing in infrastructure, such as bridges 
and buildings, where maintenance access is limited. A key innovation is 
the integration of these sensors with 3D-printed enclosures, allowing 
them to function both as reinforcement spacers in concrete and as 
real-time monitoring devices. This minimizes disruption to the sur
rounding microstructure while providing critical data on saturated and 
partially saturated states, while the on-chip temperature compensation 
algorithms can effectively decouple thermal effects from moisture 
measurements, enhancing reliability under varying environmental 
conditions.

By addressing the key limitations of existing methods including 
microstructural disruption, measurement drift and temperature sensi
tivity this study advances the fundamental understanding of moisture 
dependent mechanisms while providing a practical tool for structural 
health monitoring. The proposed method, which function both as a 
structural component and a sensing platform, represents a significant 
advancement toward intelligent infrastructure capable of autonomous 
durability assessment.

This study introduces a novel SCI monitoring method through the 
development of: 

a) 3D-printed reinforcement spacers with embedded 13.56 MHz RFID- 
MEMS sensors designed to comply with BS 7973–1 standards [31] for 
mechanical performance.

b) A wireless monitoring system capable of tracking RH variations at 
the SCI with ± 2 % precision up to 90 % RH.

c) Comprehensive validation across concrete mixture (w/c = 0.4, 0.55) 
and curing ages (3, 14 days) to establish sensor performance under 
controlled environmental exposures.

2. Methods

2.1. Materials and mix proportions

Concrete and mortar samples were prepared by using ordinary 
Portland cement (CEM I, 52.5R) as the primary binder, combined with 
locally sourced sand, graded gravel aggregates, and water. The mix 
proportions followed the predefined mixture design outline in Table 1, 
ensuring consistent water-to-cement (w/c) ratios. The key physical 
properties (including fineness, specific gravity and density) and detailed 
chemical composition (major oxides CaO, SiO2, Al2O3 and Fe2O3) of the 
Portland cement are given in Table 2. Two water-to-cement (w/c) ratios 
of 0.4 and 0.55 were selected to produce concretes with different pore 
structures and strengths with at least two replicates for each sample. The 
total aggregate volume fraction was fixed at 50 % for the mortar and 70 
% for concrete. Specific gravity, percentage of moisture absorption to 
saturated surface dry condition (SSD) and total evaporable moisture 
content of aggregates were measured with procedures provided by 
ASTM C566 and C128 [32,33] presented in Table 3.

2.2. Sensor selection and enclosure design

Various design and sensing requirements were considered prior to 
selecting an optimal relative humidity sensor for this study. Dimensions 
of electronic circuit boards should preferably be smaller than 50 × 50 ×
50 mm to enable the sensors to be embedded in 3D-printed enclosures 
and achieve a range of practical cover depths [34]. The electrically 
erasable programmable read-only memory (EEPROM) will require a 
minimum of 1 Kbyte of data to allow users to monitor measurements on 
a regular basis. This is based on the expectation that relative humidity 
and moisture content fluctuate at a much slower rate in real structures 
(compared to the external environment) and therefore can be monitored 
at hourly intervals for at least 5 years until structural maintenance 
checks are required.16,17 Additionally, measurements must be trans
mitted by wireless communication to avoid the need for physical (wired) 
connections that could affect the integrity of the concrete cover.

With the aforementioned requirements, it is also critical to consider 
the design and sensing specifications of the relative humidity sensors. 
This plays a crucial role in determining the feasibility of monitoring 
relative humidity at the steel-concrete interface. Dimensions of relative 
humidity sensors should preferably be smaller than 5 × 5 × 5 mm to 
accommodate a wide range of steel reinforcement including bars with a 
minimum diameter of 8 mm. Particularly, quantification within the 
millimetre range is required to characterize moisture content in 
macroscopic interfacial voids. Furthermore, for laboratory-based 
research, a response time of <60 s will be desirable to detect instanta
neous changes in relative humidity. A sensing range between 10 and 90 
% humidity is required to monitor the depassivation of steel during 
carbonation-induced and chloride-induced corrosion. By controlling the 
relative humidity of the exposure environment between 50 and 70 %, 
carbonation was found to reach a maximum rate [1]. At lower relative 
humidity, chemical reactions between calcium-bearing constituents and 
gaseous CO2 are limited by a deficiency of moisture [5]. Furthermore, it 
was hypothesized that moisture conditions of interfacial voids will 
probably influence chloride-induced corrosion at the steel-concrete 
interface [35]. Completely saturated interfacial voids containing chlo
rides may potentially increase the risk of corrosion and buffer the pH 
during early pitting corrosion. Partially saturated interfacial voids will 
have a higher abundance of oxygen supply and accelerate the rate of 
corrosion. Lastly, the internal temperature of reinforced concrete 
structures can range between − 5 to 40 ◦C during the summer and winter 
seasons [36,37]. Hence, sensors must be able to operate at a temperature 
range that exceeds this.

After a comprehensive search of available sensor technologies, 
STEVAL- SMARTTAG1 manufactured by ST Microelectronics was cho
sen for this study. It utilizes NFC (near field communication) Forum type 
V based on RFID technology and transmits/receives information over 
the 13.56 MHz wireless frequency range. Furthermore, the sensing 
element consists of a polymer dielectric planar capacitor structure with 
dielectric materials surrounded by a medium of low refractive indexes. 
The sensor is factory calibrated to have an accuracy of ± 3.5 % RH, 
deviation of ± 0.5 % RH per year, humidity hysteresis ± 1 % RH and 
sensitivity of 0.004 % RH/LSB (least significant bit) specified by the 
manufacturer. The overall dimensions consist of a 43 × 43 × 30 mm 
encasing and operates at a temperature range of − 40 to 120 ◦C.

Subsequently, the 3D-printed enclosure was designed using Solid
Works with a groove of 9.5 mm in diameter (to hold the reinforcing steel 
bar). The CAD model was then exported in STL file format and imported 

Table 1 
Mix proportions.

Mix design w/c ratio Water (kg/m3) Sand (kg/m3) <5mm Coarse aggregate (kg/m3) <10mm Cement (kg/m3) Aggregate vol fraction: %

C-0.55-PC-70 0.55 189.1 719.4 1079.1 343.8 70
C-0.4-PC-70 0.40 166.1 719.4 1079.1 415.2 70
M-0.4-PC-50 0.40 280.6 1331.8 – 691.9 50
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to Ultimaker S5 Pro for printing, as illustrated in the schematic diagram 
of Fig. 1(a). To prevent particulate contamination and provide a direct 
moisture measurement at steel surface without compromising sensor 
performance or structural integrity a 2 mm diameter hole was incor
porated as shown in Fig. 1(b). The bottom enclosure was embedded in a 
silicone mould to enable sensor retrieval without damaging the speci
mens with destructive methods. To test the design, concrete specimens 
of 100 mm diameter and thickness of 45 mm were cast in plastic moulds 
and compacted on a vibrating table until no significant release of air 
bubbles was observed. After compaction, specimens were covered with 
wet hessian fabric at room temperature for 24 hours to prevent drying. 
Upon retrieving the sensor, it was observed that no water or solid par
ticulates had penetrated the enclosures. This shows that the enclosure 
was able to protect the sensors during concrete casting. Fig. 2 shows that 
the 3D-printed enclosure with the embedded sensor can be adopted for 
the specific purpose of monitoring relative humidity at the steel- 
concrete interface. The printed enclosure can be customized to pro
duce spacers for different rebar sizes and cover depths.

2.3. Precision of MEMS sensors

The relative humidity measurement from each sensor was monitored 

in a temperature-controlled laboratory at 21± 2∘C and 55± 5 % RH. In 
total, 30 individual sensors were tested and the maximum deviation was 
observed to be ± 1 % RH. Subsequently, the precision of MEMS sensors 
was tested with incubators at constant humidity of 75 % RH, 86 % RH, 
93 % RH and 100 % RH. The constant humidity was achieved by using 
saturated sodium chloride (75 % RH), potassium hydrogen sulphate (86 
% RH), potassium nitrate (93 % RH) salt solutions and moisture (100 % 
RH). Each incubator was conditioned with fresh salts for a week in a 
temperature-controlled laboratory at 21± 2 ◦C and relative humidity 
was monitored with a Fisherbrand Traceable thermometer and humidity 
sensor. The effect of moisture on the rate of response was examined by 
placing the RFID MEMS sensors in enclosures at increasing relative 
humidity, from 75 % RH to 86 % RH, 93 % RH and 100 % RH, for 15 min 
each and with measurements obtained every 5 s. In another set of ex
periments, RFID MEMS sensors were placed in incubators at decreasing 
relative humidity, from 100 % RH to 93 % RH, 86 % RH and 75 % RH, 
for 15 min with measurements obtained every 5 s to study the influence 
of condensation and stiction.

2.4. Wireless communication range

To examine the influence of concrete cover and moisture state on 
communication range, specimens with dimensions of 100 × 100 × 100 
mm and 100 × 100 × 50 mm were prepared. Concrete (C-0.4-PC-70) 
and mortar (M-0.4-PC-50) were dry mixed in a pan mixer for 30 s and 
wet mixed for 3 min after the addition of water. Specimens were cast in 
plastic moulds and compacted on a vibrating table until no significant 
release of air bubbles was observed. Compacted specimens were covered 
with wet hessian fabric at room temperature for 24 hours to prevent 
drying, then demoulded and placed in a curing room at a temperature of 
20 ± 2∘C and relative humidity of 95 ± 5 % for 2 days.

Communication distance was determined by placing an RIFD MEMS 
sensor in a polyethylene terephthalate enclosure with the sensor and 
antenna surface in direct contact with the specimen shown in Fig. 3a. 
Note that the surface area of each specimen (100 × 100 mm) was greater 
than the sensor (43 × 43 mm) to minimize the effects of side leakage. 
Subsequently, electromagnetic waves were continuously emitted from 
the ST25R3911B-DISCO RFID reader with the continuous scan mode 
allocated on the ST25PC–NFC software. The reader was shifted at 5 mm 
increments until the RFID MEMS sensor was undetectable and the 
maximum communication distance was measured with a vernier 
calliper. In addition, specimens were submerged in tap water to a total 

Table 2 
Physical properties and chemical characteristics of the cement used.

Density (kg/m3) Fineness (kg/m3) Loss-on-ignation (%) CaO (%) SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%) K2O (%) Na2O (%) SO3 (%)

3100 2910 2.1 63.43 20.80 5.43 2.40 1.51 0.70 0.30 2.9

Table 3 
Aggregate properties.

Aggregate 
type

Maximum 
partice size: mm

Density 
(kg/m3)

Moisture 
absorption: %

Moisture 
content: %

Fine 5 2664 1.05 0.24
Coarse 10 2510 2.0 0.37

Fig. 1. a, b) Schematics showing the side (a) and bottom (b) view of the 
enclosure design with units in mm. c) Photograph showing the bottom view of 
the concrete sample with embedded sensor enclosure after 24 hours of curing.

Fig. 2. Comparing the developed sensor enclosure for monitoring steel- 
concrete interface (centre) with commercially available reinforcement 
spacers: 50 mm plastic A-shaped spacer (left) and 100 mm plastic tower 
spacer (right).
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depth of 60 mm and 110 mm for 5, 15, 30 and 60 min to study the impact 
of moisture on wireless communication range. Further tests included 
placing the RFID MEMS sensor at 15∘, 30∘, 45∘, 50∘ and 60∘ away from 
the plane parallel to the RFID reader to investigate the effect of direc
tional placement on the communication range shown in Fig. 3b

2.5. Monitoring relative humidity

Fourteen cylindrical concrete specimens of 100 mm diameter and 
nominal cover depth of 25 mm were prepared. The concrete mixes (C- 
0.4-PC-70 and C-0.55-PC-70) were mixed, cast and compacted as 
described in the previous section. Before casting, the 3D-printed enclo
sures with attached 8 mm diameter steel bars were placed in the moulds 
and then filled with fresh concrete. Specimens were compacted on a 
vibrating table, covered with wet hessian at room temperature, 
demoulded after 24 hours, and cured at 20 ± 2 ◦C and 95 ± 5 % RH 
for 3 and 14 days. Subsequently, the sides of specimens were coated with 
epoxy and sealed with adhesive tape to ensure one-sided absorption and 
desorption shown in Fig. 4. Following this changes in relative humidity 
at the steel-concrete interface caused by drying and rewetting were 
monitored, the cured specimens were first dried in 50 ◦C oven for four 
weeks. Subsequently, they were placed in incubators containing satu
rated ammonium nitrate (65 % RH; 21 ◦C± 2 ◦C) until a mass change 
smaller than 0.01 % was obtained. This relative humidity was chosen to 
ensure that sensors could detect changes in moisture that are critical for 
carbonation.

2.6. Finite element modelling

Finite element modelling (FEM) was employed to simulate the drying 
process of the specimen, utilizing the geometric configuration and 
procedures detailed in Section 2.5. The FEM simulation was conducted 
using COMSOL Multiphysics, implementing a moisture transport model 
proposed by Sun et al. [38].. In this model, the primary variable is the 
saturation degree θ, governed by the equation 

∂θ
∂t

= ∇⋅[D(θ)⋅∇θ] (1) 

where D(θ) is the effective moisture transport coefficient, which can be 
determined through the capillary pressure pc and vapour density ρv by 

D(θ) = −
1

ρlϕ

(

Dv
Mwρv

ρlRT
+Kl

)
∂pc

∂θ
(2) 

In this equation, ρl is the density of liquid water; Dv and Kl are the 
diffusion coefficient of vapour and the permeability coefficient of liquid 
water in concrete, respectively; Mw is the molar mass of water molecules; 
R is the gas constant; and T is the temperature. The relationship between 
capillary pressure pc and the saturation degree θ is defined by the water- 
vapour sorption isotherm (WVSI). In this study, the WVSI as suggested 
by Sun et al.19 is adopted: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

θw = 1 − exp
(

2Bγcosα
pc

)

θd =

[

1 − exp
(

2Bγcosα
pc

)]{

1 − ln
[

1 − exp
(

2Bγcosα
pc

)]} (3) 

where θw and θd are the saturation degrees during the drying and wet
ting processes, respectively; B is the pore size distribution-related 
parameter; γ is the surface tension of liquid water; and α is the contact 
angle between liquid water and the pore surface. After obtaining the 
saturation degree, capillary pressure can be derived from Eq. (3), and 
the corresponding RH can be obtained using 

h = exp
(

pcMw

ρlRT

)

(4) 

3. Results

3.1. Loading and deflection tests

To ensure the enclosure can be utilized as a reinforcement spacer, 

Fig. 3. Test method to determine the maximum communication distance by placing RFID MEMS sensor at different distances (a) and orientations (b) away from 
concrete and mortar specimens.

Fig. 4. Schematic diagram showing the reinforced concrete specimen with 
embedded RFID MEMS sensor in a 3D printed enclosure for monitoring steel- 
concrete interface.
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load and deflection tests were conducted in accordance with the British 
Standard BS 7973–1 [31]. The enclosure was designed to support rein
forcement with a diameter of not greater than 16 mm and cover depth in 
the range of 15 to 50 mm which is categorized under the light spacer 
category. The specification for such a spacer (Annex A.1.3.2, BS 7973–1) 
requires a deflection of no >1 mm when it is loaded at 0.25 kN for 10 
mins. This requirement was checked by attaching an 8 mm diameter 
ribbed steel bar with a flat gauge plate placed below the enclosure. 
Load-deflection tests with an Instron universal testing machine and 
corresponding height measurements recorded a maximum deflection of 
0.05 mm when the enclosure was loaded at 0.25 kN for 10 min. 
Furthermore, no signs of cracking were observed.

3.2. Precision of humidity measurements

Figs. 5 and 6 present changes in measured relative humidity against 
time to understand the effects of increasing/decreasing moisture on the 
precision of RFID MEMS sensors. Plots are separated into three different 
relative humidity ranges. Although measurements were obtained every 
5 s, only one data point per minute is plotted to enhance clarity. The 
measurements show that the sensors have good precision, achieving a 
maximum difference of ± 2 % once the readings had reached equilib
rium. Similar trends were observed at 86 % relative humidity with a 
difference of ± 1 % between measurements. When the sensors were 
placed in incubators at decreasing relative humidity, the results (Fig. 6) 
obtained also showed good precision with a maximum difference of ± 1 
% between readings at equilibrium. This indicates that the RFID MEMS 
sensors provide reproducible results within the desired sensing range of 
70 to 90 % relative humidity. Furthermore, the results are consistent 
with the sensor manufacturer specifications of ± 3.5 % accuracy for the 
sensing ranging from 70 to 90 % relative humidity.

Nevertheless, the results show a larger deviation for measurements at 
high relative humidity close to saturation. For example, a 5 to 6 % de
viation in the measurements from the expected value was observed at 93 
% relative humidity. This deviation could have resulted from high 
capillary forces and stiction [39–41]; where attractive forces have 
exceeded counteracting forces affecting the functionality of polymer 
dielectric planar capacitor structure sensors. In addition, condensation 
on the sensor could have contributed to such effects. These observations 
are similar to other experimental studies conducted with MEMS devices 
exposed to humid environments. Patton et al. [39] observed a reduction 
in the performance of polysilicon MEMS cantilever motors at relative 
humidity above 70 % due to high capillary forces and stiction. Birleanu 
et al. [42] measured a rise in pull-off forces between aluminium bridges 
and silicon substrate during an increase in relative humidity from 40 to 
70 %. To improve performance at high humidity environments, a 
5-point calibration could be conducted with measurements obtained at 
relative humidity above 93 %. However, it is also important to note the 
limitations of using saturated salt solutions for providing accurate con
trol environments above 90 % relative humidity.

3.3. Rate of response

The changes in relative humidity against time are presented in Figs. 7 
and 8 to understand the effects of increasing/decreasing moisture on the 
time required to detect the expected relative humidity. Plots were 
separated into four different relative humidity ranges with arrows to 
indicate the response time. This was established as the time required to 
stabilize at the relative humidity of the surrounding environment from a 
starting controlled laboratory condition of 55 ± 5 % RH. As before, 
measurements were obtained every 5 s, but only one data point per 
minute was plotted to enhance clarity.

Fig. 5. Evaluating the precision of RFID MEMS at increasing humidity by placing the sensor in incubators containing saturated salts in the order of sodium chloride 
(75 % RH), potassium hydrogen sulphate (86 % RH) and potassium nitrate (93 % RH).

J.-X. Liew and H. Wong                                                                                                                                                                                                                       Results in Engineering 26 (2025) 105286 

5 



Fig. 6. Evaluating the precision of RFID MEMS at decreasing humidity by placing sensors in incubators containing saturated salts in the order of potassium nitrate 
(93 % RH), potassium hydrogen sulphate (86 % RH) and sodium chloride (75 % RH).

Fig. 7. Examining the rate of response of RFID MEMS at increasing humidity by placing sensors in incubators containing saturated salts in the order of sodium nitrate 
(75 % RH), potassium hydrogen sulphate (86 % RH), potassium nitrate (93 % RH) and water (100 % RH).
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Measurements obtained suggest lesser time was required for MEMS 
sensors to stabilize at higher relative humidity. This can be observed 
with the detection times of 800 s for 75 % RH, 505 s for 86 % RH, 110 s 
for 93 % RH and 180 s for 100 % RH. The reduction in detection times 
can be influenced by an increase in the moisture content of the sur
rounding environment. Furthermore, it is interesting to note that a 
longer time was required to detect 100 % RH compared to 93 % RH. This 
could be caused by moisture accumulating on the sensing element 
resulting in stiction affecting its performance and response.

By placing sensors in incubators at decreasing relative humidity, a 
similar trend of reduction in detection time at higher relative humidity 
was observed. The obtained detection times were 435 s for 75 % RH, 300 
s for 86 % RH and 180 s for 93 % RH. However, the sensor required 680 s 
to detect 100 % RH which could be resulted by a high amount of 
moisture present in the environment affecting the performance of 
polymer dielectric planar capacitor structure sensors.

3.4. Wireless communication range

Fig. 9 presents the measured communication range against submer
gence time in water and orientation angle for mortar and concrete 
specimens of different cover depths to understand the effects of mois
ture, aggregate content and directional placement. Near identical 
communication distances were measured with replicate samples; thus, 
average values were presented for clarity.

On the one hand, the results in Fig. 9a show a communication range 
of 120 mm for the mortar with a 50 mm cover compared to 115 mm for 
concrete with a 50 mm cover, prior to submergence in water. These 
observations suggest that the presence of coarse aggregates and the in
crease in aggregate content in the concrete specimen can cause attenu
ation and result in a loss of signal strength. Moreover, a small decrease in 
communication range was observed after a submergence time of 60 min. 
This suggests that the increase in moisture content can reduce the an
tenna inductance and dielectric constant and increase its electric 

Fig. 8. Examining the rate of response of RFID MEMS at decreasing humidity by placing sensors in incubators containing water (100 % RH), saturated potassium 
nitrate (93 % RH), potassium hydrogen sulphate (86 % RH) and sodium nitrate (75 % RH) salt solutions.

Fig. 9. Effect of a) cover thickness and moisture; and b) orientation angle be
tween RFID MEMS sensor and reader, on maximum communication range.
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conductivity [43,44].
On the other hand, it is interesting to note that an increase in cover 

depth has not significantly affected the overall communication distance 
between the sensor and reader. Both concrete and mortar specimens 
with 50 mm and 100 mm cover depth had a maximum communication 
distance of 115 ± 5 mm. These findings are in agreement with radio 
frequency measurements obtained for cementitious materials [45]. At 
frequencies below 100 MHz, attenuation in cementitious materials is 
similar to free space; hence, communication distance and signal strength 
will not be considerably affected.

Fig. 9b shows that an increase in the orientation angle between the 
RFID reader and sensor will reduce the overall communication range. By 
tilting the RFID MEMS sensor 15 ̊ away from the horizontal plane both 
mortar and concrete specimens with 50 mm and 100 mm cover depth 
had a maximum communication distance of 110 mm. At 30 ̊ orientation, 
the mortar and concrete specimens with 50 mm cover depth had a 
communication distance of 100 mm. On the other hand, a communi
cation distance of 95 mm was measured for mortar and concrete spec
imens with 100 mm cover depth. Increasing the orientation angle to 45 ̊ , 
both mortar and concrete samples with 100 mm cover depth were un
detectable. This can be attributed to a polarization mismatch between 
the transmitting and receiving antenna. These findings agree with 
experimental studies conducted with RFID sensors and transponders 
operating at the radio frequency range of 13.56 MHz [46,47].

3.5. Monitoring RH change in concrete

Fig. 10 shows the change in internal relative humidity at the steel- 
concrete interface against elapsed time, for concrete specimens with 
different w/c ratios and curing age, subjected to 50 ◦C oven drying. 
Measurements were started once the desired curing age had been ach
ieved and before subjecting samples to 50 ◦C oven drying. Data obtained 

show a tendency for moisture to retain in specimens with longer curing 
age and lower w/c ratio. At approximately 283 hours, the internal 
relative humidity measurements for samples with a w/c ratio of 0.4 w/c 
and 0.5 w/c cured for 3 days were 25 % and 48 %; while samples with a 
w/c ratio of 0.4 w/c and 0.5 w/c cured for 14 days were 37 % and 54 % 
respectively. These observations are plausible because denser specimens 
have lower porosity, finer pore structure and lower mass transport 
properties [48]. Thus, the overall rate of desorption decreases for denser 
specimens, requiring a longer time to reach equilibrium with the 
external environment. An anomaly in relative humidity measurements 
at ~133 hours as shown in Fig. 10b This might have resulted from the 
sudden fluctuation in temperature when moving specimens from the 
50 ◦C oven to the ambient laboratory at 21 ± 2 ◦C to obtain measure
ments. Overall, a 2 % difference was observed between the simulated, 
and sensor results for 0.55 w/c sample (Fig. 10c). This could be 
contributed by the slight inaccuracy of the embedded sensor.

Fig. 11 presents the change in internal relative humidity against 
elapsed time when the 50 ◦C oven-dried concrete specimens were 
exposed to 65 % RH, 21 ± 2 ◦C. The overall trend suggests a greater 
increase in relative humidity for specimens with a higher w/c ratio and 
shorter curing age. Measurements acquired at 833 hours indicated an 
internal relative humidity for samples with w/c ratio of 0.4 w/c and 0.5 
w/c cured for 3 days were 61 % and 67 %; while samples with w/c ratio 
of 0.4 w/c and 0.5 w/c cured for 14 days were 59 % and 57 % respec
tively. These findings are again related to the porosity, pore structure 
and mass transport properties as explained earlier31. Less dense speci
mens show a higher rate of absorption and require a shorter time to 
reach equilibrium with the external environment. FEM simulation was 
also conducted to model the corresponding wetting process, utilizing the 
WVSI for the wetting branch as described in Eq. (3). Overall, a 4 % 
difference was observed between the simulated, and sensor result for 
0.55 w/c sample (Fig. 11c). This could be contributed by the slight 

Fig. 10. Monitoring changes of internal relative humidity at the steel-concrete interface with RFID MEMS sensors in concrete specimens with 25 mm nominal cover 
depth during oven drying at 50 ◦C, along with c) the simulated variation of RH throughout the drying process for sample with w/c ratio of 0.55 cured for 14 days.
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inaccuracy of the embedded sensor.

4. Discussion

This study demonstrates that 3D-printed enclosures can effectively 
shield RFID MEMS sensors from environmental exposure while preser
ving mechanical stability. However, sensor precision significantly 
declined beyond 93 % RH, primarily due to condensation-induced 
stiction. The loss of precision is likely caused by water accumulation 
on the sensing layer, which increases pull-off forces and hysteresis. This 
phenomenon was previously documented in polymer-based MEMS de
vices [49]. While these findings support the cost-effective deployment of 
such sensors in reinforced concrete structures, long-term durability may 
require additional anti-stiction measures. Future work should explore 
protective coatings, hydrophobic surface treatments, or dynamic 
self-cleaning mechanisms to mitigate moisture-related effects and 
further assess their impact on sensor accuracy and reliability.

Furthermore, the effects of cover depth, water-to-cement ratio and 
aggregate volume on RFID-based sensor communication distance were 
evaluated. The results indicate that these material parameters do not 
significantly influence signal transmission between the reader and 
sensor. However, in practical applications, the use of larger diameter 

reinforcing steel may disrupt the magnetic field generated by the sensor 
coil, reducing inductance and impairing power transfer efficiency which 
potentially diminishes communication range [50]. These findings sug
gest that metallurgy properties (e.g., steel composition, geometry, and 
electromagnetic interference) need further investigation, particularly 
for near-field and far-field wireless systems in reinforced concrete. 
Table 4 provides a comparative analysis of sensor technologies for 
moisture monitoring, evaluating their advancements in fabrication 
techniques and integration complexity. Beyond sensor performance, the 
reliability of wireless structural health monitoring depends not only on 
signal integrity but also on secure communication protocols and robust 
hardware architectures. Unverified datasets and vulnerable hardware 
implementations expose systems to adversarial manipulation, compro
mising real-time data integrity [51,52]. Future work should explore 
tamper-resistant designs and cryptographic safeguards to mitigate these 
risks in civil infrastructure applications.

Future Research Directions
1. Anti-stiction for MEMS Sensors 

a. Develop protective coatings or hydrophobic surface treatments to 
reduce condensation effects

Fig. 11. Monitoring changes of internal relative humidity at the steel-concrete interface with RFID MEMS sensors in concrete specimens with 25 nominal cover depth 
during exposure to 65 % RH following oven drying at 50 ◦C, along with c) the simulated variation of RH throughout the wetting process for sample with w/c ratio of 
0.55 cured for 14 days.

Table 4 
Comparative Analysis of Sensor Technologies for Monitoring Moisture.

Technology Piezoelectric Capacitive Fiber Optic Microwave Resistivity RFID MEMS

Monitoring at SCI No No No No No Yes
Wireless operation No Yes No No No Yes
Operational Conditions − 15–60 ◦C − 40–100 ◦C 0–60 ◦C 20–40 ◦C 3–105 ◦C − 40–120 ◦C
Fabrication Complexity Moderate High (cleanroom) Very high Moderate Moderate Low
Integration Complexity Low Medium High Low Medium Low
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b. Investigate dynamic self-cleaning mechanisms to prevent stiction 
and hysteresis

c. Assess long-term durability under high humidity (> 93 % RH)

2. Wireless Communication 

a. Study the impact of reinforcing steel (geometry and composition) on 
RFID sensor performance

3. Security and Reliability 

a. Implement tamper-resistant hardware designs for structural health 
monitoring

b. Integrate cryptographic protocols to ensure secure data transmission
c. Address vulnerabilities in real-time data integrity and adversarial 

threats

5. Conclusions

This study examined the feasibility of embedding RFID MEMS sen
sors in 3D-printed reinforcement spacers to monitor relative humidity at 
the steel-concrete interface (SCI) non-destructively. The main findings 
are as follows: 

a) The 3D-printed enclosure provides sufficient protection to the 
embedded RFID MEMS sensor and wireless communication range. It 
has adequate mechanical properties to support reinforcing steel and 
act as a reinforcement spacer. Compared to conventional methods 
this innovation enables the integration of RFID MEMS sensors with 
3D-printed enclosures, allowing them to function both as reinforce
ment spacers in concrete and as real-time monitoring devices.

b) RFID MEMS sensors provide precise and non-destructive measure
ments of relative humidity with a maximum difference of ± 2 % for 
exposure humidity up to 90 % RH. However, a reduction in precision 
with a deviation of 6 % was observed in environments above 93 % 
RH. This decline in performance may result from moisture accumu
lation on the sensing element, which can lead to condensation- 
induced stiction and increased pull-off forces.

c) The wireless communication range was not significantly affected by 
submerging the concrete in water or by increasing the cover depth up 
to 100 mm. However, a reduction in communication distance was 
observed when tilting the RFID MEMS sensor away from the RFID 
reader. This effect arises from a polarization mismatch between the 
transmitting and receiving antenna- a well-documented constraint in 
RFID systems that reduces signal coupling efficiency when antenna 
orientations are misaligned.

d) The proposed method can detect changes in moisture state at the SCI 
depending on the concrete type and exposure environment. A slower 
rate of increase (or decrease) in relative humidity was observed in 
concrete specimens with a lower w/c ratio or longer curing age, 
when subjected to wetting (or drying). This is attributed from the 
denser microstructure, which impedes moisture transport. These 
findings can enable composition-specific corrosion risk evaluation by 
providing quantitative relationships between material properties, 
environmental exposure, and moisture dynamics at the SCI.
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