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A B S T R A C T

Self-powering and self-sensing concrete materials are critical for advancing intelligent civil infrastructure, 
particularly in powering various sensors used in structural health monitoring (SHM). This study developed an 
integrated cement-based triboelectric nanogenerator (TENG) and piezoresistive self-sensing sensors using fully 
cured nano carbon black (NCB)-reinforced cement mortar. In the cement-based TENG (CBTENG), a thin cement 
plate served as the positive triboelectric layers, while a polytetrafluoroethylene (PTFE) plate served as the 
negative triboelectric layers. The electrical output voltage increased with both the loading frequency and surface 
contact area. At a frequency of 4.0 Hz, the 40 mm × 40 mm × 5 mm CBTENG generated a short-circuit current of 
8.2 μA and an open-circuit voltage of up to 113 V. This output was sufficient to recharge a 10 µF capacitor to 
0.32 V within 25 seconds after rectification. A comparison of the triboelectric performance of CBTENGs with 
different surface areas revealed that larger specimens had a lower percentage of effective contact area. This was 
attributed to the uneven surfaces of both the cement-based and PTFE plates, as well as small protrusions and 
holes on the cement-based surface. The piezoresistive cement-based sensors demonstrated excellent self-sensing 
capabilities under various loading amplitudes, rates, and conditions, including both compression and bending. 
These sensors performed effectively whether used independently or embedded inside concrete beams. These 
findings pave the way for self-powering and self-sensing structure systems, leveraging triboelectric and piezor
esistive effects to power sensors in smart civil infrastructure and SHM applications.

1. Introduction

Civil infrastructure is frequently subjected to external mechanical 
loadings such as those from vehicles, pedestrians, vibrations, wind, 
water flow, ocean waves, etc. These mechanical loadings often cause 
structural cracks and even failure. Hence, it is necessary to propose 
novel methods for the structural health monitoring (SHM) of civil in
frastructures. The cement-based sensor is created by incorporating 
conductive fillers into widely used cementitious materials, transforming 
them into sensors with piezoresistive properties [1–4]. This sensor 
monitors the external loads applied to the cement matrix by detecting 
changes in conductivity, which result from the relative movement of the 
conductive fillers within the matrix [5–8]. In addition to the monitoring 

of these mechanical loadings, if solutions could be employed to mitigate 
and harness the mechanical energy, it would not only protect the 
infrastructure but also have the chance to efficiently utilize the applied 
mechanical energy. Triboelectric nanogenerators (TENGs), which 
convert mechanical energy into electrical energy through the tribo
electric effect and electrostatic induction, represent an innovative en
ergy harvesting technology [9–12]. Integrating cement-based sensors 
and TENG technology with civil infrastructure holds the potential to 
capture the mechanical energy applied to these infrastructures and 
convert it into electrical energy for powering cement-based sensors. This 
approach could significantly reduce the electrical energy required for 
infrastructure operation, thereby contributing to the goals of carbon 
emission reduction and sustainable development in civil engineering.
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Cement-based sensors have emerged as promising technology in the 
field of SHM. These sensors are designed to be integrated directly into 
concrete structures, allowing for real-time monitoring of stress, strain, 
and damage. Early research focused on embedding conductive mate
rials, such as carbon fibers or steel fibers, into the cement matrix to 
create a piezoresistive effect, where changes in electrical resistance 
correspond to mechanical stresses [13–16]. Through the years, de
velopments in nanotechnology have further enhanced the sensitivity 
and accuracy of these sensors, leading to the incorporation of nano
materials like graphene, carbon nanotubes, and nano carbon black 
(NCB) in cement-based sensors [17–21]. However, like other sensors, 
cement-based sensors require an external power supply to monitor the 
electrical conductivity of the cement matrix.

The concept of TENG was first introduced in 2012, when researchers 
sought to develop a sustainable and efficient method for harvesting 
ambient mechanical energy from sources such as human motion, vi
brations, and environmental forces [22–24]. The ability of two objects to 
generate charges through friction is influenced by various factors, 
including the surface properties, environmental conditions, dielectric 
properties, and electrical conductivity of the materials. Nanomaterials 
with high surface energy facilitate charge transfer, thereby increasing 
the generation of triboelectric charges. Studies have found that the 
incorporation of nano TiO2 [25] or NCB [26] into TENG can enhance 
surface energy greatly. Additionally, increased surface roughness en
larges the actual contact area of triboelectric layers, which boosts the 
generation of triboelectric charges. Hence, a material with a high 
dielectric constant and low electrical conductivity can enhance tribo
electric efficiency.

Cement-based TENG (CBTENG) can be applied in buildings, roads, 
bridges, and other infrastructure to enable large-scale mechanical en
ergy harvesting and utilization. Compared to traditional triboelectric 
materials, cement-based materials offer advantages such as high 
strength, low cost, abundant resources, and high durability. There has 
been limited research on using cement-based materials as positive 
triboelectric material, and the findings showed that the modified 
cement-based TENG with TiO2 can generate a much higher voltage of 
102.8 V and power density of 265 mW/m2 compared to other materials 
such as glass, nylon, aluminum, and copper [27]. The addition of rubber 
into cementitious materials can alter the electrical conductivity and 
dielectric properties [28–30]. Despite the reduction in dielectric con
stant, rubber modified cement-based TENG can still enhance triboelec
tric performance, attributed to the increased surface area and friction 
coefficient provided by the rubber particles [31]. With a proper dosage 
of 0.04 wt% NCB, the nanoengineered cement paste has been demon
strated with excellent triboelectric properties, whose voltage and power 
density can reach 110 V and 2.13 W/m2, respectively [32]. However, the 
studies on CBTENG used cementitious materials cured for 7 days, which 
does not reflect the actual conditions of concrete applications. Although 
Dong et al. [33] achieved the fully cured CBTENG with a short-circuit 
current and open-circuit voltage peaking at 3.62 µA and 279.4 V, the 
cement materials with real-world characteristics are more required to 
fully understand their sensing and energy harvesting performance in 
civil infrastructures.

To address this gap, this work employs cement-based materials that 
closely mirror those used in real civil infrastructure, investigating the 
performance of fully cured CBTENG. Nano carbon black (NCB) was 
incorporated into the cement matrix to enhance their dielectric and 
conductive properties, thereby improving their performance as tribo
positive materials when paired with polytetrafluoroethylene (PTFE) as 
the tribonegative layer for TENGs [48,49]. In addition, the piezoresistive 
self-sensing performances of NCB filled cement-based sensors were also 
investigated when subjected to various loadings. In terms of triboelectric 
self-powering performance, it was found that the output voltage in
creases with loading frequency. Additionally, small protrusions and 
holes present on the cement-based surface contribute to an increased 
surface contact area, enhancing the output of TENG. For piezoresistive 

self-sensing characteristics, the electrical resistance changes of 
cement-based sensors correlate well to the applied forces whether in 
direct loading conditions or in embedded applications. This study aims 
to explore the feasibility of integrating self-powering and self-sensing 
capabilities into civil infrastructure through innovative NCB filled 
cementitious materials. Our goal is to provide new insights and ad
vancements for the development of future smart cities, contributing to 
more sustainable and technologically advanced urban environments 
[50,51].

2. Experimental details

2.1. Chemicals and materials

Portland cement with a 10 % replacement ratio by silica fume is the 
binder material. The addition of extremely fine silica fumes can fill the 
micro-voids in the cement matrix to enhance the density and mechanical 
strengths. The commercial river sand was used as fine aggregate, with a 
well-graded particle size from 75 µm to 4.75 mm and a sand-to-binder 
ratio of 2.0. NCB produced from Xinxiang Deron Chemical Co, Ltd, 
China is used to ameliorate the dielectric and conductive properties of 
cement matrix, and its physical and chemical properties are listed in 
Table 1. The high-range water reducer purchased from SIKA Australia 
Co., Ltd. has been applied to assist NCB dispersion and improve the 
workability of the cement matrix. The amount used is 0.8 % by weight of 
binder. Deionized water is used to mix the cementitious materials. 
Additionally, other materials for installing the CBTENG include the 
insulated acrylic substrate, elastic foam, nickel foam electrode, epoxy 
adhesive, conductive glue, and another triboelectric polytetrafluoro
ethylene (PTFE) layer. The PTFE plate is purchased from the PURESHI 
Co., Ltd, China; the elastic foam is obtained from the SHOWJIE Co., Ltd, 
China and the nickel foam is from the Kunshan Bozuan New Material 
Co., Ltd, China. The epoxy adhesive is purchased from Selleys Co., Ltd, 
Australia. The PTFE is selected as a negative triboelectric layer due to its 
excellent electron affinity. The physical and chemical properties of PTFE 
are listed in Table 2. Since highly conductive materials tend to facilitate 
charge transfer during friction and lead to rapid charge neutralization, it 
prevents the accumulation of triboelectric charges and reduces tribo
electric efficiency. Therefore, the NCB content must be within the 
percolation threshold in cementitious materials. Based on the previous 
studies, the dosage of 0.5 % NCB is appropriate to improve the relative 
dielectric constant of cementitious materials without enhancing their 
electrical conductivity significantly [29].

2.2. Production of cement matrix and cement-based sensor

The fabrication of cement-based sensors has been introduced in the 
authors’ previous studies, as illustrated in Fig. 1. The first step is the 
preparation of NCB Suspension. The NCB is prepared and dispersed in a 
water reducer solution. The purpose of this step is to achieve a uniform 
and stable suspension, which is crucial for ensuring consistent distri
bution of NCB within the cement matrix. The dispersion of NCB was 
achieved through a combination of mechanical stirring and chemical 
dispersion methods. Initially, prepare the aqueous solution required for 
the cement-based mortar production and add an appropriate amount of 
water reducing agent. In addition to improving the workability of the 
slurry, the water reducing agent also aids in dispersing the NCB [34]. 
Add the NCB to the solution while stirring mechanically for 5 minutes to 

Table 1 
Physical and chemical properties of nano carbon black.

Particle 
size (nm)

Resistivity 
(Ω⋅cm)

Pour 
density 
(g/l)

DBP 
(ml/ 
100 g)

Surface 
area (m2/ 
g)

pH Ash 
content 
(%)

20 < 0.43 0.375 280 254 7.5 < 0.3
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ensure no visible NCB agglomerates and air bubbles. Subsequently, 
insert an ultrasonic probe into the solution to further disperse the NCB 
suspension using ultrasonication for 30 minutes. The second step is to 
mix cementitious materials of cement and silica fume with NCB sus
pension. The cement, 10 % silica fume and sand mixture have been 
pre-mixed before being added to the dispersed NCB suspension. The 
cement acts as the primary binder, while the silica fume serves as a 
supplementary cementitious material, enhancing the overall perfor
mance of the cementitious composite. The mixing process is carried out 
thoroughly to ensure that the NCB is evenly distributed within the 
cementitious matrix, resulting in a homogenous cement slurry, as 
detailed in [35,36]. The homogenous cement slurry is then poured into 
pre-oiled steel molds. The oiling of the molds is an essential step to 
facilitate easy demolding, and to avoid any adhesion of the cement 
slurry to the mold surfaces. During the casting process, copper elec
trodes are embedded into the cement slurry. These electrodes are critical 
components that allow the resulting cementitious composite to function 
as a sensor by enabling the measurement of its electrical properties. 
After the cement slurry is poured into the molds and the electrodes are 
embedded, the mixture is allowed to be cured in a standard curing 
chamber at 23 ± 2 ◦C and humidity of 95 % until 28 days, forming solid 
cement-based sensors. These sensors are then demolded and undergo 
further processing or testing as needed.

2.3. Fabrication of CBTENG

Before fabricating CBTENG, it is necessary to cut the hardened 
cementitious specimens to specified dimensions. This study investigates 
the cement-based triboelectric layers at the sizes of 10 × 10 × 5 mm, 
20 × 20 × 5 mm, 40 × 40 × 5 mm. To ensure optimal adhesive per
formance, the surfaces of acrylic substrate, cement mortar, and PTFE 
were thoroughly cleaned. Subsequently, the cement mortar, PTFE, and 
elastic foam were glued to the acrylic substrate, respectively. The glued 
components were left undisturbed at room temperature for at least half 
an hour. It is of significance to maintain the surface smoothness of the 
PTFE and acrylic substrate during this process to prevent any reduction 
in triboelectric effect caused by surface curvature. Additionally, the 
elastic foam was parallel to each other and perpendicular to the acrylic 
substrate to prevent instability and potential buckling damage during 
repeated loading. The abovementioned glue was a traditional epoxy 

adhesive, but the nickel foam working as electrodes of the cement-based 
layer was glued by the conductive adhesive, to eliminate the contact 
resistance between nickel foam and cement matrix. The components and 
final product of CBTENG can be found in Fig. 2.

2.4. Characterizations

All the tests are conducted for the fully cured cementitious materials 
after 28 days of curing. The compressive strength measurement is con
ducted on the cubic cementitious materials by a compression machine, 
along with a strain gauge attached to measure the deformation and 
compressive strain. Three duplicates are measured to obtain the average 
strength and deformation. The micromorphology of the cement matrix is 
observed by scanning electron microscope (SEM).

The CBTENG is designed to operate with a single electrode under a 
vertical contact-separation mode. It includes a bottom cement-based 
triboelectric layer and a top triboelectric PTFE layer. As shown in 
Fig. 3a, the experimental setup for the triboelectric self-powering test 
consists of several key components: a linear motor, a moving bed, a force 
cell, a current preamplifier, an oscilloscope, and a laptop for data 
acquisition. The moving bed, driven by the linear motor (Zaber 
LSQ450B-T3A), facilitates the relative motion between the cement plate 
and the PTFE plate. The current preamplifier collects the electrical sig
nals generated by the triboelectric effect during the interaction between 
the cement and PTFE plates. The oscilloscope records the voltage output, 
which is displayed in real-time on the laptop screen. The maximum 
amplitudes of voltage and current, rather than their peak-to-peak values 
are collected as final results, as they represent the highest achievable 
energy output of CBTENG. A constant impact load of 10 N at varying 
frequencies from 1/2–4 Hz was applied in the triboelectric performance 
tests. All the tests are carried out in the environment with a temperature 
of 25 ◦C and relative humidity of 50 %.

As shown in Fig. 3b, the experimental setup for testing the piezor
esistive self-sensing capabilities of the cement-based sensor involves a 
compression machine, a power supply, a resistor, multimeters, and the 
cement-based sensor with embedded electrodes. Electrical resistance is 
measured by direct current (DC) after the polarization gradually 
weakens. The cement-based sensor is connected to a circuit that includes 
a resistor and is monitored by multimeters to measure the change in 
electrical resistance under different loading conditions. The self-sensing 

Table 2 
Physical and chemical properties of PTFE plate.

Specific gravity (g/ 
cm3)

Dynamic friction coefficient 
(g/l)

Thickness 
(mm)

Service temperature 
(◦C)

Elongation 
(%)

Compressive strength 
(MPa)

Flexural strength 
(MPa)

2.2 0.06 2 − 200–260 150–400 12 13.7–34.3

Fig. 1. Fabrication procedures of NCB filled cement-based sensors.
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performance is evaluated by applying uniaxial cyclic compression 
directly on the cement-based sensors, and then further explored on its 
self-sensing performance embedded into concrete beams. The effects of 
loading amplitude, loading rate, and holding period on the stability and 
reversibility of cement-based sensors are investigated.

3. Results and discussions

3.1. Triboelectric capability

As schematically illustrated in Fig. 4a, the working mechanism of 
CBTENG initially originates from contact electrification. When the PTFE 
plate contacts with the cement-based plate under pressure, electrons 
transfer from the cement plate to the PTFE plate because of the higher 
electron affinity of PTFE. This transfer results in the cement plate 
acquiring positive charges and the PTFE plate obtaining equal negative 

charges (Fig. 4a, ii). When the forces are released and the PTFE plate 
moves away from the cement-based plate, electrostatic induction starts 
to play the dominant role. In the positively charged cement-based plate, 
it attracts the electrons in the nickel foam electrode toward the cement- 
nickel foam interface, forming an electrical double layer (EDL) structure 
at the interfaces. Therefore, when the nickel foam is connected to the 
ground and establishes an open circuit, electrons can continuously flow 
from the ground to the nickel foam until the circuit reaches a neutral 
state (Fig. 4a, iv).

The repeated contact and separation of the PTFE plate and cement- 
based plate will generate a series of alternative currents (AC). Under 
the constant load of 10 N, the voltage was measured for the CBTENG 
with different surface areas at varying loading frequencies. Considering 
that civil engineering structures are typically subjected to low-frequency 
loads, the loading frequency was set between 1/2 Hz and 4 Hz. As dis
played in Fig. 4b, the voltage of 10 × 10 × 5 mm cement-based TENG 

Fig. 2. Components, configuration and final product of self-powering cement-based TENG.

Fig. 3. Experimental setup and schematic plot for the triboelectric self-powering and piezoresistive self-sensing tests.
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Fig. 4. Single-electrode mode of cement-based TENG and the output voltage: (a) schematic plot of triboelectric mechanism in the cement-based TENG; (b) voltage of 
10 × 10 × 5 mm3 cement-based TENG under various load frequencies; (c) voltage of 20 × 20 × 5 mm3 cement-based TENG under various load frequencies; (d) 
voltage of 40 × 40 × 5 mm3 cement-based TENG under various load frequencies.

Fig. 5. Output short-circuits current and open-circuit voltage of 40 × 40 × 5 mm3 cement-based TENG under various load frequencies: (a) to (d) short-circuit 
currents at the loading frequencies of 1/2, 1, 2, and 4 Hz, respectively; (e) to (f) open-circuit voltages at the loading frequencies of 1/2, 1, 2, and 4 Hz, respec
tively; (i) to (l) voltage, current and power density outputs with various resistors at the loading frequencies of 1/2, 1, 2, and 4 Hz, respectively.
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reached 6.7, 6.8, 8.4, and 9.2 V, respectively at the frequencies 1/2, 1, 2, 
and 4 Hz. The increase in loading frequency leads to a higher voltage 
because higher frequencies result in more frequent contact and separa
tion cycles between the layers, which enhances the charge transfer and 
accumulation, thereby increasing the overall triboelectric voltage. The 
triboelectric performances of 20 × 20 × 5 mm and 40 × 40 × 5 mm 
cement-based TENGs are shown in Fig. 4c and Fig. 4d, respectively. The 
triboelectric voltage is higher than that of the smallest plate, reaching 
11.8, 12.0, 13.5, and 16.7 V at the frequencies 1/2, 1, 2, and 4 Hz, 
respectively. The highest triboelectric voltages are generated for the 
largest cement-based plate with the values reaching 23.1, 23.3, 25.1, 
and 30.5 V at various frequencies. The finding indicates that the voltage 
increases with the surface area of the plates, but the changing mode is 
not linear. The former is easily understood, as larger surface areas pro
vide more contact points, thereby increasing the amount of charge 
generated during each contact and separation process. In terms of non- 

linearity, there are several potential reasons. First, the cement matrix is 
inhomogeneous on a micro-scale with multiple phases such as calcium 
silicate hydrate (C-S-H), ettringite (AFt), calcium hydroxide (CH), etc. 
These materials have various electronegativity values and triboelectric 
capabilities. Second, the larger surface area increases the capacitance of 
the cement matrix. As capacitance increases, the voltage does not in
crease proportionally to the charge, leading to a non-linear relationship 
in voltage increase [37]. Third, the PTFE is usually flexible, but the 
cement-based plate is solid without remarkable deformation ability, 
hence, their contact quality is dependent on the smooth and surface 
conditions of the two plates. The detailed discussion will be displayed in 
Section 3.4.

The 40 × 40 × 5 mm3 CBTENG with the highest voltage output is 
selected to investigate their short-circuit current and open-circuit 
voltage at various frequencies. Fig. 5 illustrates the output current and 
voltage under various load frequencies. The analysis is divided into two 

Fig. 6. Piezoresistive stress sensing performance of NCB filled cement-based sensor: (a) in different compressive stress magnitudes; (b) resistance to stress changes; 
(c) at three duplicated stress cycles; (d) in different loading rates; (e) holding without stress and holding at a constant stress of 5 MPa; (f) in different compressive 
stress magnitudes when embedded at a concrete beam; (g) in different flexural stress magnitudes when embedded at the tension zone; (h) flexural damage sensing 
performance.
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main parts: short-circuit current and open-circuit voltage, both evalu
ated at loading frequencies of 1/2, 1, 2, and 4 Hz. The short-circuit 
current generated by the CBTENG at different frequencies is shown in 
Fig. 5a to d. As the frequency increases from 1/2 Hz to 4 Hz, the 
amplitude of the short-circuit current exhibits a noticeable increase from 
approximately 5.3 μA to 8.2 μA. This suggests that the current output is 
positively correlated with the loading frequency, which is consistent 
with the principles of triboelectric energy generation where higher 
frequencies induce more frequent contact-separation cycles, leading to 
increased charge transfer and thus higher current output [38,39]. Fig. 5e 
to h display the open-circuit voltage output at the same loading fre
quencies. Similar to the short-circuit current, the voltage output also 
increases with frequency. At 1/2 Hz, the average voltage peak is around 
78 V, which gradually increases with frequency to nearly 113 V. The 
observed increase in open-circuit voltage with frequency can be attrib
uted to the enhanced triboelectric effect at higher frequencies, where 
more rapid motion results in more frequent contact and separation be
tween the triboelectric layers, thereby generating higher voltages [40, 
41]. In terms of the power density of CBTENG, it is determined by 
recording the output voltage and current of the CBTENG, which is 
connected to a series of resistors with values of 1 kΩ, 10 kΩ, 100 kΩ, 1 
MΩ, 10 MΩ, 100 MΩ, and 1 GΩ. Fig. 5i to l exhibit the voltage, current, 
and power density at the loading frequencies of 1/2, 1, 2, and 4 Hz, 
respectively. Across all frequencies, the output voltage increases and 
current decreases with higher resistance, and the power density curves 
display a clear peak at an intermediate resistance value, indicating an 
optimal energy transfer with a specific resistance. Especially, the highest 
power density increases from 39 to 83 mW/m2 as the loading frequency 
increases from 1/2–4 Hz.

3.2. Piezoresistive self-sensing capability

Fig. 6 presents the piezoresistive self-sensing cement-based sensors 
in various scenarios including different loading magnitudes, loading 
rates, stability, repeatability, and whether embedded inside the concrete 
beam or not. In Fig. 6a, the cement-based sensor exhibits a clear pie
zoresistive effect, where the change of electrical resistance correlates 
well with the applied compressive stress. The resistance of the cement 
matrix decreases as the stress increases. This is because the NCB particles 
in the cement matrix are compressed under compressive stress, causing 
them to move closer to each other. The black curve representing resis
tance change closely follows the red stress curve reaching nearly 7.5 % 
when the stress reaches 12.5 MPa, indicating that the cement-based 
sensor reliably responds to different levels of compressive stress. 
Fig. 6b illustrates the relationship between resistance changes and 
applied stress, demonstrating an almost linear correlation between 
resistance variation and compressive stress. This suggests the sensor’s 
potential for detecting varying levels of compressive stress in real-time 
applications. Fig. 6c demonstrates the sensor’s performance over three 
duplicated stress cycles of 5 MPa, which is within the elastic range of 
cementitious composite. The cement-based sensor maintains a consis
tent response, evidenced by the repetition of the resistance change 
across stress cycles. This consistency highlights the reliability and 
repeatability of the cement-based sensor’s performance, which is crucial 
for practical applications requiring sustained monitoring. Fig. 6d shows 
the sensing performance under three varying loading rates. The resis
tance change shows a strong correlation with the stress curve across 
different loading durations. It demonstrates that self-sensing perfor
mance is independent of the loading rate, which indicates its robustness 
and adaptability to different dynamic conditions. Fig. 6e explores the 
cement-based sensor’s behavior during a holding phase with no stress 
applied while maintaining a constant stress of 5 MPa. Resistance re
mains stable during the holding period without stress, and the response 
under constant stress further validates the sensor’s stability and accu
racy under steady-state conditions.

Fig. 6f shows the cement-based sensor’s performance when 

embedded in a concrete beam under different compressive stress mag
nitudes. Although the force is applied to the concrete beam rather than 
directly to the cement-based sensor, the stress transfer causes the 
embedded cement-based sensor to experience compressive stress, 
thereby reducing its electrical resistance. The change of resistance 
closely mirrors the stress variations, confirming the sensor’s effective
ness even when integrated into structural components. This demon
strates its potential application in SHM, where real-time stress detection 
within concrete structures is critical. However, it is noteworthy that the 
change in resistance is smaller than that subjected to direct load, indi
cating a reduction in the force acting on the cement-based sensor. This 
reduction can be attributed not only to the surrounding cement matrix 
bearing part of the load but also to the load transfer and the interface 
between the sensor and the cement matrix, both of which affect the 
sensor’s sensitivity. Fig. 6g investigates the cement-based sensor’s 
response to different flexural stress magnitudes at a three-point bending 
test when embedded in the tension zone of a concrete beam. The sensor 
effectively captures the variations in flexural stress, as indicated by the 
close alignment between the resistance change and flexural stress 
curves. It suggests that the cement-based sensor can be used for moni
toring the flexural stress of concrete beams. Considering that concrete 
beams are most susceptible to bending failure, Fig. 6h assesses the 
cement-based sensor’s behavior in detecting flexural damage. The 
gradual increase in both stress and resistance changes as loading time 
suggests that the sensor can monitor the onset and progression of 
damage. The increase of resistance is mainly due to the generation of 
micro cracks. As the concrete beam reaches the failure, the resistance 
value suddenly increases, which is caused by the generation of main 
cracks and the disruption of the conductive pathways within the cement- 
based sensor [42,43]. The linear correlation between stress and resis
tance further emphasizes the sensor’s potential for early damage 
detection, which is vital for preventive maintenance in structural 
applications.

3.3. Mechanical, micro and charging properties

The mechanical properties of cement-based materials are crucial for 
their safe application in pavements and structures. Fig. 7a depicts the 
stress-strain curve of cubic cement-based materials under uniaxial 
compression, showing a high compressive strength exceeding 50 MPa 
and elastic modulus around 20 GPa, which meets the requirements for 
most applications. Due to its unique characteristics of heat release 
during hydration, cement-based materials often develop various sizes of 
voids both on their surface and internally. This can be evidenced by the 
SEM images regarding the surface of the cement-based layer as depicted 
in Fig. 7b. Previous studies have indicated that surficial porosity can 
increase the effective surface area of TENG, rendering the surface 
rougher and facilitating charge separation [44]. Hence, the surficial 
microstructures of cement-based triboelectric layer provide a favorable 
factor for the development of the CBTENG. Fig. 7c illustrates the 
equivalent circuit for charging a commercial 10 μF capacitor using a 
CBTENG. Since the generator produced AC, a rectifier was employed to 
convert the output AC into DC.

The charging rate of 40 × 40 × 5 mm3 CBTENG at various load 
frequencies is displayed in Fig. 7d. It shows that the CBTENG can charge 
up a 10 μF capacitor to 0.32 V in approximately 250 s at the load fre
quency of 1 Hz. As the frequency increases to 2 Hz, the charging time 
rapidly decreases to approximately one-fifth of the original, reaching 
nearly 48 s. With further increases in frequency to 3 Hz and 4 Hz, the 
charging time continues to decrease, but the reduction is much less 
significant than before. The fastest charging rate occurs at the frequency 
of 4 Hz in around 25 s. For the 20 × 20 × 5 mm3 CBTENG, the charging 
time is nearly 300 s to reach 0.32 V. The other trends remain consistent 
with previous observations: as the frequency increases, the charging 
time decreases. However, the rate of reduction slows as the frequency 
rises to 4 Hz (Fig. 7e). It is worth noting that only the results at the 
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frequencies of 3 Hz and 4 Hz are plotted for the 10 × 10 × 5 mm3 

CBTENG, due to the low frequency 1 Hz and 2 Hz never rise the voltage 
to the specific value (Fig. 7f). At low frequencies, the time interval be
tween each cycle is longer, allowing more time for charges to leak or 
dissipate through various pathways, such as environmental humidity, 
leakage paths within the material, or resistance at the contact interface 

[45]. Additionally, at low frequencies, surface charges have more time 
to redistribute and return to equilibrium, which prevents charge accu
mulation and voltage growth [46]. Fig. 7g shows the relationship be
tween charging time and load frequency. To charge up the 10 μF 
capacitor to 0.32 V, the 10 × 10 × 5 mm3 CBTENG struggles to charge 
the capacitor to the specified voltage at low frequencies. At the 

Fig. 7. Mechanical, microstructural and charging performances of cement-based TENG: (a) compressive stress-strain curve of cubic cement matrix; (b) micro
morphology on the surface of cement-based plate; (c) circuit to charge capacitor by cement-based TENG; (d) to (f) charging rate of the cement-based TENG with 
surface areas of 10 × 10, 20 × 20 and 40 × 40 mm2 under various frequencies; (g) charging time to frequency.

Fig. 8. Various contact states between PTFE and cement-based triboelectric layers.
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frequency of 1 Hz, it takes over 600 s to reach 0.32 V. The 
20 × 20 × 5 mm3 and 40 × 40 × 5 mm3 CBTENGs can charge much 
faster, and there is no significant difference in their charging times 
especially at the high frequency.

3.4. Mechanism discussion

3.4.1. Triboelectric self-powering capability
The experimental results indicate that the power generation effi

ciency of CBTENG does not increase proportionally with surface area. 
Given that the dimensions of civil engineering structures typically range 
from a few centimeters to meters and kilometers, it is meaningful to 
investigate the optimal size of cement-based triboelectric nano
generators for future practical applications. The contact state between 
the PTFE and cement-based triboelectric layers is the first foundational 
factor that should be addressed. Fig. 8a to f illustrate all the potential 
contact states in the CBTENG. From a macroscopic perspective, it can be 
assumed that the two plates are in complete contact (Fig. 8a). However, 
at the microscopic level, the contact between the cement-based and 
PTFE plates is highly dependent on the surface condition of the cement 
matrix and the smoothness of the PTFE plate, hence, their contact can be 
considered as the integration of all those situations in Fig. 8.

Due to its low stiffness, PTFE plates are prone to bending, especially 
under long-term cyclic loading, which inevitably affects their curvature. 
In contrast, cementitious materials, characterized by higher stiffness and 
strength, are unlikely to undergo permanent deformation under pres
sure. Therefore, their relative contact states can be exhibited in Fig. 8b 
and c. In the case of the cement-based triboelectric layer, inclined sur
faces are present whether during the casting or cutting processes in 
Fig. 8d. The inclination alters the contact pattern between the two 
surfaces, reducing the contact area and resulting in uneven contact. This 
can cause an uneven distribution of triboelectric charges, thereby 
affecting the efficiency of power generation. Moreover, the surface of 
the cement-based layer is not completely smooth, particularly in the 
presence of aggregate. Hence, small protrusions or holes may occur due 
to the prominence of the aggregate or its detachment (Fig. 8e and f). The 
surficial protrusions can increase the number of contact points, poten
tially enhancing the output voltage and current of the CBTENG. How
ever, excessively large protrusions may reduce the contact area in the 
surrounding regions and intensify the mechanical wear of the TENG 
device. Conversely, the surficial holes decrease the contact area, leading 
to a more concentrated charge distribution, which is detrimental to the 
overall charge transfer efficiency.

This study does not address the effects of varying pressures on the 

triboelectric efficiency of CBTENGs. However, it is evident that higher 
pressure increases the effective contact area between the two layers, 
thereby enhancing the rate of charge generation. In terms of the size of 
CBTENG, larger surfaces are more likely to have the abovementioned 
defects, protrusions, holes, and are more prone to bending. Conversely, 
contact points on smaller scales tend to fit more precisely. This explains 
why cement-based triboelectric nanogenerators with sizes of 20 cm and 
40 cm exhibit similar charging speeds for a 10 µF capacitor under 
relatively high-frequency conditions.

3.4.2. Piezoresistive self-sensing capability
Fig. 9 illustrates the conductive and piezoresistive mechanisms of 

NCB filled cement-based sensors under various loading conditions. 
Initially, the cement-based sensor is in its intact state with uniformly 
distributed NCB particles (Fig. 9a). At this stage, the NCB particles are 
not influenced by external load, which means there is no significant 
change in the conductive pathways within the cement matrix. When the 
cement-based sensor is subjected to compression, the NCB particles get 
closer to each other, leading to the formation of new conductive path
ways (depicted by red dashed lines in Fig. 9b). The well-maintained 
electrical resistance in the holding period demonstrates the stable con
tact between NCB particles. The approached NCB particles enhance the 
sensor’s electrical conductivity due to the improved contact between 
NCB particles, which contributes to the piezoresistive effect. As the 
particles approach each other, the resistance decreases, which can be 
detected and measured as a response to the compressive load. On the 
contrary, the conductive pathways are disrupted, leading to an increase 
in electrical resistance under tensile stress, where the NCB particles 
within the cement matrix begin to separate (Fig. 9c). During a three- 
point bending test, the cement-based sensor experiences both 
compression and tension simultaneously (Fig. 9d). In the compression 
zone, the NCB particles approach each other, similar to the behavior in 
Fig. 9b, forming new conductive pathways. Conversely, in the tension 
zone, the NCB particles move apart, leading to disrupted conductive 
pathways. This dual behavior creates a complex piezoresistive response, 
with varying resistance depending on the location within the sensor 
[47]. In other word, the resistance decreases in the compression zone, 
while it increases in the tension zone. The overall resistance output is the 
sum of these two effects. Overall, it demonstrates the cement-based 
sensor’s sensitivity to different types of mechanical loads, with distinct 
conductive and piezoresistive mechanisms depending on whether the 
sensor is in compression, tension, or bending. The movement of NCB 
particles in response to external forces is the key factor in altering the 
electrical properties of the cement-based sensor, making it a valuable 

Fig. 9. Conductive and piezoresistive mechanism of NCB filled cement-based sensors in various loading conditions: (a) the intact cement-based sensor; (b) the 
compressed cement-based sensor; (c) the cement-based sensor in tension; (d) the cement-based sensor in three-point bending test.
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alternative for SHP and other applications.

4. Conclusions

This study first developed the triboelectric self-powering and pie
zoresistive self-sensing cement-based sensors based on the NCB filled 
cementitious materials. The triboelectric test was conducted on the fully 
cured NCB reinforced thin cement plate and PTFE plate. The piezor
esistive test was carried out on the individual cement-based sensor with 
embedded electrodes and concrete beams with embedded cement-based 
sensors. Some key conclusions are listed below: 

(1) The triboelectric properties of fully cured cement substrates 
closely mimic their civil engineering applications, promoting the 
potential use of CBTENG in pavements and structures. The 
voltage output firmly relates to the loading frequency, showing 
an increasing tendency with the increase of frequency. At a fre
quency of 4 Hz, the 40 × 40 × 5 mm3 CBTENG can generate a 
peak AC voltage of up to 30.5 V.

(2) The short-circuit current and open-circuit voltage of 
40 × 40 × 5 mm3 CBTENG can reach up to 8.2 μA and 113 V at 
the frequency of 4 Hz, which is able to recharge a 10 µF capacitor 
to 0.32 V within 25 seconds after being rectified to DC. The 
compressive strength and microstructures of NCB filled cemen
titious composites also exhibit satisfactory mechanical and NCB 
dispersion properties.

(3) In terms of piezoresistivity, the NCB filled cement-based sensor 
demonstrates consistent and reliable piezoresistive responses 
across various loading conditions. Its ability to detect both 
compressive and tensile stresses, as well as its performance in 
structural elements like concrete beams, highlights its potential 
for real-world applications in structural health monitoring and 
damage detection.

(4) The findings also demonstrated that larger specimens exhibit a 
lower percentage of effective contact area due to the uneven 
surfaces of both the cement-based and PTFE plates, as well as the 
small protrusions and holes on the cement-based surface. 
Therefore, it is necessary to further investigate the specific di
mensions of CBTENG to maximize power generation while 
ensuring minimal impact on their mechanical, durable and other 
properties.

(5) The movement of NCB particles and their relative location 
depend on their loading conditions and the embedding location 
inside a structural element. Under compression, these particles 
move closer together, while under tension, they move apart, 
causing corresponding increases and decreases in electrical 
resistance.
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