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Abstract

There is a critical shortage in research needed to explore a new class of multifunctional 

structural components that respond to their environment, empower themselves and self-monitor 

their condition. Here, we propose the novel concept of triboelectric nanogenerator-enabled 

structural elements (TENG-SEs) to build the foundation for the next generation civil infrastructure 

systems with intrinsic sensing and energy harvesting functionalities. In order to validate the 

proposed concept, we develop proof-of-concept multifunctional composite rebars with built-

in triboelectric nanogenerator mechanisms. The developed prototypes function as structural 

reinforcements, nanogenerators and distributed sensing mediums under external mechanical 

vibrations. Experiential and theoretical studies are performed to verify the electrical and 

mechanical performance of the developed self-powering and self-sensing composite structural 

components. We demonstrate the capability of the embedded structural elements to detect damage 

patterns in concrete beams at multiscale. Finally, we discuss how this new class of TENG-SEs 

could revolutionize the large-scale distributed monitoring practices in civil infrastructure and 

construction fields.
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1. Introduction

Since early 1990s, catastrophic collapses of buildings and infrastructure have been the 

frequently reported in the United States [1]. Structural health monitoring (SHM) methods 

have been widely used to assess the performance of these structures and to identify 

damages at early stages [2]. Smart sensor networks form the backbone of the SHM 

systems. They are typically used to measure physical quantities such as temperature, 

pressure or strain. Strain is a key parameter to indicate health condition of infrastructure 

systems. Cracks, delamination and debonding changes the strain field in these systems. 

Although conventional electromechanical sensors commonly used for strain sensing, 

their size, temperature sensitivity, electromagnetic interference vulnerability, and strong 

signal drift hampers their application for many engineering applications [3]. There has 

been a significant interest in deploying newer embeddable technologies for direct strain 

measurements, in particular fiber optic sensors [4] [5] [6] [7] [8]. However, the sensing 

accuracy of the fiber optic sensors are usually affected by spatial resolution [9]. In addition, 

these sensing modules are not cost-effective and involve time-consuming installation and 

protection procedures. Piezoelectric sensors has been recently gaining more tractions in the 

SHM field [10] [11] [12] [13] [14]. Using piezoelectric sensors for large-scale SHM is not 

an economic approach [15]. The surface charge of piezoelectric transducers produced by 

an applied force might be neutralized easily by charges from other resources, e.g., airborne 

charges and current leakage [16]. Therefore, the piezoelectric sensors may act as a high-pass 

filter for input signals, impeding pure static measurements. Temperature sensitivity of the 

piezoelectric sensors is another concern to be considered. Development of multifunctional 

self-sensing structural components can be an efficient approach to address the challenges 

associated with the current sensing techniques. In this context, fiber reinforced polymers 

(FRPs) are arguably a viable option because of their massive utility in construction [17] 

[18] [19] [20] [21] [22]. FRPs have been widely used as a promising composite material 

with other integral sensing technologies [23] [24] [25] [26] [27] [28] [8]. Wang et al. 

[27] utilized carbon nanofibers to modify carbon FRP laminates. The change of electrical 

resistance of the laminates was monitored to detect the damage. Feng et al. [26] integrated 

the piezoceramic transducers with the carbon FRP fabric attached to the concrete surface 

for damage detection. However, these FRP-based systems naturally inherit the limitations 

of the accompanying sensing modules. Providing a reliable external power resource for 

taking measurements is another drawback of these methods. Recently, there has been a 

growing interest in developing self-powered sensing and monitoring methods for civil 

infrastructure systems. Nearly all of the current studies have been using piezoelectric 

materials as their energy harvesting component [29]. In addition to the forementioned 

limitations of the piezoelectric materials, their output voltage signals are relatively small and 

vulnerable with the environmental noises [7]. Piezoelectric transducers are more suitable for 

high-frequency vibration application, which is usually beyond the operation frequency of 
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civil infrastructure systems, i.e., <10 Hz. Triboelectric nanogenerator (TENG) is proved to 

be a promising technology for mechanical energy harvesting [30] [31] [32] [33] [34]. The 

concept of TENG was first introduced by Wang et.al [35]. TENGs produce electrical output 

based on triboelectrification and electrostatic induction in response to external mechanical 

stimulations [36] [37] [38] [39] [40] [41] [42]. They can be utilized as active sensors via 

directly correlating the generated electrical signal with the mechanical triggering. TENG-

based sensors can use the generated electric signal to self-power themselves as well [43] 

[44]. Figure 1 shows the typical energy density for different types of currently-available 

energy harvesting modalities (research projects and commercial devices) [30] [45] [46] 

[47]. The current volume power density of TENGs has reached 490kW/m3 [30]. while the 

highest reported volume power density of piezoelectric materials is 4 kW/m3 [47]. Despite 

remarkable advantages of TENGs over other comparable technologies, there are very limited 

studies in the area of deploying them for SHM systems [39] [48] [49] [50]. These studies 

merely use TENGs as external point sensors for localized vibration monitoring on structures. 

In this context, creating a new class of structural elements with built-in TENG systems for 

distributed sensing and energy harvesting is likely to be the next technological revolution in 

the SHM of the America's aging infrastructure systems.

Here, we present the striking concept of multifunctional TENG-enabled structural elements 

(TENG-SEs) with sensing and energy harvesting functionalities for multiscale distributed 

SHM. Without loss of generality, we demonstrate the capacity of this concept to create 

a new generation of self-sensing and self-charging composite reinforcement rebars. To 

achieve this goal, we introduce the TENG mechanisms into the fabrication process of 

the reinforcement rebars. We perform experiential and theoretical studies to verify the 

electrical and mechanical performance of the developed composite systems. The beauty 

of this concept is that the TENG-enabled rebars serve as both classical reinforcement 

systems for concrete structures and as a network of fully embeddable sensor-nanogenerators. 

In contrast to other competing technologies (e.g., piezoelectric materials, electromagnetic 

generators), the TENG-SEs can operate at low frequencies (<5–10 Hz), which is a major 

advantage for harvesting energy from civil infrastructure systems. We show the performance 

of the proposed systems for spatial sensing to detect any sign of structural damage at early 

stages. We discuss the capacity of these scalable and cost-effective sensing networks in 

transforming the SHM landscape for large-scale projects. We discuss how this concept could 

open the doors for widespread application of TENGs in civil infrastructure and construction 

fields, where TENG-enabled structural elements utilize merely their constituent components 

for sensing and energy harvesting purposes.

2. Results and Discussion

We demonstrate the first-of-its-kind integration of TENG mechanisms into the design 

process of structural elements for a broad range of civil infrastructure systems. Figure 2(a) 

presents our vision toward developing multifunctional TENG-SEs for distributed monitoring 

and energy scavenging at multiscale. TENG-SEs can be actively used to detect any sign of 

damage while providing enhanced mechanical performance due to their composite structure 

with tunable mechanical properties. The challenge would be how to integrate the TENG 

process into the texture of such elements. We investigate a major application area for 
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the proposed technology by creating proof-of-concept reinforcement rebar prototypes. The 

reason behind this choice is that reinforcement rebars are currently used in nearly all of 

the large-scale concrete structures. Figure 2(b) shows the layered structure designed for the 

proposed proof-of-concept multifunctional FRP rebar according to the working principle of 

the TENGs systems. Figure 2(c) shows typical materials that can be used for fabricating 

the rebar layers. As seen, the smart FRP rebar consists of five layers. The core layer 

is a stiff carbon-fiber-reinforced polymer (CFRP) rod. An exterior layer is included to 

protect the internal layers against harsh construction conditions. This layer also protects 

the integrity of the entire system. Depending on the application environment, different type 

of materials can be used for designing the protection layer. Furthermore, this layer can 

be coated with commercially-available rebar epoxies and chemical adhesives to protect 

the TENG-SEs against corrosion. The three interior layers (metal 1, dielectric and metal 

2) shown in Figure 2(a) create a built-in TENG system. TENGs have four fundamental 

working modes: vertical contact-separation mode, lateral sliding mode, single-electrode 

mode, and freestanding triboelectric-layer mode [44]. The vertical contact-separation mode 

is considered in this study to develop the composite TENG rebars. In this mode, the physical 

contact of two different materials’ surfaces with distinct electron affinity creates oppositely 

charged surfaces. A potential drop is created when two surfaces are separated by a gap. 

Free electrons in one electrode would flow to the other electrode in order to balance the 

electrostatic field when the two electrodes are electrically connected by a load. The potential 

drop created by triboelectric charges disappears when the gap is closed, and the induced 

electrons will flow back [51] [52]. An AC output is created due to this flow back and forth 

of electrons between the two electrodes.

The model for conductor-to-dielectric type is used here (Figure 2(d)). In this model, metal 

1 is the top triboelectric layer as well as the top electrode, dielectric 1 with thickness d1 

is the bottom triboelectric layer, metal 2 is the bottom electrode. The distance x(t) between 

two triboelectric layers can be varied under external mechanical force. The inner surface 

of two triboelectric layers will have opposite static charges with equal density of σ when 

they are in contact with each other under forces. The potential drop (V) between two 

electrodes will be induced when two triboelectric layers separate from each other with 

increasing x. The amount of transferred charges between the two electrodes, as driven by 

the induced potential, is Q. The total amount of charges in metal 1 can be defined as the 

sum of triboelectric charges (S × σ), where S is the metal area size, and transferred charges 

−Q, namely (Sσ − Q). The amount of charges on metal 2 is Q. In the proposed design, 

segment spacers can be placed in metal 2 to divide the smart rebar into several segments for 

localized strain monitoring. Signal generated by each segment will be independent and only 

correlates to local structure conditions. This way, the entire smart rebar could also serve as 

multi-TENG segments, where the voltage generated by each TENG module reveals the local 

strain condition. Protection cover, metal 2 and dielectric layers are bonded together to be 

named as the “cloth”, metal 1 and CFRP rod is bonded together to be named as the “core” 

in rest sections of this paper. The core is mechanically contacted with the cloth shown in 

Figure 2(a). The cloth is designed to have the curvy structure inspired from [54]. This curvy 

design helps achieve larger separation between the cloth and core under tensile loading and 

provide better bonding with concrete. As shown in Figure 2(b), Polylactic Acid (PLA) with 
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carbon black (Young’s modulus E = 3000 MPa, Poisson’s ratio ν = 0.48) was used for layer 

2 and layer 4 to be the conductive layer. Thermoplastic Polyurethane (TPU) (E = 26 MPa, ν 
= 0.25) was selected for layer 3 and layer 5 to be the dielectric layer and protection cover, 

respectively. Considering the requirement of mechanical properties for FRP reinforcement 

rebar and printing limitation of 3D printers, Nylon 66 with 10% carbon fiber reinforcement 

(E=7630 MPa, ν = 0.35) was used for layer 1. Figure 2(e) shows the top-view and side-view 

cross section of the smart rebar. Under tensile loading scenario, the smart rebar work as 

a contact-separation TENG system. The working principle for smart rebar is schematically 

shown in Figure 3. At the initial state, the cloth is mechanically in contact with the core. 

After applying tensile loading, the cloth has larger elongation than core due to the major 

stiffness differences. Then, the cloth starts separating from the core due to their different 

Poisson’s ratios. In the separated area between the core and the cloth, the cloth has a lower 

electric potential than the core, which produces a difference in electric potential by driving 

the electrons through the external tensile loads. After the tensile loads are removed, the cloth 

self-recovers to its initial position. In this stage, the gap will be closed. Subsequently, the 

potential drop created by triboelectric charges disappears and the induced electrons will flow 

back.

To test the functionality of the TENG rebar, experimental and theoretical studies were 

conducted. A series of uniaxial tension tests were first performed on the smart rebar 

prototypes. Three-point bending tests were then carried out on the reinforced concrete beam 

with embedded TENG rebars to evaluate the efficacy of the proposed system for damage 

detection. A 300 mm rebar with 25 mm diameter and 3 equal sensing TENG segments 

was 3D printed and tested. Figure 4 shows the 3D printing process, printed prototype, test 

setup and the triboelectrification process within the smart rebar. Displacement controlled 

cyclic tests with maximum strain equals 1% and 2% were conducted, respectively. The 

position and loading amplitudes were recorded. A video showing the typical voltage signal 

generated the three-segment TENG rebar under tensile loading is provided in the Supporting 

Information. Figures 5(a)-(d) present a comparison of the measured and theoretical voltage 

values during the tensile tests and the corresponding loads for % and 2% strain levels. 

Details of the theoretical model are described in Materials and Methods. As seen, the voltage 

is proportional to the applied displacement and accordingly to the strain indued in the TENG 

rebar. In addition, there is an acceptable agreement between the experimental and theoretical 

results. The results imply the feasibility of creating a self-power and self-sensing rebars 

via integrating the contact-electrification into their fabrication process. Figures 5(e)-(h) 

illustrate the smart rebar charging characteristics under periodical mechanical motion with 

2% strain. Figure 5(e) shows the current generated by the TENG rebar under the applied 

loading cycles. Figures 5(f)-(g) show the changes of voltage and stored charge for different 

load capacitances, respectively. At t=0, the charging speed is maximum, and it gradually 

decreases over time. The saturation voltage is about 1.4 V. Figure 5(h) shows the variations 

of voltage, stored charge against capacitance and the associated error bars at 40 s.

To further evaluate the damage detection performance of proposed smart rebar in concrete, 

a series of three-point bending tests were conducted at two different scales. Figure 6 

shows the TENG rebars, concrete pouring process, test setup, and testing results. First, a 

single-segment smart rebar with 160 mm length and 20 mm diameter was printed. The rebar 
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was casted into a small concrete beam with 210 mm length and 25.4 mm by 25.4 mm 

cross section (Figure 6(c)). In the second testing phase, a two-segment smart rebar with 

200 mm length and 25 mm diameter for each segment was printed and casted into a larger 

concrete beam with 420 mm length and 152 mm by 152 mm cross section (Figure 6(d)). It is 

well-known that the operation frequency of most of the civil infrastructure systems is low (< 

10 Hz) denoting a quasi-static condition. TENGs are most effective for detection of dynamic 

changes in structures. In order to assess the efficacy of the TENG rebars in detecting 

slow and quasi-static changes in structures, displacement control three-point bending tests 

were conducted on both beams with small cyclic loading frequency of 0.5 Hz. Figure 6(e) 

show the voltage generated by the entire piece of the TENG rebar embedded inside the 

small-scale sample. Figure 6(f) shows the voltage generated by one of the segments of 

the rebar in large-scale sample. Referring to these figures, the TENG rebars are capable 

of harvesting the energy from the low frequency mechanical excitations. A sharp increase 

was observed in the generated voltage when cracking occurred at the bottom of the beams. 

For small-scale concrete beam, crack happened with 1 mm displacement. For large-scale 

concrete beam, crack initialized under 2 mm displacement. With continuous loading after 

crack initialization, the rebar was bearing cyclical tension loading. In this phase, the voltage 

signal became periodical and stable. As shown in Figures 6(d) and (e), peak to peak voltage 

values were 70 mV and 750 mv for the small and large-scale concrete beams, respectively. 

According to the results, the smart rebars act as reinforcement to prevent the collapse after 

damage initialized. The sharp increase in voltage can be considered as a reliable damage 

initialization alarm. Thereafter, the progression of damage can be continuously monitored 

by tracking the changes of the TENG rebar voltage amplitudes with respect to a baseline 

in the post-damage period. It is worth mentioning that standard steel rebars have been 

dominating the construction industry for decades. Corrosion of reinforcing steel rebars 

has been the leading cause of deterioration in concrete systems. In addition to corrosion, 

there are many other issues associated with using standard steel rebars such as their high 

stiffness and limited fatigue resistance. Composite rebars including CFRPs are proved to be 

extremely strong and light compared to steel rebars [55]. They are now being widely used 

as corrosion-resistant alternatives to steel reinforcement in concrete structures susceptible 

to corrosion fields and structures under extreme environments [55]. A TENG-SE rebar is a 

naturally a composite CFRP rebar that would inherit these important properties. Figure 7 

illustrates the charging characteristics of the proposed TENG-SE CFRP rebar under cyclic 

three-point bending for the large-scale concrete sample after crack initiation. The voltage 

and the stored charge variations at different load capacitances are shown in Figures 7(a) and 

(b), respectively. As seen in Figure 7(a), the low capacitance capacitors are charged rapidly 

and immediately reach saturation voltage. While for capacitors with higher capacitance, 

saturation occurs more slowly. The saturation voltage is approximately 370 mV. Referring 

to Figure 7(b), the measured maximum pick-to-pick voltage is 750 mV. Therefore, the 

saturated voltage is nearly half of the maximum measured voltage. Figure 7(c) shows the 

effect of capacitance on the voltage and charge stored in the capacitors after 40 seconds.

The prototypes presented in this study are proof-of-concept designs to demonstrate the 

first application of TENG-SEs for sensing and monitoring of large-scale civil infrastructure 

systems. The prototypes were not optimized for best mechanical and electrical performance. 
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In fact, these performance indexes should be customized for any TENG-SE system 

according to the design requirements for the investigated civil engineering structure and the 

anticipated loading levels and traffic vibrations applied to the structure. Taking into account 

the high power density of TENGs (> 490kW/m3) as reported in previous studies [30] [47], it 

is reasonable to expect that task-specific and problem-customized TENG-SEs could achieve 

high output area power density and an instantaneous conversion efficiency. Depending on 

the target application area, a number of robust material and surface optimization approaches 

(e.g. [51] [56] [57] [58] [59]) can be used to tune the electrical and mechanical performance 

of the TENG-SE systems. Since TENG-based systems offer high output voltage but low 

output current, they should be integrated with a power management circuits with high 

efficiency for energy harvesting tasks [60] [61] [62]. However, the results presented in this 

study highlight the significant potential of the TENG-SEs in pushing the limits of SHM. 

The TENG-enabled elements can be embedded within large structural systems to harvest 

the energy from traffic vibrations, which normally have frequencies ranging from 1 to 

250 Hz [63]. In this operational modal analysis (OMA), the same signal harvested by the 

TENG element from the traffic loading can be used for monitoring the structural condition. 

The tension reinforcement TENG-SEs can serve best for large-scale distributed sensing in 

case they are buried inside concrete structures. This is because the harvestable mechanical 

vibrations within the tension zone in concrete structures are not usually significant. In this 

case, the TENG-SEs can be interfaced with low-power consumption electronics such as low 

power wireless data logging technologies to create fully self-powered systems without a 

need for additional electronics. As an example, the TENG-SE signal can be readily used to 

empower self-powered floating-gate data logger (power consumption < 150 Nanowatts) [64] 

[65] or Fowler-Nordheim (FN) sensor-data-logger (power consumption < 100 femtowatts) 

[66] [67]. This way, the integrated TENG element and data-logger can potentially record all 

events and aggregate the short-term fluctuations. Any change in signal patterns in long-term 

can be correlated with the condition degradation. The data continuously stored by the 

data-logger can be read using passive or semi-active radio frequency (RF) readers mounted 

on vehicles or unmanned aerial vehicles. On the other hand, for exposed structural systems 

(e.g. bridge gusset plates) with large amplitude mechanical vibrations [64], the TENG-SEs 

cannot only serve as a sensing medium but can also harvest significant amount of energy.

Furthermore, the standard nondestructive evaluation (NDE) approaches can be coupled 

with TENG-SEs to assess the progression of damage via an experimental modal analysis 

(EMA). In EMA-based method, impulse tests, based on the excitation of the structure using 

commonly-used vibration exciters or modal hammers, can be used to excite the TENG 

elements and evaluate the changes in the signal patterns due to damage progression. A 

drawback of the EMA approach is that the structural health state is evaluated only as 

a snapshot in time where the measurements are taken. However, compared to standard 

NDE methods, TENG elements can be used for both local and distributed sensing. The 

NDE methods can only be used for damage localization of surface and subsurface defects. 

Embeddable TENG elements cannot only perform these tasks continuously and in real-time 

but can also detect bottom-up cracks which are difficult, if not impossible to assess. 

Although we showed the capacity of the TENG-SEs for strain sensing, the designs can 

be readily modified to serve as a shear sensor. Measuring contact shear at the interface 
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surface is a difficult task. Complicated electroding methods and challenges in evaluating the 

performance of piezoelectric sensors operating in the shear mode have remarkably limited 

their practical use [68]. Using the TENG lateral-sliding and freestanding triboelectric-layer 

modes in the fabrication of structural elements would make it feasible to measure the shear 

forces applied to the slider in the direction of sliding through the generated voltage. In 

fact, the relative sliding motion between the two different bonded materials gives rise to a 

triboelectric charge that is picked up by the electrodes and is proportional to the shear stress. 

Measuring actual contact shear at the interface surface within the unexplored structural 

response range of <10 Hz can potentially lead to new concepts and mechanisms in the 

fields of aerospace, medical, civil infrastructure and construction. Since such sensing system 

would be intrinsically sensitive to shear stress, it can as well be implemented in various other 

materials or structures such as polymer or composite materials. Some application examples 

are built-in diagnostics of inter-laminar shear stress of composite structures, wall shear stress 

measurements, monitoring shear stresses in concrete structures, monitoring shear stresses in 

large structures, etc.

Arguably, successful development of the proposed TENG-SEs concept and installation 

procedure could dramatically transform the economics of transportation infrastructure 

preservation/management and ultimately improve the serviceability of these systems. This 

is a paradigm shift technology and has unpresented performances. Such scalable and 

cost-effective network cannot only be used for discrete and localized sensing but also 

for spatial structural sensing. A TENG sensing network can be embedded at the interface 

of structural layers and serve as a large-scale and low-cost flexible self-powered sensing 

skin distributed over the structure. TENGs have been already used as tactile sensing arrays 

for robots to detect physical contact with humans or environment [69]. When embedded 

inside the civil infrastructure systems, the envisioned TENG sensing skin can create a 

multifunctional digital surface element capable of performing multiple functions (Figure 8). 

A TENG sensing skin can serve as a living structure responding to its environment and 

self-monitoring its condition. Furthermore, this smart sensitive skin can be potentially used 

for: (1) generating energy required for built-in smart signage technologies, navigational 

beacons and other embedded infrastructure sensors, (2) vehicle-to-infrastructure (V2I) 

communication, in particular communicating with and charging autonomous vehicles (AVs), 

and (4) enabling a proxy weigh-in-motion system to assess the weight of vehicles traveling 

over the pavement.

3. Conclusion

In summary, a novel concept of self-sensing and self-powering TENG-SEs was proposed 

in this study. We leveraged advances in structural engineering and the TENG-based 

sensing mechanism to introduce new aspects of multifunctionality into the fabric of 

civil infrastructure systems. We fabricated proof-of-concept prototypes to demonstrate the 

feasibility of the proposed approach for large-scale health monitoring of the structures. 

The proposed systems offer unique functionality in distributed sensing which has been a 

major challenge for mega-size projects. The experimental and theoretical results confirm the 

efficiency of the TENG-SEs in detecting damage and harvesting energy from mechanical 

excitations. A series of promising tests with segmented TENG rebars embedded in concrete 
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beams reveal that the proposed concept can also be used for damage localization and energy 

harvesting. Various TENG modes can be introduced to design structural elements with 

different sensing modalities. The observations imply that the proposed concepts could open 

avenue for the next stage of the revolution in structural health monitoring where a new 

generation of scalable, cost-effective and multifunctional sensor-nanogenerator structural 

elements could be widely used for real-time assessment and empowering of our aging 

civil infrastructure systems. These features eliminate the need for massive networks of 

power-hungry sensors attached to or embedded inside the structures.

4. Experimental Section

4.1. Fabrication of the TENG-enabled Structural Elements at the Multiscale

In this study, we fabricated the TENG-enabled rebar prototypes a Raise3D Pro2 Dual 

Extruder 3D Printer. First, 3D models of the designs were created using SolidWorks. The 

dual extruder 3D printer was then used to fabricate the samples. The prototypes were ready 

for being tested immediately because their layers were simultaneously printed. The material 

used for fabricating the concrete beams was cement paste, a basic mixture of Type I/II 

Portland cement and water. Water to cement ratio was 0.45. Samples were wet cured for 28 

days.

4.2. Electrical Measurement and Characterization

The uniaxial loading tests were carried out on the rebar samples using a TestRecources 

Universal Testing Machine. For the tension tests, a set of anchors were printed with PLA 

and used to ensure the uniform tensile loading at both ends. The concrete beams with 

embedded TENG rebars were tested using an Instron Testing Machine (Model 8874). There 

are various reliable methods to measure the voltage of a TENG system (e.g. [70] [71]). In 

this study, an NI 9220 module (1 GΩ impedance) was used to read the TENG rebar voltage. 

An SR570 low-noise current amplifier device by Stanford Research Systems was used for 

current measurements. The measurements were controlled using a LabVIEW program.

4.3. Electrical Characterization

In the proposed smart TENG-enabled rebar, the thickness of the dielectric layer is d1, and 

the relative dielectric constant is εr1. The dielectric layer equivalent thickness (d0) can be 

written as:

d0 = d1
εr1

(1)

the V-Q-x relationship is expressed as [58]:

V = − Q
Sε0

[d0 + x(t)] + σx(x)
ε0

(2)

where, x(t), S, σ and ε0 denote the varying gap distance, effective contact area, charge 

density, and vacuum permittivity, respectively. Since the cyclic loading applied to the 
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proposed TENG rebar is displacement-control, the strain in longitudinal direction can be 

calculated as:

ε11 = Δy
y = y(t)

L (3)

where y(t) is the elongation in longitudinal direction, L is the total length of the testing 

sample.

Assume the tensile loading is uniformly apply to surfaces of both ends and it is in cylindrical 

shape, this problem can be solved as 2D finite element problem under plane stress condition 

[72]. Therefore, the transverse strain can be calculated based on the equation of Poisson’s 

ratio:

v = ε22
ε11

(4)

ε22 = ε11v = y(t)v
L (5)

Since the cloth consists of two material, the Poisson’s ratio is defined as vTPU for layer 3 and 

5, vPLA for layer 4.

x(t) = (dl3 + dl5
L vTPU + dl4

L vPLA)y(t) (6)

where dcloth is the thickness of the cover.

With the TENG rebar connected to a load resistance (R), the generated voltage V can be 

obtained as:

V = RdQ
dt (7)

Where

dQ
dt = − Q

Sε0R d0 + x(t) + σx(t)
ε0R (8)

This is a first-order ordinary differential equation and can be solved by specifying the 

boundary condition. Since the loading applied to smart rebar is in constant velocity, the 

simplified equation for Q(t), I(t) and V(t) are as below [58]:
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Q(t) = σS[1 − exp( − At − Bt2) + 2F exp( − At − Bt2) × Dawson F
2 − 2F

× Dawson F
2 + Bt ]

(9)

I(t) = σS[exp( − At − Bt2)(A + 2Bt) − 2F exp( − At − Bt2)(A + 2Bt) ×
Dawson F

2 − A + 2A( F
2 + Bt) × Dawson F

2 + Bt ] (10)

V (t) = σSR[exp( − At − Bt2)(A + 2Bt) − 2F exp( − At − Bt2)(A + 2Bt)
× Dawson F

2 − A + 2A( F
2 +

Bt) × Dawson F
2 + Bt ]

(11)

where constants A, B, F are defined as:

A = d0
RSε0

(12)

B = v
2RSε0

(13)

F = A
2B (14)

The Dawson’s integral (Dawson(x)) is shown as:

Dawson(x) = exp( − x2)∫
0

x
exp(y2)dy (15)

The contact area is the inner surface of the cover:

S = 2πrL (16)

where r is the radius of the inner surface of the cloth. Theoretical voltage values are 

calculated with parameters listed in Table 1. These parameters have been recommended by 

Niu and Wang [53].
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Power density for different available energy harvesting modalities [30] [45] [46] [47].
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Figure 2. 
(a) Multifunctional TENG-enabled structural elements used as reinforcement rebars in a 

concrete structure. (b) Structure of the multifunctional TENG rebar. (c) Typical materials 

used for fabricating the rebar layers. (d) Theorical model for conductor-to-dielectric 

attached-electrode parallel-plate contact-mode TENG. Reproduced from [53]. (e) Top-view 

and side-view cross section of smart rebar.
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Figure 3. 
Electrical energy generation process of the multifunctional TENG rebar under tensile 

loading.
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Figure 4. 
(a), (b) 3D printing process of the smart TENG rebar. (c) Fabricated prototype. (d) TENG 

rebar under cyclic tensile testing, (e) Triboelectrification process occurring within the smart 

rebar components.
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Figure 5. 
(a) Tensile loading and corresponding voltage generated by the TENG rebar for 1% strain. 

(b) Measured and theoretical voltage for 1% strain. (c) Tensile loading and corresponding 

voltage generated by the TENG rebar for 2% strain. (d) Measured and theoretical voltage 

for 2% strain. (e) Current generated by the TENG rebar for 2% strain. Charging diagrams 

showing (f) Voltage changes at different load capacitances for 2% strain. (g) Stored charge 

changes at different load capacitances for 2% strain. (h) Variations of the stored voltage and 

charge against capacitance at 40 s.
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Figure 6. 
(a),(b) Fabricating the concrete beams with embedded TENG rebars. (c) Test setup for the 

small-scale concrete beam, (d) Test setup for large-scale concrete beam. TENG rebar voltage 

signal during loading, crack initiation and crack propagation: (e) Small-scale concrete beam. 

(f) Large-scale concrete beam.
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Figure 7. 
Charging diagram for large-scale concrete sample after crack initiation. (a) Voltage changes 

at different load capacitances. (b) Stored charge changes at different load capacitances. (c) 

Variations of the stored voltage and charge against capacitance at 40s.
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Figure 8. 
A conceptual representation of a smart and multifunctional layer with TENG-SEs which 

can be embedded in bridge deck pavement to perform multiple tasks including SHM, 

vehicle-to-infrastructure communication, charging autonomous vehicles and other built-in 

embedded sensors, and a potential autonomous, battery-free weigh-in-motion system.
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Table 1.

Geometric and material properties of the TENG-enabled rebar.

Geometric properties (mm)

Cloth inner surface radius(mm) r r

Length of sample L B

Thickness of dielectric layer d1 d 1

Thickness of the layer 3 dl3 d l3

Thickness of the layer 4 dl4 d l4

Thickness of the layer 5 dl5 d l5

Material properties

Relative permittivity of the dielectric layer (TPU) εr1 7.2

Permittivity of vacuum ε0 8.854×10−12

Surface charge density σ (C/m2) 20×10−6

Load resistance R (Ohm) 7.5×1010

vTPU 0.48

vPLA 0.25
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