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Abstract: Despite great progress made in triboelectric energy harvesting, most investigations are 

purely about experiments and/or manufacturing. There is a serious lack of in-depth theoretical studies 

of the underlying vibration and its effects on power yield. In this paper, a novel triboelectric energy 

harvester is presented and its non-smooth structural dynamics and electrical performance are studied. 

This first theoretical study of a capsule-structured triboelectric energy harvester includes a 

mathematical model coupling the structural dynamics and electric dynamics, which integrates in-

plane sliding mode and contact-separation mode. The influences of friction properties on sliding 

surfaces, electrostatic force, initial slider position, excitation level and harvester dimensions, are 

investigated. The performance of this harvester is not limited by its frequency bandwidth, whose 

average power increases from 10.3 μW at 3 Hz to 69.4 μW at 14 Hz.  Impact/chatter events are found 

to improve power yield, for example, there is a dramatic increase of 20 μW at 6 Hz due to impact 

induced by a slight increase of excitation amplitude. Additionally, the internal capsule length plays a 

subtle role and a length beyond a certain value causes a sharp fall of power yield. These findings 

enable innovative designs and provide fabrication guidelines of triboelectric energy harvesters. 

 

Keywords: Triboelectric energy harvester; non-smooth dynamics; friction; stick-slip vibration; 

vibro-impact. 

 

1. Introduction  

Wireless systems, micro-electro mechanical systems (MEMS) and wearable devices have been 

facing a tremendous challenge that their developments are limited by conventional energy sources 

such as batteries or wired power supplies [1]. As self-sufficient power sources, energy harvesters have 

been developed in the hope of providing energy to these applications. A triboelectric energy harvester 

(TEH) provides a low-cost, environmentally friendly and sustainable tool for generating electrical 

power, by harvesting energy from ambient vibration. Since the first report of a triboelectric 

nanogenerator (TENG) in 2012 [2], TENGs have gained an enormous amount of  attention due to 

their distinct advantages, such as impressive cost-effectiveness, high conversion efficiency, light 

weight, small size, availability of a wide range of materials, convenience of manufacture, and high 

applicability [3]. As a substitute for a traditional energy supply, there is no doubt that TEHs have an 

immense potential in engineering applications. 

In a TEH system, triboelectrification and electrostatic induction take place between two thin 

organic/inorganic films that exhibit distinct surface electron affinities, and an electric potential 

difference is generated due to relative motion (contact-separation in the normal direction or sliding 

in the tangential direction) of the two surfaces caused by a mechanical force, then electrons on the 

surfaces of the two materials are driven to flow between the two electrodes [4]. In terms of the means 

of transduction, four working modes of TEHs have been proposed and demonstrated, including 
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vertical contact-separation mode [5], lateral sliding mode [6], single-electrode mode [7], and free-

standing triboelectric-layer mode [8]. 

TEHs can be widely used for different kinds of energy sources, such as wind energy, water 

energy and mechanical vibration energy. Here, some of the designs are briefly reviewed. Lin et al. [9] 

proposed a flutter-driven TENG with a special wedged-shaped wind guide channel for absorbing 

energy from outdoor weak wind, which showed an enlarged windward area and a high level of 

integration. In order to harvest wind energy at a high altitude, Zhao et al. [10] developed an innovative 

freestanding woven triboelectric nanogenerator flag, on which the woven unit could lead to the 

current generation from the wind from any directions. Considering the power-supply issue of marine 

environment monitoring systems, a chaotic pendulum hybridized nanogenerator was designed to 

scavenge wave energy [11]. Besides, some researchers integrated TENGs with buoys [12]，floating 

balls [13] and swing structures [14] for wave energy harvesting. Converting mechanical energy into 

electrical energy is the most common topic, in which clamped-clamped beams [15], cantilever beams 

[16] and nonlinear springs [17] were usually utilized in TENGs for a better performance to harvest 

vibration energy. Recently, a novel superhydrophobic liquid-solid contact triboelectric nanogenerator 

was investigated, which could harvest energy from raindrop when droplets were colliding or slipping 

on the superhydrophobic layer [18]. 

Generally, the majority of current studies on TEH focus on the fabrication, experimental process 

and surface technology of triboelectric materials. Polyvinylidene fluoride (PVDF) and 

polytetrafluoroethylene (PTFE), as two kinds of triboelectric materials, were investigated and it was 

found that the triboelectrification between PVDF and PTFE could be effectively enhanced by 

incorporating ZnO nanorods into PVDF polymer. The ZnO-PVDF/PTFE-based TENG showed 21% 

higher output voltage and 60% higher short-circuit current in comparison with PVDF/PTFE-based 

TENG [19]. Micropatterns were commonly utilized on the surfaces of triboelectric layers to enlarge 

contact area. A micropatterned polytetrafluoroethylene (MP-PTFE) was observed to achieve a higher 

output voltage compared with a flat-PTFE film [20]. Feng et al. [21] reported a new method to 

fabricate a polypropylene nanowire array-based TENG with high output through structural control 

and surface functionalization, and the experiment results showed that the TENG could light up 372 

commercial LEDs. Fan et al. [22] tested three types of regular and uniform polymer patterned arrays 

(line, cube and pyramid) to improve the efficiency of their TENG. It turned out that the power 

generation of the pyramid-featured device far surpassed that of unstructured surface films. Unlike 

nondegradable synthetic polymers, natural wood, as a renewable, sustainable and biodegradable 

material, was reported to be used in a TENG made from a distinctive processing method which could 

adjust its properties. A table based on this technology for accurately identifying the impact point of a 

ping-pong ball was fabricated and tested [23]. Zhang et al. [24], Xi et al. [25] and Rahman et al. [26] 

tested TENGs on human bodies for scavenging biomechanical energy which exhibited a potential for 
signal detecting and energy harvesting. Chen et al. [11] and Liu et al. [13] carried out experiments 

about TENGs on water, providing a new direction for blue energy harvesting. 

       Besides the widely studied issues (fabrication, experiment and surface technology) mentioned 

above, the dynamic behaviour is also a very important aspect which should be investigated thoroughly, 

as the power generation of TENG depends on the relative motion between two distinct surfaces. 

Nevertheless, the structural dynamics of TEH has rarely been studied, and there have been only 

several relevant journal papers. Fu et al. [8] studied a freestanding contact mode TEH in the form of 

a three-degree-of-freedom vibro-impact oscillator. A series of factors including the distribution, ratio, 
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and initial spacing between the three masses both on the nonlinear dynamical response and the 

electrical output were investigated. A similar TEH with three cantilevered beams was investigated 

through numerical simulations and experiments, which revealed that both the vibration amplitude and 

the output voltage linearly increased with increasing excitation level, and the relationship between 

the tribo-charge surface density and the excitation amplitude is found to be quadratic after curve 

fitting  [27]. A vertical contact-separation TEH with an elastic stopper was proposed, which when 

subject to weak excitations, exhibited an approximately linear frequency response but gained a 

significant broadband when strongly excited, due to the combined nonlinear effect from electrostatic 

force and the mechanical elastic stopper  [28]. Ibrahim et al. [15] found that impacts could increase 

equivalent stiffness of their TEH structure and enlarge the frequency bandwidth. Besides, bistability, 

compared with tristability and monostability, was also found beneficial to broaden the frequency band 

in a sliding-mode triboelectric energy harvester in the form of a cantilever beam with a tip mass [29]. 

In pursuit of higher output power to meet the demands of some electronic devices, hybrid TEHs 

are proposed and investigated. A magnetoelectric energy harvester (MEH), as a kind of conventional 

energy harvesters, is commonly integrated with TEHs, such as a cantilever beam with a TEH and a 

MEH located at its middle and free end [30], a three-dimensional full-space triboelectric-

electromagnetic hybrid nanogenerator in the form of a magnetic ball and Polystyrene spherical shells 

[31]; and there are also plenty of studies on the hybridization of TEH with a piezoelectric energy 

harvester (PEH). For instance, Chen et al. [32] studied a piezoelectric–triboelectric hybrid 

nanogenerator which showed a substantial improvement in the synergy of nano-textured triboelectric 

and piezoelectric functional layers. Yu et al. [33] reported a highly skin-conformal wearable tactile 

harvester based on the piezoelectric effect and triboelectrification in contact-separation working mode. 

Some researchers even integrated all the three types in a single harvester [34]. However, there are 

only few works on the hybridization between different modes of TEH (vertical contact-separation 

mode, lateral sliding mode, single-electrode mode and free-standing triboelectric-layer mode). Yang 

et al. [35] proposed a 3D-TENG operating in a conjunction of the vertical contact-separation mode 

and the in-plane sliding mode, which was designed to harvest random vibrational energy in multiple 

directions over a wide bandwidth.  

Among the existing TEH architectures, there are already a few capsule-TENGs. Pang et al. [36] 

investigated a self-powered acceleration sensor with the free-standing triboelectric-layer mode, which 

consisted of an outer transparent shell and an inner mass-spring-damper system. Wu et al. [37] also 

designed a capsule-TENG working in the free-standing layer mode, with an aluminium slider in a 

simple Polyvinyl Chloride (PVC) tube. Rahman et al. [26] proposed an elastic impact-based 

hybridized generator in the form of a shell and a magnet inside. A triboelectric energy harvester 

integrated inside a capsule endoscope was investigated, which could generate power from natural 

contractions of gastrointestinal tract [38]. Nearly all those studies were experimental ones, and any 

theoretical investigation is fragmented or incomplete, especially on the structural dynamics. However, 

for some other types of energy harvesters in the form of a vibro-impact capsule, the structure 

dynamics has been studied extensively. A vibro-impact dielectric elastomer generator was 

investigated for a rotation energy source, whose dynamical and electrical responses under rotational 

excitation with a constant rotational speed were studied theoretically [39].The harvester was also 

embedded into a cuboid bluff body connected to a galloping-based system for harvesting wind energy, 

and the dynamic and electrical outputs of the system under different wind speeds are studied through 

numerical simulations [40]. 
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The present work provides the following scientific contributions to triboelectric energy 

harvesting: 

(1) This paper presents a novel TEH in the form of a capsule structure, and the first theoretical 

study of a capsule-structured TEH, including a comprehensive model coupling both structural 

dynamics and electric dynamics, which has not been attempted on capsule-TEHs before.  

(2) Unlike most TEHs which rely on only one triboelectric working mode or hybridization with 

magnetoelectric or piezoelectric energy harvesting mechanism, the proposed harvester works in a 

combination of two different triboelectric working modes, namely contact-separation mode on the 

two end surfaces involving vibro-impact and lateral sliding mode on the internal cylindrical surface 

involving stick-slip motion, under horizontal excitation, which thus takes advantages of both modes.  

(3) Very different from most traditional vibration-based energy harvesters, the proposed 

harvester has a distinct advantage that its performance is not limited by bandwidth via utilizing a 

novel nonresonant mechanical system. 

The outline of the rest of this paper is as follows: Section 2 describes the architecture of the 

proposed harvester and the materials of the core components. Section 3 and Section 4 present the 

mechanical model of the vibro-impact system and the equivalent electric model respectively. In 

Section 5, a number of issues are studied to explore their effects on structural dynamic response and 

electric output power, including friction properties on sliding surfaces, electrostatic force, initial slider 

position, excitation level and dimensions of the harvester. Section 6 presents a validation, in which 

the theoretical model is compared with a SIMULINK model. The advantages and drawbacks of the 

harvester are discussed in Section 7. Section 8 presents the conclusions of this study. 

2. Prototype design 

Fig.1 depicts the configuration of the TEH which is packaged into a cylindrical container 

(referred to as capsule), and a cylinder-shaped slider (also referred to as cylinder) can move inside it 

under horizontal excitation, as shown in Fig. 1(a). In Fig. 1(b), the internal architecture is illustrated 

in detail. Specially made dielectric films (made of polytetrafluoroethylene (PTFE)) and metal films 

(made of copper or aluminium, working as electrodes) cover the outer cylindrical surface and two 

end surfaces of the slider. Correspondingly, the internal cylindrical surface and end surfaces of the 

capsule are also covered by metal films. In addition, in order to isolate the slider and ensure that 

triboelectrification only happens in the contact area between the dielectric film on the slider and the 

metal film on the capsule, an electrically inert film (made of polyethylene terephthalate (PETG)) 

covers the region of its internal cylindrical surface where the metal film does not cover.  

 

 (a) cutaway diagram                         (b) half section view  

Figure 1. Architecture of the hybrid TEH. 

In consideration of the fact that the electrodes on the slider can move during working, these 

moving electrodes are wired with a pair of electric brushes, which are in sliding contact with the 
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central rod of shared electrode. Springs are utilized to maintain good contact between the electric 

brushes and the shared electrode (please see Fig. 1(b)).  

3. Dynamic model of the non-smooth TEH 

In this section, a structural dynamics model for the proposed harvester is established, which 

involves stick-slip vibration and vibro-impact. In stick-slip motion, Coulomb’s law is used for 

frictions between the slider and the capsule, which is a widely accepted model for dry friction [41]. 

During impact, a coefficient of restitution is utilized to model the impact process as it provides a 

computationally simple model which has been verified to have close correlation with physical impact 

experiments [42]. 

3.1. Basic law of friction 

During working, friction exists between the outer cylindrical surface of the slider and the internal 

cylindrical surface of the capsule. The simplified dynamic model of the harvester is shown in Fig. 2. 

Note that a nomenclature of all the symbols utilized in this paper is given in Appendix A. Here, the 

Coulomb’s law of friction is utilized, in which sliding friction is related to the relative velocity  𝑣r 

between the slider and the capsule. 

 

Figure 2. Simplified dynamic model. 

When the relative velocity  𝑣r ≠ 0, the kinetic friction force on the slider yields 

 𝐹k = −sgn( 𝑣r) (
𝐿1

𝐿s
𝜇k1 +

𝐿2

𝐿s
𝜇k2) 𝐹n 

 
(1) 

Here, 𝐹n = 𝑚g is the normal force, and 𝑚 denotes the mass of the slider, which actually consists of 

several parts, including the main cylinder body, metal films, dielectric films, the springs and electric 

brushes. For simplification, the slider is regarded as a cylinder with a central through-hole, whose 

diameters are represented by D and d, and 𝑑 =
𝐷

5
 in the investigation.  

The static friction force is present on the slider while 𝑣r = 0. One can obtain the maximal static 

friction force from 

 𝐹s
max = (

𝐿1

𝐿s
𝜇s1 +

𝐿2

𝐿s
𝜇s2) 𝐹n (2) 

Please note that when the friction properties of the metal film and the electrically inert film are 

different,  𝐹k and 𝐹s
max both vary with slider vibration due to time variation of L1 and L2 during slider 

vibration, which brings about nonlinear coupling. 

3.2. Stick-slip vibration under base excitation. 

It is assumed in this paper that the vibro-impact system is driven by an external displacement 

function which results in prescribed motion 𝑥b = 𝐴sin(𝜔b𝑡) on the capsule, in which 𝐴 and 𝜔b 
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donate excitation amplitude and frequency of excitation. The governing equation of longitudinal 

motion for the slider depends on the relative velocity between the slider and the rigid capsule. For 

slip motion,  𝑣r ≠ 0, the governing equation is 

 𝑚�̈� − 𝐹k − 𝐹e = 0 (3) 

Introducing the relative displacement 𝑦 = 𝑥 − 𝑥b and substituting Eq. (1) into Eq. (3), then Eq. (3) 

becomes 

 𝑚�̈� + sgn(�̇�) (
𝐿1

𝐿s
𝜇k1 +

𝐿2

𝐿s
𝜇k2) 𝐹n = 𝑚𝐴𝜔b

2sin(𝜔b𝑡)+𝐹e (4) 

The terms on the right-hand side could be regarded as a varying force 𝐹(𝑡, 𝑄) depending on time 𝑡 

and charge 𝑄 

 𝐹(𝑡, 𝑄) = 𝑚𝐴𝜔b
2sin(𝜔b𝑡) + 𝐹e(𝑄) (5) 

The separation distances between the slider and two end surfaces are represented by 𝛿l and 𝛿r (please 

see Figure 2), which can be obtained by 

 𝛿l = 𝛿l
∗ + 𝑦, 𝛿r = 𝛿r

∗ − 𝑦 (6) 

The total separation distance 𝛿t is given as 

 𝛿t  = 2𝐿 − 𝐿s = 𝛿l + 𝛿r (7) 

Then, 𝐿1 and 𝐿2 can be expressed by 

 𝐿1 = 𝐿 − 𝛿l
∗ − 𝑦, 𝐿2 = 𝐿s − 𝐿 + 𝛿l

∗ + 𝑦 (8) 

During stick motion with  𝑣r = 0 and 𝛿l, 𝛿r ≠ 0 , the motion follows  

 �̇� = 0, �̈� = 0, |𝐹(𝑡, 𝑄)| ≤  𝐹s
max (9) 

When stick motion occurs with contact between the sliders and one end surface ( 𝑣r = 0 and 𝛿l = 0 

or 𝛿r = 0), the situation becomes complicated due to extra force coming from the end surfaces. To 

be specific, while the directions of the relative displacement 𝑦 and 𝐹(𝑡, 𝑄) are opposite, namely 

sgn(𝑦) = −sgn(𝐹(𝑡, 𝑄)), the motion still follows Eq. (9). Nevertheless, when the directions of 𝑦 and 

𝐹(𝑡, 𝑄) are coincident, the end surface provides a counter force acting on the slider. In that case, the 

slider is stuck with the capsule regardless of the value of 𝐹(𝑡, 𝑄). After 𝐹(𝑡, 𝑄) changes direction, the 

stick motion will continue to follow Eq. (9). 

3.3. Modelling of impact   

When  𝑣r ≠ 0 and 𝛿l = 0 or 𝛿r = 0, impacts happen between the slider and capsule. According 

to the law of conservation of momentum, by employing the instantaneous coefficient of restitution 

rule, the velocities just after impact can be obtained by 

 
�̇�+ =

𝑚 − 𝑟𝑀

𝑚 + 𝑀
�̇�− +

𝑀(1 + 𝑟)

𝑚 + 𝑀
�̇�b

− 
(10) 

 
�̇�b

+ =
𝑚(1 + 𝑟)

𝑚 + 𝑀
�̇�− +

𝑀 − 𝑟𝑚

𝑚 + 𝑀
�̇�𝑏

− 
(11) 

where 𝑟 is the coefficient of restitution with a value in the range 𝑟 ∈ [0, 1]. The superscripts ‘−’ and 

‘+’ represent the state just before and just after impact. Since in practical applications, the harvester 

is attached to and thus moves with a vibration source (e.g., machines, human bodies, etc.), 𝑀 actually 

represents the total mass of the harvester and the vibration source, which is usually far greater than 

𝑚, namely 𝑀 ≫ 𝑚. Therefore, the velocities just after impact become 

 �̇�+ = �̇�b
− − 𝑟�̇�−, �̇�b

+ = �̇�b
− (12) 

According to Eq. (12), the relative velocity just after impact can be obtained by 

 �̇�+ = −𝑟�̇�− (13) 
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4. Electric model of triboelectric energy harvester 

Any triboelectric energy harvester can be approximately modelled by a series connection of a 

variable capacitance and a voltage source [43,44]. In this section, an electric dynamics model is 

developed that contains equivalent capacitances and open-circuit voltages, both of which are 

determined by the relative displacement between the slider and the capsule. 

4.1 Working principle  

The fundamental mechanism of triboelectric energy harvesters is the triboelectric effect, a contact 

induced electrification in which a material is electrically charged after it comes into contact with a 

different material through friction [4]. In this paper, the proposed design consists of three separate 

triboelectric energy harvesters in one package, namely the harvesters with contact-separation mode 

at the left end and right end of the capsule, and the harvester with lateral sliding mode on the interface 

between the cylinder surface and the internal capsule wall, which are represented respectively by 

TEH1, TEH2 and TEH3.  

Regarding the contact-separation and lateral sliding TEHs, there are mainly two types of material 

pairing for both: dielectric-to-dielectric and conductor-to-dielectric, and the latter is utilized in this 

work. The charge transfer processes for the contact-separation and lateral sliding modes are similar, 

respectively illustrated in Fig. 3 (a) and (b). When the two electrodes are separated vertically or 

laterally by an externally introduced movement, an electric potential difference is generated under 

open circuit condition due to the relative motion. The electrodes of each harvester are wired with a 

resistor denoted by 𝑅𝑖,  thus electrons would be driven to flow through the resistor. 

 

(a) The contact-separation mode                    (b) The lateral sliding mode 

Figure 3. Fundamental mechanisms [4]. 

4.2. Modelling of electrical system 

The most significant theoretical equation for the real-time power generation of  a TEH is the 

relationship among the voltage between the electrodes, the amount of transferred charge and the 

relative displacement [45]. As mentioned above, for TEHi, the equivalent model includes the voltage 

source 𝑉oc𝑖 and the variable capacitance 𝐶𝑖, which are only functions of the relative displacement and 

independent of other motion parameters, such as velocity and acceleration [43]. 

For TEH1, the equivalent capacitance 𝐶1 and the open-circuit voltage 𝑉oc1 can be obtained by 

 𝐶1 =
휀0𝑆c

𝑑c + 𝛿l
, 𝑉oc1 =

𝜎c𝛿l

휀0
 (14) 

where 휀0  is the vacuum permittivity, and 𝑆c  is the effective contacting area. 𝑑c =
𝑑1

𝜀rc
 denotes the 

effective thickness of the dielectric film in TEH1 and TEH2, in which 𝑑1 is the thickness of the 
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dielectric film in TEH1 and TEH2, 휀rc is the corresponding relative permittivity and 𝜎c is the tribo-

charge surface density for TEH1 and TEH2. 

The triboelectric harvester on the right side (TEH2) has the same configuration as the left-side 

harvester, therefore, its equivalent capacitance 𝐶2 and the open-circuit voltage 𝑉oc2 have the similar 

expressions, shown as 

 𝐶2 =
휀0𝑆c

𝑑c + 𝛿r
, 𝑉oc2 =

𝜎c𝛿r

휀0
 (15) 

For TEH3, its equivalent capacitance 𝐶3 and the open-circuit voltage 𝑉oc3 are written as 

 𝐶3 =
휀0𝜋𝐷(𝐿 − 𝛿l)

𝑑s
, 𝑉oc3 =

𝜎s𝛿l𝑑s

휀0(𝐿 − 𝛿l)
 (16) 

in which  𝑑s =
𝑑2

𝜀rs
 denotes the effective thickness of the dielectric film in TEH3, in which 𝑑2 is the 

thickness of the dielectric film in TEH3, 휀rs is the corresponding relative permittivity and 𝜎s is the 

tribo-charge surface density for TEH3. It is noteworthy that when the two electrodes of TEH3 fully 

slide out of each other (𝛿l = 𝐿), the value of 𝑉oc3 becomes infinite. To avoid the singularity, the length 

of the slider 𝐿𝑠  is designed to be slightly longer than the half length of the internal length of the 

capsule (𝐿𝑠 = 1.05𝐿 in this investigation). 

The electricity generation equation of the triboelectric harvesters can be written as 

 𝑉𝑖 = −
𝑄𝑖

𝐶𝑖
+ 𝑉oc𝑖, (𝑖 = 1,2,3) (17) 

Applying Ohm’s law on Eq. (17), one can get the electric differential equation as 

 𝑅𝑖

d𝑄𝑖

𝑑𝑡
+

𝑄𝑖

𝐶𝑖
− 𝑉oc𝑖 = 0, (𝑖 = 1,2,3) (18) 

Due to the opposite electric charges on the positive and negative triboelectric layers, there exists 

an electrostatic force on the slider. The total electrostatic force 𝐹e can be expressed as [28] 

 𝐹e =
𝑄2

2 − 𝑄1
2

2휀0𝑆c
 (19) 

When sticking, the transferred charges remain unchanged, thus 

 𝑄𝑖 = 𝑄𝑖(𝑡st),
d𝑄𝑖

d𝑡
= 0 (20) 

where 𝑡st is the time instant at the onset of stick motion and 𝑄𝑖(𝑡st) is the corresponding transferred 

charges in TEH𝑖.   

For continuous motion, the electric output signal from the harvesters is also time-dependent. In 

such a case, the average output power is used to assess the performance of vibration-based energy 

harvesters [4]. The corresponding average output power �̅�𝑖 for TEHi and the total average power �̅�𝑡 

can be obtained by 

 �̅�𝑖 =
∫ 𝑉𝑖

2(𝑡)d𝑡
𝑡

0

𝑅𝑖𝑡
, �̅�𝑡 = ∑ �̅�𝑖

3

𝑖=1

 (21) 
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Table 1. Parameters of the proposed harvester. 

Parameters Value 

Density of the slider (𝜌) 1180 kg/m3 

Coefficient of restitution (𝑟) 0.6 

Resistance (𝑅1) 10 MΩ 

Resistance (𝑅2) 10 MΩ 

Resistance (𝑅3) 10 MΩ 

Tribo-charge surface density for TEH1 and TEH2 (𝜎c) 15 μC/m2 

Tribo-charge surface density for TEH3 (𝜎s) 15 μC/m2 

Thickness of triboelectric layer for TEH1 and TEH2 (𝑑1) 250 μm 

Thickness of triboelectric layer TEH3 (𝑑2) 250 μm 

Relative permittivity for TEH1 and TEH2 (휀rc) 2 

Relative permittivity for TEH3 (휀rs) 2 

Vacuum permittivity (휀0) 8.854×10-12 

5. Numerical simulations 

It is worth noting that the coupled model established above is non-smooth in structural dynamics 

and stiff in electrical dynamics. To compute the dynamic responses and electrical output, the model 

is solved numerically by ODE23tb solver in MATLAB, which is based on trapezoidal rule and 

backward difference formula, especially for solving stiff differential equations. The parameters used 

in the simulations are shown in Table.1, and the tolerance utilized to capture the transition time 

instants (at impact and at switch between sticking and slipping) is set to 10-6. 

5.1. Effect of friction 

Friction is a significant issue for stick-slip vibration in this non-smooth system. In this work, the 

slider moves on the surfaces of two materials, the metal film and the electrically inert film, which 

may have similar or distinct friction properties (coefficients of kinetic and static friction, denoted by 

𝜇k  and 𝜇s , respectively). In this section, for simulating different friction conditions on the two 

surfaces, four cases are studied, in which the coefficients of kinetic and static friction are given 

different values, namely case 1 (𝜇s1 = 0.35, 𝜇k1 = 0.25, 𝜇s2 = 0.30, 𝜇k2 = 0.20), case 2 (𝜇s1 =

0.30, 𝜇k1 = 0.20, 𝜇s2 = 0.35, 𝜇k2 = 0.25), case 3 (𝜇s1 = 𝜇s2 = 0.35, 𝜇k1 = 𝜇k2 = 0.25) and case 

4 (𝜇s1 = 𝜇s2 = 0.30, 𝜇k1 = 𝜇k2 = 0.20). Herein, 𝜇s1and 𝜇k1 are the coefficients of static and kinetic 

friction on the metal film. 𝜇s2  and 𝜇k2  are the coefficients of static and kinetic friction on the 

electrically inert film. 𝜇s is made to be always greater than 𝜇k of the same two materials, as this is so 

for most materials. Other parameters are 𝛿l
∗ = 0.5𝛿t, A=10 mm, 𝑓 = 5.0 Hz, 𝐿 = 40 mm, D=40 mm. 

In case 1, the coefficients of static and kinetic friction on the metal film are larger than those on the 

electrically inert film. In case 2, the electrically inert film has larger coefficients of static and kinetic 

friction instead. The two cases actually represent non-identical friction properties on the two films. 

In each of case 3 and case 4, the metal film and the electrically inert film have the same coefficients 

of static and kinetic friction, which means that the two films have the same friction properties. The 

difference between case 3 and case 4 is that respectively larger coefficients of static and kinetic 

friction are simulated in case 3. Through the four cases, different scenarios in terms of friction 

properties on the two films can be studied theoretically, as shown in Figures 4-6 below. These findings 

are useful when designing such energy harvesters. 
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To find out the influence of friction properties on the contact surfaces, the absolute velocity and 

acceleration of the slider during pure slipping motion in the four cases are investigated, which behave 

like triangle wave and square wave respectively, shown in Fig. 4 (a) and (b). It should be noted that 

the amplitude of the absolute velocity is not symmetrical about zero in the first a few seconds. In the 

four cases, the difference in friction properties of the internal capsule wall leads to different velocities 

and accelerations (illustrated in Fig. 4), which accordingly result in distinct relative displacements, 

illustrated in Fig. 5. By comparing case 1 (Fig. 5 (a)) and case 2 (Fig. 5 (b)), it is easy to find that the 

amplitudes of the relative displacements in the two cases are not symmetric about zero (the initial 

position). To be specific, in case 1, the left region (the metal film) has larger coefficients kinetic and 

static friction compared with the right region (the electrically inert film), as a result, during vibration, 

the mean value of the relative displacement gradually shifts to the left side and finally settles. In case 

2, in contrast, the slider shifts to the right region. While the results in case 3 (Fig. 5 (c)) and case 4 

(Fig. 5 (d)) show that the mean value of the relative displacement just experiences a slight shifting. 

For further revelation about the shifting phenomenon, the shifting distance of the mean value of the 

relative displacement in the settling stage is determined, as can be seen in Fig. 6 (a). It is clear that 

when the metal film and the electrically inert film have different frictions properties (case 1 and case 

2), the mean value of the relative displacement obviously shifts to the region with larger coefficients 

of friction. Besides, as is observed, the shifting distance decreases with the increase of excitation 

frequency. 

 
Figure 4. Absolute velocity and acceleration in the four friction cases. 

 
Figure 5. Responses in the four friction cases; (a) case 1; (b) case 2; (c) case 3; (d) case 4. 

The electrical behaviour may also be affected by the friction. Therefore, the total average power 

in the four cases is studied in a frequency range from 2 Hz to 14 Hz which covers many low-frequency 

vibration sources such as human walking and running, and the vibrating chassis of a running vehicle 

on rough road, with an excitation amplitude of 15 mm, as illustrated in Fig. 6 (b). In case 1 and case 

2, the total average power under low frequencies is much higher than that in case 3 and case 4, while 

in relatively high frequencies, the electric outputs are nearly the same for all the four cases.  Fig. 7 



11 

 

may give a further explanation, which reveals the dynamic behaviour in case 1. In fact, the shifting 

of the mean value of the relative displacement caused by non-identical friction properties induces 

impact events between the slider and one end surface (Fig. 7 (a)) or both end surfaces (Fig. 7 (b)), 

which improve the total power due to the contribution of contact-separation mode of transduction. 

With the increase of the frequency of excitation, the shifting distance decreases; consequently, the 

slider cannot impact with the end surfaces any more (Fig. 7 (c)), thus the total power drops. 

 
Figure 6. Shifting distance of the mean value of the relative displacement and total average output 

power in the four friction cases. 

 

(a) 𝑓 = 2.65 Hz                            (b) 𝑓 = 3.5 Hz                    (c) 𝑓 = 6.0 Hz 

Figure 7.  Responses under different frequencies of excitation. 

5.2. Effect of electrostatic force 

The energy conversion mechanism of the harvester is based on electrostatic force (EF) coupling 

the electrical and the mechanical domains, so it is expected that EF may impact on both dynamic 

behaviour and electrical output. Relevant works on the effect of EF can be seen in [27][29], and it is 

found that EF could be neglected for cantilever-beam-based TEHs. However, the proposed TEH in 

this work is a vibro-impact system without stiffness item, which is different from those harvesters 

with linear or nonlinear stiffness. Moreover, the influence of EF is possibly remarkable for miniature 



12 

 

harvesters or Micro Electro Mechanical Systems (MEMS). Therefore, it is worth investigating the EF 

to find out its effects on energy harvesting. 

The proposed harvester is simulated with and without EF to compare the dynamic responses and 

electric output power. It is noted that when EF is not considered, the EF (𝐹e) in Eq. (4) should be 

removed so that the mechanical system and the electric system are uncoupled. Firstly, the shifting 

distance of the mean value of the relative displacement during pure slip motion in the settling stage 

with and without the consideration of EF is investigated, shown in Fig. 8. Here, the parameter values 

used are  𝛿l
∗ = 0.5𝛿t, 𝐴 = 10mm, 𝐿 = 40mm, 𝐷 = 40mm, 𝜇s1 = 𝜇s2 = 0.35, 𝜇k1 = 𝜇k2 = 0.25. 

Apparently, the EF acts as a resistance to shifting, which results in a smaller shifting distance 

compared with the result without EF. The effect of EF on the shifting directly affects the appearance 

of impacts.  

 

Figure 8. Shifting distance of the mean value of the relative displacement with and without 

electrostatic force (EF). 

For a further investigation, the relative displacement, EF and the total output power with and 

without the consideration of the EF under an excitation amplitude of 15mm, is shown in Fig. 9. At 

2.5 Hz, in Fig.9 (a), impacts take place when the EF (Fig. 9 (b)) is not considered. Due to the low 

excitation frequency, the impacts are extremely slight, resulting in a small influence on the response. 

Although the responses with and without the EF are very similar, the corresponding outputs (Fig.9 

(c)) have a great difference because impacts bring about an obvious improvement on energy 

conversion efficiency. While at a higher frequency of excitation, a great difference may occur in both 

responses and electric output. The responses and EF at 6 Hz are respectively illustrated in Fig. 9 (d) 

and (e). When the EF is not considered, strong impacts occur, because the slider carries plenty of 

kinetic energy. While under the EF, at its maximal displacement, the slider gets extremely close to 

the end surface but does not come into contact with it, resulting in distinct dynamic behaviours as 

well as a significant drop of electrical outputs (Fig. 9 (f)).  

Nevertheless, the EF does not always greatly affect the dynamic and electric behaviours. When 

impacts also happen under the EF, its effect could be neglected. In Fig. 9 (g), at 4 Hz, the slider 

impacts with the end surfaces with and without the EF, and the amplitude of the EF gradually becomes 

symmetrical (Fig. 9 (h)). A negligible difference is found in both relative displacement and electric 

output power in this particular case (Fig. 9 (i)). 

Base on the analysis above, it is concluded that the EF can dramatically affect the dynamic 

responses and electric outputs under certain conditions, which should be properly considered in the 

proposed harvester in this work.  
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Figure 9. Comparisons of the structural responses and electric output power with and without the 

electrostatic force (EF), 𝑓 = 2.5 Hz for (a), (b) and (c), 𝑓 = 6 Hz for (d), (e) and (f), 𝑓 = 4 Hz for (g), 

(h) and (i). 

5.3. Effect of initial slider position 

From the configuration of the TEH, it can be observed that there are no longitudinal constraints 

on the slider, which means the slider could be at any positions in the container when excitation starts. 

For numerical simulation under a harmonic excitation, the initial position of the slider may somehow 

affect the dynamic behaviour and electric output. Therefore, in this subsection, the effect of the initial 

slider position on both dynamic responses and electric outputs is investigated. The parameters used 
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are 𝐴 = 15 mm ,  𝑓 = 6 Hz  , 𝐿 = 40 mm , D=40 mm, 𝜇s1 = 0.35,  𝜇k1 = 0.25 ,  𝜇s2 = 0.30,  𝜇k2 =

0.20. 

 

(a) 𝛿l
∗ = 0                            (b) 𝛿l

∗ = 0.5𝛿t                    (c) 𝛿l
∗ = 𝛿t 

Figure 10.  Structural responses under different initial positions. 

 

Fig 11. Total average output power under different initial positions 

Fig.10 illustrates the dynamic responses under three typical initial positions, namely the left end 

(𝛿l
∗ = 0), the middle (𝛿l

∗ = 0.5𝛿t) and the right end (𝛿l
∗ = 𝛿t). The dynamic behaviours are similar 

when the slider starts from the left end (Fig.10 (a)) and the right end (Fig.10 (c)), in which impacts 

take place at the both end surfaces. While the initial position is in the middle of the capsule, the slider 

simply oscillates between the two ends without impacts in this particular case, shown in Fig. 10 (b). 

It is obvious that different initial positions may lead to distinct dynamic behaviours. The total output 

power versus frequency of excitation under the three initial slider positions when A=15 mm is shown 

in Fig.11. It can be seen that a higher power can be obtained due to impacts when the initial position 

is at the end surfaces. Additionally, as the proposed harvester is a nonresonant mechanical system, 

the performance of this harvester is not limited by its frequency bandwidth, which is a constraint of 

many vibration-based energy harvesters. The harvesting efficiency can be enhanced by increasing 

excitation frequency. As observed, when the initial position is at the end surfaces, the total average 

power increases from 10.3 μW at 3 Hz to 69.4 μW at 14 Hz.  

To find out how the initial position affects the electrical output, the total average power in the 

parameter region of amplitude ratio 𝐴/𝐿  and initial position 𝛿l
∗/𝛿t is shown in Fig. 12. The influence 

of the initial position on the total power is negligible when the amplitude is relatively small, because 

low electricity is generated under small amplitude. While the amplitude ratio is approximately larger 
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than 0.2, the initial position begins to play a great role on the total output. A high output can be 

obtained when the initial position is close to the ends. Actually, it is understandable that when the 

initial position is closer to either of the two ends, impacts are more likely to occur. With the increase 

of amplitude of excitation, the range of the initial position which affects the output becomes narrower. 

While the amplitude ratio is larger than 0.45, the initial position will not affect the output at all, 

because impacts will always happen under a relatively large excitation amplitude regardless of the 

initial position. 

 

 Figure 12. Total average output power in the parameter region of amplitude ratio 𝐴/𝐿  and initial 

position 𝛿l
∗/𝛿t. 

5.4. Effect of excitation level 

In this work, the excitation level plays a significant role in occurrence of impacts as well as 

electric output. Fig. 13 gives a general understanding of the influence of excitation amplitude, in 

which the total average power is investigated in the parameter region of amplitude ratio 𝐴/𝐿 and 

excitation frequency 𝑓. The parameters are 𝛿l
∗ = 0.5𝛿t,  𝐿 = 40mm, 𝐷 = 40mm, 𝜇s1 = 0.35, 𝜇k1 =

0.25, 𝜇s2 = 0.30, 𝜇k2 = 0.20.  The results indicate that a larger amplitude with a higher frequency 

contributes to a higher electric output. However, in ambient vibrations, large amplitudes are usually 

accompanied by low frequencies. Therefore, the proposed harvester should be examined in such 

circumstances.  

Fig. 14 gives a further revelation about the effect of excitation amplitude, which indicates that 

the harvester requires a relatively large amplitude to realize a high-level output. In addition, a higher 

frequency can remarkably ameliorate efficiency. It is interesting that the trend of the total average 

power versus the amplitude exhibits a step change. Obviously, this jump phenomenon is directly 

related to the dynamic behaviour, which could be explained in Fig. 15. When the excitation amplitude 

is relatively small, only stick-slip vibration or pure slip vibration with small amplitude happens to the 

slider, with or without slight impacts, and consequently, low electricity is generated. A further 

increase of amplitude results in impacts between the slider and both end surfaces, leading to a sharp 

rise in electrical output power. For example, as shown in Fig. 15, at 6 Hz, the total average power 

dramatically increases by 20 μW due to repeated impact events induced by a slight increase of 

excitation amplitude. What is noteworthy is that in this stage, the slider just impacts with each end 

surface once in an excitation period. When the amplitude becomes larger, chatter occurs at the end 

surfaces, during which the harvester could achieve an even higher output. Actually, chatter is a 

common phenomenon existing commonly in machine-tool system, characterized by consecutive 

impacts [46]. In machining processes, people usually take a variety of approaches to avoid the 

occurrence of chatter, because it may result in a poor surface finish, a deteriorating machine and tool 
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life, and low reliability and safety of machining operation. Nevertheless, in triboelectric energy 

harvesting, chatter is found to be helpful for improving the efficiency of harvesting energy [8]. 

Additionally, from Fig. 14, the conclusion in the last section is also verified that when the 

amplitude ratio is approximately larger than 0.45, the initial position nearly has no effect on the 

electrical output. 

 
Figure 13. Total average output power in the parameter region of amplitude ratio 𝐴/𝐿 and frequency.  

 

Figure 14. Total average output power under different initial positions and frequencies. 

 

Figure 15. Total average output power at 6 Hz. 

5.5. Effect of dimension 

In the proposed TEH, the diameter (𝐷) of the slider and the length (𝐿) of the metal film on the 

slider surface are two factors directly determining the dimension of the harvester, which also affect 

the mass of the slider and the contact areas in triboelectrification. Considering that the energy 

harvester is expected to be integrated with a vibration source, the size, as a vital design parameter, is 

worthy of investigation to provide guidelines for fabrication. The relevant parameters used are 𝛿l
∗ =

0.5𝛿t, 𝜇s1 = 0.35, 𝜇k1 = 0.25, 𝜇s2 = 0.30, 𝜇k2 = 0.20.   
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5.5.1. Effect of the diameter 

By fixing the length of the metal film (𝐿 = 40mm) and varying the diameter (𝐷), the total 

average power under two different excitations is obtained and illustrated in Fig. 16. It can be seen 

that under a large excitation amplitude with a low frequency (𝐴 = 15 mm, 𝑓 = 5 Hz), since impacts 

are involved, increasing the diameter helps to increase the efficiency of the contact-separation mode 

harvesters, thus observably promoting the total average power (shown on the left vertical axis). While 

under a smaller amplitude and a higher frequency ( 𝐴 = 5 mm, 𝑓 = 8 Hz ), although contact-

separation mode harvesters make small contributions, the increase of diameter could also 

bring about a very modest improvement on the output power (shown on the right vertical axis) via 

enlarging the contact area for the sliding-mode harvester.  Theoretically, a large diameter is conducive 

to the performance, while in practical applications, the diameter should be determined in 

consideration of a variety of issues, such as cost, installation space, and manufacturability. 

 

Figure 16. The total average output power versus the diameter. 

5.5.2. Effect of the length 

The diameter is fixed at a certain value (𝐷 = 40mm) when investigating the effect of the internal 

length of the capsule. Fig. 17 (a) shows the total average power versus the length when 𝐴 = 15 mm 

and 𝑓 = 5 Hz, which exhibits a distinct situation from the influence of the diameter. It can be seen 

that there is a valley point at approximate 15 mm, after which the power grows but not monotonically, 

and finally a quick decline appears when the length is larger than about 44 mm.  

To further reveal how the output power is affected by the length, the average power �̅�𝑖  is 

illustrated in Fig. 17 (b), in which the range of the length is divided into four intervals. Meanwhile, 

the response examples in the four intervals are shown in Fig. 18. In interval I, the relatively small 

length enables chatter to take place easily at both end surfaces, shown in Fig. 18 (a) and (b), but the 

impacts become weak with the increasing length and finally disappear at the valley point (Fig. 18 (c)). 

Chatter largely improves the electrical outputs of TEH1 and TEH2, while TEH3 generates low 

electricity because of the small contact area due short longitudinal travel of the slider. Starting from 

the valley point, in interval II, chatter appears again, but only at the left end surface (Fig. 18 (d)), 

leading to a higher output from TEH1.  Similarly, chatter disappears at the beginning of interval III, 

where impacts happen at the both end surfaces once in each cycle (Fig. 18 (e)), thus the outputs of 

TEH1 and TEH2 are nearly at the same level. In the first three intervals, the results indicate that 

increasing the length could improve the output of TEH3 by enlarging the effective sliding contact 

area. However, it does not mean that a longer length always makes a positive contribution. In interval 

IV, when the length is longer than 44 mm, the slider slides purely (Fig. 18 (f)), whose travel 
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displacement becomes shorter due to the absence of impacts, accordingly leading to an output drop 

from all the harvesters. 

 
Figure 17. The average output power versus harvester length. 

 
Figure 18. Structural responses under different lengths. 

The above results indicate that the two different types of triboelectric energy harvesters make 

different amounts of contributions to energy generation in relation to the capsule length, and these is 

short optimal range of length. These provide useful information for design and fabrication of these 

capsule-structured triboelectric energy harvesters. 

6. Validation 

The output performance of any triboelectric energy harvesters can be approximately modelled 

by utilizing a series connection of a variable capacitance and a voltage source [43,44], namely the 

equivalent capacitance and the open-circuit voltage mentioned in Section 4.2, both of which are 

functions of the relative displacement of the slider. For validating the coupled model in this work, an 
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equivalent circuit model of the proposed harvester is established in SIMULINK software package, 

shown in Fig. 19. The structural response of the slider is firstly determined in the structural dynamics 

domain, and then the dynamic response is utilised as input data in the SIMULINK model. 

In Section 5.2, the effect of the electrostatic force is investigated and the results indicate that the 

electrostatic force does not always affect the structural dynamics. In some particular situations (such 

as when A=15mm and f=4Hz), the effect of the electrostatic force on the structural dynamics can be 

ignored. Therefore, this particular situation is selected for the validation in SIMULINK. Fig. 20 

illustrates the time histories of voltage Vi obtained from solving the coupled model and the 

SIMULINK model respectively, and good agreement between the two models is obvious, which 

consequently verifies the validity of the coupled model presented in this work. 

 

Figure 19. SIMULINK model of the harvester. 

 

Figure 20. Comparison between the coupled model and the SIMUULINK model 
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7. Discussions 

Most traditional vibration-based energy harvesters usually achieve their maximum outputs 

around their natural frequencies. When the frequency of excitation is outside their optimal frequency 

bandwidth, these harvesters usually yield a low output power. In this work, the proposed harvester 

exhibits a distinct advantage that its performance is not limited by the frequency bandwidth as a result 

of using a novel nonresonant mechanical system. Actually, the output power of the harvester grows 

with increasing frequency of excitation. This characteristic endows the harvester a capacity to adapt 

to various operation conditions. 

As analysed above, impacts greatly improve the output power in the contact-separation mode, 

and the occurrence of impacts requires a relatively large excitation amplitude. When the harvester is 

exposed to small-amplitude vibrations, impacts may not happen, accordingly resulting in a low output. 

This drawback can be overcome by reducing the length of the harvester. Although this may also 

reduce the contribution of the harvester with sliding mode, it will not cause a great drop of the total 

power if the length reduction is appropriate (in a short range). 

Table 2 is given for comparison of performance between the proposed harvester and other 

triboelectric energy harvesters. It can be seen that although the average power of the proposed 

harvester is lower than some of these reported TEHs, it is still higher than some others, even if a low 

surface charge density value is used in this theoretical work. It is reasonable to believe that the output 

performance can be largely enhanced by increasing the surface charge density by means of micro- or 

nano-scale surface texturing. Based on the theoretical results, a prototype of the proposed harvester 

will be fabricated and tested. Besides, an improved design for enhancement of output electrical power 

based on the current structure is under development. New designs of hybrid harvesters that combine 

triboelectric and electromagnetic transductions are also under the authors’ consideration. The 

combinations can realise the advantages of more than one transduction and thus may suit special 

applications. 

Table 2. Comparison of performance between this work and other TEHs. 

Device dimensions Frequency Average power Load Resistance Ref. 

40mm×10mm 110 Hz 20.7 μW 50 MΩ [47] 

30mm×30mm 4Hz 10 μW 50 MΩ [48] 

20mm×20mm 5Hz 11 μW 100 MΩ [49] 

Length:120 mm;  

Diameter:55 mm 
5Hz 6.52 μW 200 MΩ [50] 

20mm×10mm 20 Hz 37.7 μW 60 MΩ [51] 

0.005m2 5Hz 318 μW 630 MΩ [52] 

Length: 80mm;  

Diameter: 40mm 

5.5Hz 21.6 μW 10 MΩ This 

work 
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8. Conclusions 

In summary, a novel design of a capsule-structured triboelectric energy harvester is developed 

in this work, in which a cylinder can slide inside the capsule which interacts with the internal wall of 

the capsule and/or impacts with the end surfaces of the capsule, correspondingly producing electricity 

through both the longitudinal sliding-mode harvester and the contact-separation mode as a hybrid. A 

mathematics model coupling the mechanical and electric systems is established, which is non-smooth 

in structural dynamics and stiff in electrical dynamics. This work is the first theoretical study on a 

capsule-structured triboelectric energy harvester involving structural dynamic and electrical analysis, 

which are prerequisites for design and fabrication of efficient energy harvesters. 

Numerical simulations are carried out to investigate both dynamic behaviours and electric 

outputs. It is found that the difference in the coefficients of friction between the metal film and the 

electrically inert film facilitates the occurrence of impact of the slider with the two end surfaces of 

the capsule, consequently playing a positive role in improvement of electric output. The electrostatic 

force acts as a resistance to the shifting of the mean value of the relative displacement and affects the 

occurrence of impact in the non-smooth system, which should be taken into consideration in 

modelling triboelectric energy harvesting. It is easier for impacts to happen when the initial position 

of the slider is closer to an end surface; however, this position effect becomes negligible when the 

excitation amplitude is larger than a certain value. Different from other types of vibration-based 

energy harvesters whose maximal output appears around a resonance, the performance of the 

harvester proposed in this work is not limited by bandwidth, and on most occasions, the higher the 

frequency of excitation (even if beyond its bandwidth), the more electricity is generated. To obtain a 

high electrical output, the proposed harvester requires a relatively large excitation amplitude, which 

promotes impacts and chatters. A larger internal diameter of the capsule contributes to a higher energy 

conversion efficiency.  However, the internal length should not exceed a certain value; otherwise the 

electrical output may experience a sharp drop because of the absence of impact. 
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Appendix A (Nomenclature) 

Symbol Signification  Symbol Signification 

𝑥 Absolute displacement of the slider 

(m) 

 𝑡st Time instant at the onset of stick 

motion (s) 

𝑥b Absolute displacement of the 

capsule (m) 

 g gravitational acceleration (m/s2) 

𝑦 Relative displacement between the 

slider and the capsule (m) 

 𝑟 Coefficient of restitution 

𝐴 Excitation amplitude (m)  𝜇s1 Coefficients of static friction 

between the slider and the metal film 

𝜔b Angular frequency of excitation 

(rad/s) 

 𝜇s2 Coefficients of static of friction 

between the slider and the 

electrically inert film 

𝑓 Frequency of excitation (Hz)  𝜇k1 Coefficients of kinetic friction 

between the slider and the metal film 

𝑡 Time (s)  𝜇k2 Coefficients of kinetic friction 

between the slider and the 

electrically inert film 

 𝑣r Relative velocity between the 

slider and the capsule (m/s) 

 𝐹e Total electrostatic force (N) 

𝑚 Mass of the slider (kg)  휀0 Vacuum permittivity 

𝑀 Total mass of the harvester and the 

vibration source (kg) 

 𝑆c Effective contact area for TEH1 and 

TEH2 (m2) 

𝐿 Length of the metal film (m)  𝜎c Tribo-charge surface density for 

TEH1 and TEH2 (μC/m2) 

 

𝐷 Internal diameter of the capsule 

(m) 

 𝜎s Tribo-charge surface density for 

TEH3 (μC/m2) 

d Diameter of the central through-

hole (m) 

 𝑑1 Thickness of the dielectric film in 

TEH1 and TEH2 (μm) 

𝐿s Length of the slider (m)  𝑑c Effective thickness of the dielectric 

film in TEH1 and TEH2 (μm) 

𝐿1 Lengths of overlapping regions 

between the slider and the metal 

film (m) 

 𝑑2 Thickness of the dielectric film in 

TEH3 (μm) 

𝐿2 Lengths of overlapping regions 

between the slider and the 

electrically inert film (m) 

 𝑑s Effective thickness of the dielectric 

film in TEH3 (μm) 

𝛿t Total separation distance (m)  휀rc Relative permittivity for TEH1 and 

TEH2 

𝛿l Separation distances between the 

slider and the inside left end 

surface of the capsule (m) 

 휀rs Relative permittivity for TEH3 

𝛿r Separation distances between the 

slider and the inside right end 

surface of the capsule (m) 

 𝐶𝑖 equivalent capacitance for TEH𝑖 (F) 
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Symbol Signification  Symbol Signification 

𝛿l
∗ Initial separation distances 

between the slider and the inside 

left end surface of the capsule (m) 

 𝑉oc𝑖 Open-circuit voltage for TEH𝑖 (V) 

𝛿r
∗ Initial separation distances 

between the slider and the inside 

right end surface of the capsule (m) 

 𝑅𝑖 Electric resistance in  TEH𝑖 (MΩ) 

𝐹k Kinetic friction force (N)   𝑉𝑖 Voltage across the resistor 𝑅𝑖 (V) 

𝐹n Normal force (N)  𝑄𝑖 Charge transferred in TEH𝑖. (C) 

𝐹s
max Maximal static friction force (N)  �̅�𝑖 Average output power of  TEH𝑖 

(μW) 

   �̅�t Total average power (μW) 
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