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A B S T R A C T   

Vibration analysis is an efficient method to monitor machine condition status. Different types of vibration 
sensors, such as microelectromechanical, and piezoelectric accelerometers have been used to measure vibrations, 
but face the problems of relying on external power and high cost. Recently, triboelectric nano-generator (TENG)- 
based vibration sensors have attracted attention to solve these problems. However, previous studies on TENG- 
based mechanical vibration sensors are limited to a low-frequency range (less than 200 Hz), which is below 
industry machine condition monitoring requirements (often 10–1000 Hz). This work aims at enabling TENG- 
based vibration sensors for higher frequencies and a broad range of frequency detection through structural 
design supported by numerical simulations. Numerical simulation results indicate that the frequency detection 
range is controlled by structural design and can be easily expanded for high-frequency detection by reducing the 
size and improving the shape of the structure. Spring-assisted TENG-based vibration sensors with the possibility 
of detecting the vibration within 0–1200 Hz, which covers the major mechanical failures and imperfections in 
vibrational frequency ranges, are prepared according to the structural design and numerical simulation results. 
The experimental results show that the developed sensor successfully detects signals within the frequency range 
of 0–1200 Hz. Due to optimized structural symmetry and effective spring stiffness, the two spring-assisted (TS) 
structures generate higher electric signal output (up to 200 V and 0.9 µA). The prepared TENG vibration sensors 
are further compared with a high-quality commercial vibration sensor in terms of vibrational signal response and 
detecting bearing defects. The results show that the prepared TENG vibration sensors can provide at least the 
same function as the commercial vibration sensor and demonstrate a promising potential to detect machine 
working conditions.   

1. Introduction 

The presence of different faults such as misalignment, imperfection, 
and unbalance in machine components used in industries and plants 
normally will lead to defects and abnormal operations, and conse-
quently lead damages to related equipment, which can cost 60–75% of 
the total life-cycle costs of equipment to maintain [1] and can even lead 
to almost 9% of accidents at the workplace [2]. Machine condition 
monitoring, a process of collecting information regarding the status of 
machine tools and machining processes to avoid failure, unwanted 
breakdown time, and further to predict necessary maintenance at the 
right time, thus plays a vital role to improve the durability, reliability, 
and maintenance of machines [3]. Currently, there are numerous tech-
niques used for machine condition monitoring such as vibration anal-
ysis, infrared thermography, voltage or current, and oil analysis [4,5]. 

Among these, vibration analysis plays a major role in indicating the 
status of the machine and smoothness of operation; mainly it is better to 
predict possible failure modes, and remaining service time, as well as to 
entertain continuous analysis of the machine operating parameters [6, 
7]. 

Having an accurate measurement of vibration is very important for 
vibration monitoring, which is normally carried out by a vibration 
sensor. Most of the present vibration sensors are developed from 
piezoelectric, piezoresistive, capacitive, and electromagnetic effects, 
that exhibit high reliability, durability, and better stability with a wide 
range of applications [8,9]. However, they are facing two main problems 
for the applications: (1) they need an external power source to work, 
which highly limit their service, portability, and flexibility to integrate 
into complex machine elements; (2) the production cost is very high due 
to the use of smart materials [10–12]. 

* Correspondence to: Division of Machine Elements, Luleå University of Technology, SE-971 87 Luleå, Sweden. 
E-mail address: yijun.shi@ltu.se (Y. Shi).  

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2022.107292 
Received 14 February 2022; Received in revised form 14 April 2022; Accepted 15 April 2022   

mailto:yijun.shi@ltu.se
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2022.107292
https://doi.org/10.1016/j.nanoen.2022.107292
https://doi.org/10.1016/j.nanoen.2022.107292
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2022.107292&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Nano Energy 98 (2022) 107292

2

The invention of the triboelectric nanogenerator (TENG) in 2012 
with high voltage output responses at the micro and nanoscale [13] 
brought significant improvement in developing self-powered sensors 
[14,15] at a relatively low cost. TENG offers several advantages for 
sensing technology, including simple structure, vast material choices, 
low weight, high conversion efficiency, and low cost [16–18]. During 
the past years, TENG-based vibration sensors have been well studied. 
For example, a self-powered TENG vibration sensor is developed from 
silk-fibroin and polyethylene terephthalate (PET) triboelectric layer 
deposited on an arch-shaped elastomer to measure vibration by 
contact-separation mode; this sensor exhibits high sensitivity for 
measuring vibration acceleration in the range of 0 – 9 m/s2 at a fixed 
frequency of 10 Hz [19]. A similar structure was used for voltage 
response analysis in the frequency range of 0–160 Hz, which demon-
strates a linear relationship of input frequency and voltage response 
[20]. In addition, TENG composed of aluminum balls that vibrates 
against a PTFE plate with multiple circular grids can be used for effective 
vibration level warning of auto-drive safety within the frequency range 
of 1–40 Hz with good stability [21]. Wang et al. [22] developed a so-
phisticated TENG vibration sensor, which is constructed from eight 
springs at a corner to hold the triboelectric layers in a parallel position at 
a gap of 2 cm. This device was investigated for the application of 
displacement amplitude measurement at 15 Hz, which shows the 
capability of measuring amplitude up to 3.5 mm. Similarly, TENG vi-
bration sensors developed on the surface of a flat single helical spring 
have shown the potential of measuring vibration acceleration up to 23 
m/s2 at a vertical vibration frequency of 16 Hz [23]. Spherical TENG 
composed of a rotating solid ball and the fixed hollow ball is employed 
for effective harvesting of vibration energy and measuring vibration up 
to 8 Hz [24]. 

The high potential of using TENG for mechanical vibration detection 
can be seen from the above discussion. However, the work done until 
now on TENG-based mechanical vibration sensors is limited to the fre-
quency range up to 160 Hz, which is much lower than the major me-
chanical failures and imperfections vibrational frequency ranges of 
10–1000 Hz [25,26]. Hence, further investigation to show that the po-
tential of using TENG-based vibration sensors to detect higher-frequency 
vibration for machine condition monitoring is essential. 

Here we report a method of enabling TENG-based vibration sensors 
for higher frequencies and a broad range of frequency detection through 
optimization of TENG working mode and structural design supported by 
numerical simulation. The spring-assisted models of TENG are proposed 
for this work. The aim is to optimize the size and design of these 
structures to meet the desired frequency range up to 1200 Hz. The 
optimization of the in-plane sliding and freestanding mode of TENG to 

create dependency of the output signal on the input frequency is 
considered. The electrical performance of each structure, in terms of 
their electrical output per input frequency, is evaluated to optimize 
power output and stability. We also compared the output signal with a 
commercial accelerometer to analyze the features of signals and to 
monitor bearing defects. 

2. Principles and theoretical model 

2.1. Design and analysis 

Two alternatives of spring-mass models are considered in this work. 
The spring-assisted structure based on the spring-mass model is pro-
posed (as shown in Fig. 1. a &b). The outer cylinder is fixed relative to 
the proof mass which vibrates with one or two springs in the cylinder. 
Two samples were developed: one sample with two springs (TS) and the 
other sample with one spring (OS). The sample with one spring aims to 
reduce the size of the final device is shown to have comparable perfor-
mance and stability of the output signal. The structure with two springs 
aims to maintain uniform vibration of the proof mass when compared to 
one direction single spring. The supportive geometry and structural 
symmetry ensure that the whole system has a uniform resonant fre-
quency. Further, the spring stiffness and the size of the proof mass are 
optimized to increase the natural frequency of the structures. The 
overall dimension of the initially proposed sample is based on the 
average commercial conventional battery size as a power source (for the 
self-powered sensor) and then modified to optimize the natural fre-
quency of the sample based on simulation results. Detailed dimensions 
of the structure can be seen in Table 1(column five, for initial structure 
dimension and modified dimension for alternative structure in column 
six). 

fext − kx − kx = ma…………….............................. (1)  

− 2Kx = ma…………................…....................... (2)  

ω =

̅̅̅̅̅
2k
m

√

.........….................................................... (3)  

fext − kx = ma .......when the external load is applied (4)  

− Kx = ma............................without external forces (5)  

ω =

̅̅̅̅
k
m

√

.........................The oscillation frequency (6)  

where m is the effective mass of proof-mass (g), x is its displacement (m), 

Fig. 1. Overall structure schematic of two spring structure and one spring structure with final dimensions. a) Two spring structures, b) One spring structure.  
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a is an external acceleration (m/s2), and K is the effective spring constant 
of the structure (N/mm). 

Accordingly, Eqs. (1–3) are formulated based on two spring structure 
and (4− 6) formulated based on one spring structure representation as 
shown in Fig. 1a and b respectively. 

For further analysis of simulation to optimize resonance frequency of 
samples while considering the minimum size of the sample to hold 
triboelectric films; six different combinations of structural dimensions 
(S1–6) are considered as alternative dimensions as shown in Table 1 
(details in Supplementary material Table S1). Accordingly, based on Eqs. 
(3 & 6), the thickness of the proof mass of the spring-assisted structure 
decreased. As well as the length of the spring decreased, and the spring 
material changed to increase the stiffness of the spring [27,28]. 

The design of the structures was aimed to imitate the vibration of the 
external source with the same excitation as external sources. Then, the 
TENG constructed on the structure can produce an electrical signal 
matching the excitation of the external source. Furthermore, the exci-
tation of the structure is influenced by its natural frequency; therefore, 
the analysis of its resonant frequency is crucial for preliminary input to 
analyze the potential vibration frequency detection of the sensor. Ac-
cording to the right-hand rule, a sensor has the potential of detecting up 
to 1/3 of its natural frequency [29,30]. To get the theoretical vibration 
frequency range of the designed sensor, the designed structures are 
numerically analyzed based on finite element models in ANSYS for their 
natural frequency. 

2.2. Working principle and triboelectric simulation 

For the triboelectric effect, the change of structural displacement 
leads to the formation of contact and separation or sliding in-plane 
which creates triboelectrification. The triboelectric layer is deposited 
or pasted as a film on the designed structure to share change in 
displacement (as shown in Fig. 2). For the spring-mass model; aluminum 

foil is pasted on the internal cylinder wall and PTFE with an aluminum 
back electrode is pasted as triboelectric layers on the proof mass. As 
vibration is induced to the device, the triboelectric layer on the proof 
mass freely slides over the aluminum foil on the cylinder wall, then 
generates the freestanding – in-plane sliding mode of TENG. The for-
mation of free sliding movement is enhanced by the spring connected to 
the proof mass. The triboelectric effect is expressed mathematically for 
intimate-plane sliding mode and recurrent contact-separation [31,32] 
by Eqs. (7) and (8) respectively. 

V =
σx

ε(l − x)
t …………………………………………. (7)  

V =
σ
ε…………………………………………………… (8)  

where σ is the surface charge density, t is the thickness of the film, x is 
the overlapping distance, and l is the length of the film. Detailed di-
mensions and properties of the investigated TENG devices are given in 
the supplementary materials. 

Further triboelectric effect and potential distribution were simulated 
via COMSOL. (Detail information in Supporting material). 

3. Experimental section 

3.1. Fabrication of samples 

Sample preparation was divided into two steps. The first step is the 
preparation of supportive components. Accordingly, the spring-assisted 
structure developed from; The PVC plastic cylinder from Shenzhen 
Stardeal Industrial company and carbon (EN 10270 Pt1 patented) spring 
from wizard springs company were utilized for sample preparation. The 
proof mass was produced by turning from a round aluminum bar. 

The second step is developing the triboelectric film on supportive 
components and the assembly process. The PTFE with back aluminum 
film is attached to the proof mass manually by using two-sided plastic 
tape as negative triboelectric layers and their dimension is 8 * 16 mm. 
Similarly, the 8 * 16 mm aluminum film is manually pasted on the in-
ternal wall of the cylinder as a positive triboelectric layer. 

3.2. Characterization techniques 

For theoretical characterization, the electric potential distribution 
and working principles of TENG were simulated by COMSOL Multi-
physics software based on film charge density and film dimension for the 
theoretical calculation to evaluate the expected potential of the tribo-
electric layers. The natural frequency of the designed structure was 
simulated by ANSYS Maxwell software as well as the dimension of each 
component optimized in the structure to increase the natural frequency 
of the structure. Detailed information considered for simulation is in the 
supplementary material. 

For experimental characterization, to evaluate the performance of 
the prepared devices as shown in the schematic illustration of Fig. 3a, 
the samples were mounted on the vibrator (JZK-2 shaker with signal 

Table 1 
Proposed dimension for all structures.  

No Structure Parts Material Initial Dimension 
(mm) 

Modified 
Dimension 
S1–6 (L, t, k) 

1 One 
spring 
(OS) 

Cylinder PMMA 
(AcryliteR) 

t0.4 * Ø13 * L25.4 L125.4 - 
L618.4 

Proof 
mass 

Aluminum 
(AlSi9) 

t10 * ɸ 10.6 t110 - t68 

Spring Music wire 
/Carbon 

F15, Øo 8, t0.9, k 
0.015 N/m 

F115 - F610, 
k 0.025 N/ 
m 

2 Two 
springs 
(TS) 

Cylinder PMMA 
(AcryliteR) 

t0.4 * Ø 13 * 40.8 L140.8 - 
L628.8 

Proof 
mass 

Aluminum 
(AlSi9) 

t10 * Ø 10.6 t110 - t68 

Spring Music 
wire/ 
Carbon 

F15, Øo 8, t0.9, k 
0.015 N/m 

F115 - F610, 
k 0.025 N/ 
m 

t-thickness, Ø -diameter, L-length, F-free length, Øo -outside diameter, K-stiffness rate  

Fig. 2. Schematic representation of the spring-assisted of TENGs. (a) 3D of two springs (TS-TENG) and b) 3D of one spring (OS-TENG).  
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amplifier) and the vibrator is used to generate vibration. The vibrator 
frequency is controlled by a signal generator to generate uniform peri-
odic vibrations for different input frequencies. The investigated fre-
quency range was 0–1200 Hz, with a corresponding acceleration range 
of 0–120 m/s2. To evaluate the effective performance of the developed 
samples at lower frequencies (0–25 Hz), a small step size of 5 Hz was 
chosen. At the interval of 25–200 Hz and 200–1200 Hz, a larger step size 
of doubling the interval and step size of 200 Hz was used respectively. In 
addition, a linear motor (with a frequency and amplitude independent 
setup) was used to evaluate the response of developed samples for input 
frequency at fixed acceleration and fixed amplitude at uniform vibration 
in the range of 1–3 mm amplitude and 0–400 Hz frequency. The 
correspondent acceleration of the vibrator was measured by a com-
mercial accelerometer (PCB-080 M162). The electrode on the samples is 
connected to the 6514-system electrometer to measure voltage and 
current output. The measured voltage and current by the electrometer 
are displayed on the computer by using LabVIEW. In addition, the per-
formance of the developed TENG-based vibration sensor is compared 
with a commercial vibration sensor. The commercial accelerometer and 
the developed TENG-based vibration sensor were mounted on the 
vibrator to collect signals. Then the signal of the commercial sensor was 
collected by SKF microlog as an acceleration signal and the signal of the 
samples collected by system electrometer as a voltage sinusoidal signal 
at uniform vibration of vibrator. 

Further, the developed and commercial vibration sensors were 
explored to detect a bearing defect. Two SKF ball bearing (W 6200-2Z) 
with one which has a defect of approximately 2 mm on the outer race-
way (as shown in Fig. 3c) and one without a defect were utilized as 
shown in Fig. 3b. The SKF motor rig (SE 512–610) was used to run the 

tests, and the motor was operated at a constant shaft rotational fre-
quency of 1800 rpm (this speed was selected as the average operating 
speed for different machines elements). Initially, the ball bearing 
without defect was mounted on the rig; the commercial sensor and 
TENG-based vibration sensor were mounted on the specific bearing 
house (at the closest position to the defect). Then the vibration accel-
eration signal was collected by the SKF microlog from the accelerometer 
(PCB-080 M162) and data extracted via SKf @ptitude observer, and the 
voltage signal from the developed TENG-based vibration sensor was 
collected by the system electrometer, the same method was followed for 
bearing with a defect. 

4. Result and discussion 

4.1. Frequency simulation result 

Fig. 4. shows the modal analysis results of the displacement map 
representation and the influence of structural design optimization on 
natural frequency. 

The first resonance frequency occurred at 1650 Hz, and 1450 Hz for 
TS and OS structure with music wire (MW) spring and 2149 Hz, and 
2010 Hz for TS and OS structure with carbon spring, for the structures 
with the initially proposed dimensions. But these ranges of frequency are 
low to cover the desired range of major machine condition monitoring 
according to the hand right rule. Fig. 4 iv, shows that the frequency of all 
structures increased with modified dimensions. The resonance fre-
quency increases as proof mass thickness and length of spring decreases, 
and further, the graph illustrates that decreasing the proof mass has a 
significant influence on the resonance frequency. Finally, for the 

Fig. 3. Schematic illustration of experiment and demonstration setup. a) vibration measurement experimental setup b). bearing defect detection setup. c) 
Bearing image. 

Fig. 4. Modal result of FEM analysis, Z-axis displacement map in mm, sectioned and top view optimized structure of dimension(S1) i) TS, ii) OS, iii) Graph of 
simulation result frequency for a different structure. 
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optimized structures (S6 for TS and OS,), the first resonance frequencies 
occurred at 3000 Hz, and 2650 Hz, for TS of carbon spring, and OS of 
carbon spring. 

The two-spring sample exhibit a relatively high natural frequency 
due to its effective spring stiffness coming from the two springs when 
compared to the one spring structure (Eqs. (3 & 6)). Furthermore, the 
decreased size of the proof mass and spring improved the frequency 
range. Still, according to the right-hand rule, 1/3 of optimized natural 
frequency is around 1000 Hz and above. Hence, it is acceptable to use 
the structure for detecting major machine condition monitoring. 

4.2. Triboelectric simulation result 

As shown in Fig. 5(d, and e), the triboelectric generating mechanism 
is depending on the coupling of contact electrification and the electro-
static induction principle. During the process of intimate sliding, the 
layer of PTFE exhibits the potential to gain electrons, while the layer of 
aluminum exhibits the potential to lose electrons due to their electro-
negativity difference. Furthermore, the sliding gap of the two films 
generates potential differences or electrons transfer to the back elec-
trode as an electrostatic induction effect. Fig. 5b, and f, shows the nu-
merical simulation of voltage distribution and potential of the two 
proposed structures. It is obvious that the potential increases with the 
increase of the contact surface area, sliding distance, and improving the 
contact mode between the two films. Detail description of the theoretical 
investigation and working principles is presented in the Supporting 
Material. 

4.3. Experiment output characterization 

The measured open-circuit voltages and short-circuit current of both 
samples with respect to different frequencies and correspondent accel-
eration are shown in Fig. a, b & c. The results show that for these samples 
with the spring-assisted TENG, the open-circuit voltage and short circuit 
current are proportional to the input frequency, and the output value 
increases as input frequency increases for both investigated structures, i. 
e., TS-TENG and OS-TENG. As shown in Fig. 6c, the sample response for 
fixed amplitude and acceleration indicates that the output increase, as 
frequency increases at a fixed amplitude and the same acceleration. This 
shows the potential of samples for responding to different parameter 
inputs and suitability for vibration parameter characterization. For the 
TS-TENG-sensor, the value increased significantly whereas the OS-TENG 
values increase slightly and were less linear at higher frequency (Fig. 6a, 
& b). This is most likely due to a larger effective sliding distance and 
stable movement between the two films when two springs are utilized in 
the structure [33,34]. As a result, using two springs maximizes the 
power output of the device up to 200 V and 0.9 µA, which is highly 
desired to have a stable self-powered sensor. Fig. 6(a, b) and 7. c shows 
that at a lower frequency (up to 50 Hz), TS-TENG and OS-TENG have 
similar output and stability, but for the higher frequencies, the graph 
indicates that the large difference in voltage and current response and 
the response of the TS-TENG is linear and very stable. The overall result 
indicates that the device has the potential for detecting vibration in the 
range of 0–1200 Hz with excellent stability. 

As shown in Fig. 7b, the simulation result shows that the current 
response has a linear relationship with input frequency, which demon-
strates the fundamental equation utilized in the COMSOL simulations. 
On the other hand, the experimental output result shows an initially 

Fig. 5. Theoretical investigation on the working principle of the spring-assisted TENG (a) 3D of i) two springs (TS-TENG) & ii) one spring (OS-TENG). b) Numerical 
calculations on the potential differences between the two surfaces c) Sectioned view for the potential distribution of (b). (d) Contact electrification stage (surface 
charge generation). (e) electrostatic induction (potential delivery sequence) (f) Numerically calculated potential differences with respect to sliding distance 
by COMSOL. 
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high current response which gradually becomes linear. This is probably 
due to the reducing tendency of dielectric constant and relative decrease 
of surface charge density generating rate with increasing frequency 
[35]. At low frequencies, both samples respond effectively with 
approximately the same electrical output and similar stability. This is 
probably due to the change in sliding distance between the triboelectric 
layer being small for both a spring-mass structure at a low vibration. But 

at higher frequencies and a wider range of frequencies, the TS-TENG 
performs better in terms of stability, linearity, and electrical output 
increment when compared to OS-TENG. 

Furthermore, the spring-assisted TENG shows advantages in terms of 
energy conversion efficiency and responding frequency range when 
compared to previously reported TENG-based sensors which have a 
similar design [36,37]. Consequently, the developed TENG-based 

Fig. 6. The electrical output performance of all sensors. a) 3D & dependence of the short-circuit current-voltage with corresponding frequency (Hz) and open-circuit 
current with corresponding acceleration(m/s2) of TS-TENG on frequency, b) 3D & dependence of the short-circuit current-voltage and open-circuit current of OS- 
TENG on frequency, c) dependence of the short-circuit current-voltage on corresponding A (amplitude), f (frequency), and a (acceleration). 

Fig. 7. Combination of measurement and simulation results in a) comparison of potential difference from the numerical calculation by COMSOL and measurement 
spring-mass model, b) comparison of current response based on numerical COMSOL calculation and measurement. 
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vibration sensors have the potential to detect a wide range of vibration 
frequencies with a promising response. 

5. Signal comparison with a commercial accelerometer 

The practical application of the developed TS-TENG-based vibration 
sensor was compared with a commercial accelerometer (PCB-080 M162) 
and a digital electrometer (as shown in Fig. 8b). The results show that 
the developed TENG-based vibration sensor generates uniform and 
stable sinusoidal signals like the commercial accelerometer. The 
generated signal also has a similar intensity and amplitude increment as 
input frequency increases as shown in Fig. 8c & d (Video S1 Supporting 
Material). 

The measurement (as shown in Fig. 8b) shows the suitability of the 
sample signal to be measured by a simple device like a digital multi-
meter (Video S2 Supporting information). The voltage and acceleration 
signals collected during the investigation of bearing condition for 
defective and healthy bearings is shown in Fig. 9 (Video S3. Supporting 
information). The vibration that appeared at the bearing house always 
exhibits low displacement amplitude even at a very high shaft rotational 
frequency, which is less than 0.1 mm [38]. 

As shown in Fig. 9a, the developed TENG-based vibration sensor is 
very sensitive, actively responsive at very low displacement amplitude, 
and generates stable signals (supplementary video S3). The measured 
signal by the accelerometer and TENG device illustrates that the 
amplitude of vibration is increased for defective bearing (Sample mea-
surement in Supporting Information as shown in Fig. S2. a & b). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107292. 

To further analyze the potential of the developed TENG-based vi-
bration sensor, FFT analysis was used to identify the peak fault fre-
quency of rolling elements for the outer raceway ball pass frequency 
(BPFO) in the frequency domain spectrum. The frequency spectrum 
(FFT) signal collected by the commercial accelerometer at the same 
shaft rotational frequency of 1800 rpm and the frequency domain 
spectrum of the TENG-based vibration sensor extracted via fast Fourier 
transform as shown in Fig. 9(b and c). Theoretically, the expected 
possible ball pass frequency of the outer raceway (BPFO) of the rolling 

element can be calculated by the equation of Alfredsson and Mathew 
1985 (9) by [39]. 

(Outer raceway (BPFO) =
n
2

xfx(1 −
db

dp
cosθ)....... (9)  

Where n is the number of rolling elements, db is the ball element 
diameter, dp is the pitch diameter of the ball bearing, θ is the bearing 
contact angle and f is the shaft frequency. 

Accordingly, the expected ball pass frequency is calculated when the 
number of rolling elements is 10, and the rotational frequency is 30 Hz 
(1800 rpm) under radial load which means that the contact angle is 90⁰. 
An overall result summary is shown in Table 2. 

There are multiple higher amplitude signatures as a peak in the 
frequency domain spectrum of the defective bearing when compared to 
the healthy bearing for both measurements collected by the commercial 
sensor and TENG-based vibration sensor as shown in Fig. 9. Thus, the 
measurement clearly indicates that the bearing is a defective one. 
Further, the peak position of the ball pass frequency in the spectrum of 
the commercial sensor and the TENG-based vibration sensor measure-
ment is close to each other and close to the theoretical harmonic fre-
quencies for BPFO and 2 * BPFO as shown in Table 2. But the 3 * BPFO 
peak position for both the commercial sensor and the TENG-based vi-
bration sensor deviates from the theoretically calculated expected peak 
to a lower value. This may be due to individual component excitation in 
sample structure around this frequency [40]. The investigation shows 
that there is an excitation of the structure around this frequency. As the 
amplitude of the vibration changes slightly, the non-uniform voltage 
signal distribution response and amplitude increment are recorded (as 
shown in supplementary material Fig. S3). The overall result shows the 
promising potential application of the developed TENG-based vibration 
sensors for vibration sensing in industrial applications. 

6. Conclusion 

We successfully fabricated TENG-based vibration sensors for indus-
trial applications: the developed spring-assisted TENG has enhanced 
performance and power output. This was realized through structural 

Fig. 8. Demonstration of the sensor for vibration monitoring. a) Signal collected by Microlog connected to accelerometer, b) Digital multimeter showing measured 
AC voltages c), Acceleration signal of SKF microlog, and voltage signal of electrometer at 1,32 m/s2 d), acceleration signal of SKF microlog, and voltage signal of 
electrometer at 2,17 m/s2. 
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design supported by computed natural frequency simulation. The 
designed sensor has a wide range of frequency detection for 0–1200 Hz 
and an acceleration range of 0–120 m/s2 with excellent linearity and 
stability when compared to most of the previously reported TENG-based 
vibration sensors which are limited in the range of less than 200 Hz. 
Meanwhile, the developed TENG-based vibration sensor has the capa-
bility to generate a voltage of 200 V and a current of 0.9 µA. We have 
clearly demonstrated how TENG performance is improved by optimizing 
structural design. This made it possible to use TENG for higher fre-
quencies which are shown in a comparison with a commercial sensor. It 
is also found that the TENG-based vibration sensors demonstrate a 
promising potential to measure vibration at low amplitude and for an 
indication of the expected peak in the FFT signal spectrum to identify 
bearing defects. Thus, the proposed TENG vibration sensors have high 
potential applications as vibration sensors for a wide range of fre-
quencies with excellent performance and can be used to develop self- 
powered sensors. 
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Fig. 9. Raw vibration condition monitoring signatures. a) Raw time-domain signal of TENG device. b) Frequency-domain spectrum collected by commercial 
accelerometer from bearing without defect (healthy) and with defect (defective) at 1800 rpm. c) Frequency-domain spectrum collected by TENG- based vibration 
sensor from bearing without defect (healthy) and with defect (defective) at 1800 rpm. 

Table 2 
Theoretically calculated and extracted ball pass peak frequency of the different 
sensors.  

No Peak Theoretically frequency in 
hertz 

Commercial 
sensor 

TENG 
sensor  

1 BPFO  150  145  149  
2 2 * BPFO  300  294  301  
3 3 * BPFO  450  425  405  

I. Mehamud et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.nanoen.2022.107292


Nano Energy 98 (2022) 107292

9

References 

[1] K. Efthymiou, N. Papakostas, D. Mourtzis, G. Chryssolouris, On a predictive 
maintenance platform for production systems, Proc. CIRP 3 (2012), 221–226. 
10.1016/j.procir.2012.07.039. 

[2] B. Mrugalska, Induction Machine Faults Leading to Occupational Accidents, 
Springer, 2014, pp. 237–245, 10.1007/978-3-319-07509-9_23. 

[3] M. Kande, A. Isaksson, R. Thottappillil, N. Taylor, Rotating electrical machine 
condition monitoring automation, Machines 24 (2017) 1–15, https://doi.org/ 
10.3390/machines5040024. 

[4] G. Dinardo, L. Fabbiano, G. Vacca, A smart and intuitive machine condition 
monitoring in the industry 4.0 scenario, Measurement 126 (2018) 1–12, https:// 
doi.org/10.1016/j.measurement.2018.05.041. 

[5] J. Wen, H. Gao, J. Zhang, Bearing remaining useful life prediction based on a 
nonlinear wiener process, model, Shock Vib. (2018) 4068431, https://doi.org/ 
10.1155/2018/4068431. 

[6] T. Plante, A. Nejadpak, C. Yang, Faults detection and failures prediction using 
vibration analysis, IEEE Autotestcon (2015) 227–231, https://doi.org/10.1109/ 
AUTEST.2015.7356493. 

[7] P. Girdhar, C. Schiffer (Eds.), Practical Machinery Vibration Analysis and 
Predictive Maintenance, Predictive, Maintenance Techniques: Part 2 Vibration 
Basics, Newnes, Oxford, 2004, pp. 11–28, 10.1016/B978-0-7506-6275-8.X5000-0. 

[8] M. Shkel, Smart MEMS: micro-structures with error-suppression and self- 
calibration, control capabilities, Proc. Am. Control Conf. 2 (2001), 1208–1213. 
10.1109/ACC.2001.945886. 

[9] J. Zhu, X. Liu, Q. Shi, T. He, Zh Sun, X. Guo, W. Liu, O. Sulaiman, B. Dong, Ch Lee, 
Development trends and perspectives of future sensors and MEMS/NEMS, 
Micromachines 1 (2020) 1–30, https://doi.org/10.3390/mi11010007. 

[10] A. Algamili, M. Khir, J. Dennis, A review of actuation and sensing mechanism in 
MEMS-based sensor devices, Nanoscale Res. Lett. 16 (2021) 1–21, https://doi.org/ 
10.1186/s11671-021-03481-7. 

[11] X. Yang, M. Zhang, Review of flexible microelectromechanical system sensors and 
devices, Nanotechnol. Prec. Eng. 4 (2021), 025001, https://doi.org/10.1063/ 
10.0004301. 

[12] T. Kalsoom, N. Ramzan, S. Ahmed, M. Ur-Rehman, Advances in sensor technologies 
in the era of smart factory and industry 4.0, Sensor 23 (2020) 6783, https://doi. 
org/10.3390/s20236783. 

[13] Ch Wu, C. Wang, W. Ding, Zh Wang, Triboelectric nanogenerator: a foundation of 
the energy for the new era, Adv. Energy Mater. 9 (2019) 1802906, https://doi.org/ 
10.1002/aenm.201802906. 

[14] Zh Jun, Wang Di, Zh Fan, L. Yuan, Ch Baodong, L.W. Zhong, P. Jinshan, L. Roland, 
Sh Yijun, Real-time and online lubricating oil condition monitoring enabled by, 
triboelectric nanogenerator, in: ACS Nano, 7, 2021, p. 11869, https://doi.org/ 
10.1021/acsnano.1c02980 (Article). 

[15] Z. Zhang, J. Zhang, H. Zhang, H. Zhiwei, W. Xuan, Sh Dong, J. Luo, A portable 
triboelectric nanogenerator for real-time respiration monitoring, Nanoscale Res. 
Lett. 14 (2019) 354, https://doi.org/10.1186/s11671-019-3187-4. 

[16] R. Dharmasena, J. Deane, S. Silva, Nature of power generation and output 
optimization criteria for triboelectric, nanogenerators, Adv. Energy Mater. 8 
(2018) 1802190, https://doi.org/10.1002/aenm.201802190. 

[17] Z. Wang, Triboelectric nanogenerators as new energy technology and self-powered, 
sensors–principles, problems, and perspectives, Faraday Discuss. 176 (2015) 
447–458, https://doi.org/10.1039/C4FD00159A. 

[18] M. Han, X. Zhang, H. Zhang, Flexible and Stretchable Triboelectric Nanogenerator 
Devices: Toward Self-, Powered Systems, Wiley, Weinh, 2019, pp. 1–18, https:// 
doi.org/10.1002/9783527820153.ch1. 

[19] Y. Ch. Liu, N. Wang, X. Zhang, Z. Yang, L. Wang, W. Zhao, L. Yang, L. Che, 
G. Wang, X. Zhou, A self-powered and high sensitivity acceleration sensor with V- 
Q-a model based, on triboelectric nanogenerators (TENGs), Nano Energy 67 
(2020), 104228, https://doi.org/10.1016/j.nanoen.2019.104228. 
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