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Handwriting signature is widely used and the main challenge for handwriting recognition is how to obtain
comprehensive handwriting information. Triboelectric nanogenerator is sensitive to external triggering force and
can be used to record personal handwriting signals and associated characteristics. In this work, micro/nano
structure textured TENG acting as a smart self-powered handwriting pad is developed and its effectiveness for
handwriting recognition is demonstrated. Three individuals’ handwriting signals of English words, Chinese
characters and Arabic numerals are acquired by leaf-inspired TENG, and the other three people’s handwriting
signals of English sentences and the corresponding Chinese sentences are obtained by cylindrical microstructured
PDMS based TENG, and these signals exhibit unique features. Combined with the machine learning method, the
people’s handwriting was successfully identified. The classification accuracies of 99.66%, 93.63%, 91.36%,
99.05%, and 97.73% were reached for English words, Arabic numerals, Chinese characters, English sentences,
and the corresponding Chinese sentences, respectively. The results strongly suggested that the textured TENG
exhibited great potential in personal handwriting signature identification, security defense, and private infor
mation protection applications.

1. Introduction
Handwriting signature is one of the most important personal
behavioral biometric characteristics and occupies a very special place in
the wide set of biometric. Meanwhile, the handwriting signature is
widely used in a variety of civilian applications to authenticate in
dividuals for enhanced security and privacy [1,2]. According to the
acquisition approach, signatures are divided into offline and online. In
offline, signatures are scanned and stored as grayscale or binary images,
while in online, sequential information (e.g. x-y positions, velocity,

acceleration, pressure, and pen inclination) describes signatures [3]. In
the online approach, specialized hardware such as a digitizing tablet or
electronic pens with different sensors is used to capture the velocity,
acceleration, pen inclination, and writing forces of pen movements
simultaneously [4]. The design of handwriting signature verification
systems (HSVS) based on the offline mode is more difficult compared to
the online mode since many desirable characteristics such as the ve
locity, the pressure, and so on are not available during the acquisition
[5]. The verification system depends on the features selected from the
signature and generally, online signature verification systems have
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higher accuracy. Whereas the performance drops considerably in offline
modes and big losses were caused due to the forgery signature [6].
However, the offline signature is more widely used in daily life due to its
easy access and low cost. Therefore, it remains an open challenge in
handwriting signature verification and the key is developing new record
methods to obtain comprehensive handwriting information including
position, velocity, acceleration, pressure, force, direction, and pen
inclination during writing at low cost.
In 2012, Wang’s group invents triboelectric nanogenerator (TENG, i.
e. Wang Generator) and its working principle is the coupling of tribo
electrification and electrostatic induction [7–10]. The fundamental
theory of nanogenerators starting from Maxwell equations and nano
generators are the applications of Maxwell’s displacement current in
energy and sensors [11–15]. Since it was born, TENG has attracted a lot
of attention and numerous wonderful works have been done [16–23].
The output electrical signal of TENGs is directly related to the external
mechanical excitation, and thus TENGs are capable to detect the pres
sure, strain, velocity, position, and relative displacement. Due to its easy
fabrication, low cost, and high sensitivity, TENGs have been successfully
used to measure pressure [24,25], touch [26,27], eye motion [28], ve
locity [29], vibration [30] and body motion [31]. Moreover, it has
presented that TENG can harvest typing energy and intelligent keyboard
based on TENG array enabled authentication and identification [32–34].
Some great works have been done and demonstrated that TENG could
apply in human-machine interfaces (HMI) to achieving the
high-precision and real-time interface [35], and build a new generation
of auditory systems for meeting the challenges in social robotics [36].
Lee et al. demonstrated that Combining TENG based self-powered sensor
with machining learning method, low-cost and advanced
human-machine interaction could be achieved [37], and highly accurate
virtual reality/augmented reality (VR/AR) controls could come true
[38]. These previous works inspired us that TENG may be an ideal de
vice that can collect and record abundant writing behavior information
including writing force, velocity, direction and inclination. Therefore,
the handwriting signal acquired by TENGs may dramatically improve
the classification accuracy rate of offline handwriting recognition and
further reduce the economic losses owing to forgery signature.
The surface texture technique is considered as one of the most
important ways to enhance the output performance of TENG and
improve the sensitivity of TENG based self-powered sensors [39–41].
However, the conventional micro/nano-structure patterning process
involves sophisticated fabrication procedures, such as lithography,
photolithography, nanoimprinting lithography and laser interference
lithography, which are time-consuming and high-cost [42,43]. As one of
the most abundant biomass sources on earth, leaves with rich natural
micro/nano-structure pave a new avenue to easily make large-scale
leaf-inspired micro/nano-structures on the PDMS with low cost to har
vest the widely distributed energies in nature. Bioinspired TENGs are
developed by replicating the surface morphology of natural C. zebrine
leaf burrs and the triboelectric effects were enhanced due to the inter
locking microstructures on tribo-layers [44], however, the differences
between various natural leaves and their effects on TENG’s performance
were ignored. The selection of optimal leaves for enhancing the output
performance of Wang Generator is still an open challenge and worthy of
addressing. Also, the technology for rapidly fabricating large scale
microstructure is also an issue that still needs to be explored.
Here, four kinds of leaves were selected and their micro/nanostructures that present unique and superior functions formed via longterm natural selection process were replicated on PDMS. Cylindrical
microstructure PDMS was fabricated by using a casting method that can
rapidly make large scale microstructure sample at very low cost. Micro/
nano-structures contact-separation mode TENGs were fabricated and
their output performance was measured. Based on their output perfor
mance and the characterization of the leaf-inspired microstructures, the
mechanisms of leaf-inspired microstructures on the TENG’s perfor
mance were discussed. Moreover, the TENG with optimal leaf-inspired

microstructure was employed as a smart self-powered handwriting
pad to record three persons’ handwriting signals of writing different
English words, Arabic numerals and Chinese characters. Then the
handwriting information obtained by the leaf-inspired TENG was
applied to recognize the handwriting of the three people combining with
signal processing and machine learning technology. With the novelty
recording method of the micro/nano surface structures based TENG,
high recognition rates were acquired both for the three kinds of char
acters and the two kinds of wide used sentences. It implies that the
micro/nano surface structures based TENG could be used as a smart selfpowered handwriting pad in personal handwriting signature identifi
cation, security defense and private information protection applications.
2. Experimental section
2.1. Fabrication of textured PDMS
Fresh-picked bischofia polycarpa (BPO), bauhinia purpurea (BPU),
plumeria rubra (PR) and crape myrtle (CM) leaves were cleaned with
ethyl alcohol and deionized water bath successively by the ultrasonic
wave and then cut into pieces 6 cm by 6 cm in size and attached to
PMMA as flatly as possible. The PDMS solution (Sylgard 184, Dow
Corning Co., Ltd) was prepared by mixing the PDMS base with curing
agent in 10:1 proportion and stirring for 5 min. Thereafter the prepared
PDMS solution was placed into a vacuum chamber for 30 min to elim
inate air bubbles and stored in the refrigerator for 2 h. Next, the PDMS
solution was cast on the rectangular leaf template and put into a vacuum
chamber curing at 85 � C for 30 min. After the temperature dropped to
room temperature, the template was taken out and the PDMS was peeled
off from the leaves, making the micro/nano-structure be duplicated on
the PDMS. The cylindrical microstructure PDMS sample was fabricated
by using a casting method. Combined stamping technology with the
casting method, the microstructure PDMS samples can be rapidly and
large-scale fabricated with low cost. The details of the fabrication pro
cess are identical with the procedure for fabricating the micro/nanostructures PDMS samples inspired by leaves. An identical thickness
PDMS was very important and the heights of the molds for casting
textured PDMS layers were strictly controlled to obtain the PDMS layers
with an identical thickness of 0.25 cm.
2.2. Fabrication of TENGs
A layer of conductive copper tape was attached on the backside of
bioinspired PDMS as the bottom electrode. Then the PDMS was attached
to a piece of PMMA as the bottom triboelectric part. A piece of thin
copper film was attached to PMMA and the copper film plays a dual role,
namely, the triboelectric layer and the top electrode. The top and bottom
triboelectric layers were connected by using four low k springs and
TENGs were fabricated. The spacing between the up part and the bottom
part was 0.6 cm.
2.3. Characterization and electrical measurement
The surface morphology of leaf-inspired PDMS was measured by
using confocal laser scanning microscopy (VK-X200 series, Keyence).
The electrical output of leaf-inspired TENG was measured by using a low
noise current preamplifier (SR570, Stanford Research System) with
computer measurement software written in Labview and the TENG was
triggered by a 5 N normal force and the measurements were conducted
with a temperature of 25 � 1 � C and relative humidity of 60 � 5% RH.
The three individuals wrote English words, Chinese characters and
Arabic numerals on the BPO leaf-inspired smart self-powered hand
writing pad with a fine marking pen and their handwriting signals were
acquired by using the low noise current preamplifier under a tempera
ture of 25 � 1 � C and the relative humidity of 60 � 5% RH. The other
three people wrote English sentences and Chinese sentences on the
2
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cylindrical microstructure PDMS based TENG with a ballpoint pen and
the signals were recorded by using the low noise current preamplifier
under a temperature of 22 � 1 � C and relative humidity of 25 � 5% RH.

from the front surface of BPO. The uniform strip-shaped microstructure
could be clearly seen on the BPO-inspired PDMS surface and the width
and length of the strips are about 10 μm and 35 μm, respectively. Fig. 1
(c2) shows the BPU-inspired PDMS and it possessed a rich micro/nano
structure on the surface. Especially, a large number of spherical struc
tures with the diameter size ranging from approximately 0.3 μm–4 μm
were randomly distributed on the PR-inspired PDMS. Fig. 1(c3) shows
the PR-inspired PDMS with different sizes of raised micro/nanostructure evenly distributed on the surface. As shown in Fig. 1(c4),
various raised and cupped micro/nano-structure can be clearly seen on
the CM-inspired PDMS. The heights of the micro/nano structures of
leaves inspired PDMS, as shown in Fig. S1, would affect the electrical
output performance of the leaves micro/nano structures inspired TENG.
The working mechanism of the TENG is based on the coupling of
triboelectrification and electrostatic induction, as shown in Fig. 2. At the
initial state, the top and bottom triboelectric layers of leaf-inspired
TENG was fully released and no charge was generated on their sur
faces (Fig. 2aI). When the PDMS contacted with copper under an
external mechanical force, due to their different electron affinities equal
amount of induced positive and negative charges were generated on the
contact surface of copper and PDMS (Fig. 2 aII). Then the external
driving force released and the PDMS and copper were gradually sepa
rated. The separation motion induced a potential drop between the
triboelectric layers and drove the electrons flow from the back electrode
of PDMS to copper, generating a pulse current flowing from top elec
trode to bottom electrode (Fig. 2 aIII). The electrons would stop flowing
until the gap distance between the triboelectric layers reached the

3. Results and discussion
Fig. 1 shows a schematic illustration of the procedure for fabricating
textured PDMS samples and its micro/nano-structures. Four kinds of
leaves were selected, namely, bischofia polycarpa (BPO), bauhinia
purpurea (BPU), plumeria rubra (PR) and crape myrtle (CM), their
micro/nano-structures were replicated on PDMS, as shown in Fig. 1a.
The replicating procedure consisted of four main steps: select perfect
leaves and clean them with ethyl alcohol and deionized water bath
successively by ultrasonic wave (step I). Subsequently, cut the selected
leaves into a square with a length of 6 cm (step II). Thereafter, put the
tailored leaves into the prepared mold and the mixture of PDMS base
and cross-linker was poured onto the leaf and cured at a temperature of
85 � C for 60 min in a vacuum oven (step III). Finally, took the mold out
and peeled the PDMS off from the leaves, flexible leaf-mimicking PDMS
with rich micro/nano-structure was obtained (step IV). Fig. 1b shows the
fabricating processes of cylindrical microstructure PDMS samples by
using the casting method. Combined stamping technology with the
casting method, the microstructure PDMS samples can be rapidly and
large scale fabricated with low cost. Fig. 1c shows the surface mor
phologies of the PDMS samples that the surface micro/nano-structures
were replicated from the front surface of the four selected leaves.
Fig. 1(c1) is the PDMS with the micro/nano-structure that duplicated

Fig. 1. The schematic illustration of the procedure for fabricating textured PDMS sample and its micro/nano-structures. (a) The procedure for replicating the micro/
nano-structures of the selected leaves to the PDMS. (b) The fabricating processes of cylindrical microstructure PDMS by combing stamping and casting technology. (c)
The surface morphologies of the PDMS samples that the micro/nano structures were replicated from the front surface of the four selected leaves.
3
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Fig. 2. The working mechanism and output currents of TENG. (a) Schematic illustration of the working principle of TENG. I: initial state; II: contacted state; III:
releasing state; IV: released state; V: contacting state. (b) Short-circuit output current of BPO inspired TENG. (c) Short-circuit output current of BPR inspired TENG.
(d) Short-circuit output current of PR inspired TENG. (e) Short-circuit output current of CM inspired TENG.

maximum and an electrical equilibrium was achieved while the TENG
got into the fully released state (Fig. 2aIV). Then the PDMS and copper
were approaching when the external force was applied again, the change
of electric potential difference drove electrons flow from top electrode to
bottom electrode until an electrostatic equilibrium state was formed
again (Fig. 2aV). When the TENG was contacted and released periodi
cally, an alternative current pulse was continuously generated. The
handwriting forces of different individuals are different but the writing

force of adults mostly within 5 N [45–47]. Therefore, the performances
of the leaf-inspired TENGs were measured under a driving normal force
of 5 N in ambient condition. The measurements were repeated three
times and the short-circuit output currents of BPO, BPU, PR and CM
leaf-inspired TENG were shown in Fig. 2b–e, respectively. The output
performances of TENGs exhibited good repeatability and the maximum
short-circuit output current of the four TENGs reached 130 nA, 25 nA,
11 nA and 10 nA, respectively. It was noticed that the TENG with the
4
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micro/nano-structures of BPO leaf exhibited the highest output perfor
mance, making it the best candidate for a smart self-powered hand
writing pad to record the handwriting signal.
Fig. 3 shows the diagram of acquiring handwriting signals by using
the TENG. The handwriting information recorded by the paper is stored
as grayscale or binary images, as shown in Fig. 3a. Traditionally, for
offline mode handwriting recognition and identification, the completed
writing information is available as image and the handwriting data is
converted to the digital format by scanning the writing on paper which is
time-consuming and involves high cost. Fig. 3b shows the sketch of
recording handwriting data by using the TENG based smart self-powered
handwriting pad. For the abundant material choices, low cost and easy
fabrication of TENG, the handwriting data could be acquired and saved
as digital signal with a low cost. It could be clearly seen that the hand
writing signals of different individuals’ were acquired by the TENG and
their handwriting signals exhibited unique features, which had huge
advantages over traditional recording methods. The English words,
Chinese characters and Arabic numerals are used by the most people all
over the world and the handwriting signals of people writing these
characters were acquired. Fig. 3c1-c3 show the handwriting signals of
Li, Yang and Xie wrote the same English word “Advanced” on BPO leafinspired TENG based handwriting pad. Fig. 3d1-d3 show the hand
writing signals of Li, Yang and Xie wrote the same Chinese characters
“传感” which were recorded by the BPO leaf-inspired TENG based
handwriting pad. Fig. 3e1-e3 show the handwriting signal of Li, Yang
and Xie wrote the Arabic numerals “01” on the BPO leaf-inspired TENG
based handwriting pad. Due to the difference among their writing
pressure, velocity, acceleration and so on, it was clearly shown that their
handwriting signals exhibited a large difference in time domain no
matter what kind of characters they wrote. It could be found that, when
the three people writing the same character, the number and amplitude
of pulses in their handwriting signal exhibited a huge difference. That’s
because the TENG based handwriting pad could record the sequential
handwriting signals which embodied the key information of individual
handwriting habits of anyone, including x-y position, velocity, acceler
ation, pressure and pen vibration in the handwriting process. To further
analyze the difference of their handwriting signals, their handwriting
signals were converted from the time domain into the frequency
domain. Fig. 3c10 -c30 show the energy spectral density of handwriting
signals of Li, Yang and Xie for writing the English word “Advanced”;
Fig. 3d10 -d30 give the energy spectral density of handwriting signals of
Li, Yang and Xie for writing Chinese characters “传感”; Fig. 3e10 -e30 is
the energy spectral density of handwriting signal when Li, Yang and Xie
wrote Arabic numerals “01”. It can be easily observed that, in the fre
quency domain, the spectrum components of each handwriting signal
were also different, and the dominant components of the three in
dividuals’ handwriting signals appear in a different frequency band. It
was also demonstrated that a huge difference in the energy spectral
density of the three persons’ handwriting signals for writing the same
character. All the above unique features of their handwriting signals
suggest that the TENG based handwriting pad is a killer that could be
used for human handwriting signal recording, human handwriting
recognition and identification.
Fig. 4 shows the application of the TENG based handwriting pad in
handwriting recognition and identification. Though the handwriting
signals of different people exhibited huge difference in time domain and
frequency domain, it was very complex to recognize and identify the
handwriting by directly using the time domain signal or frequency
spectrums. Hence, it was necessary to further process the handwriting
signal directly acquired by TENG and the data processing procedure was
shown in Fig. 4a. The signal energy is a basic statistical feature that
could represent the intensity of the signal and reflect the stored energy
of the signal within a certain frequency range [48]. The energy spec
trums of handwriting signals of the three people exhibited obvious dif
ference and covered different useful frequency components, as shown in
Fig. 3. Therefore, calculating the sub-band energy of the handwriting

signals was the best way to extract feature information of handwriting
signal. The wavelet packet decomposition is a time-frequency analysis
method and it could decompose the signal into different frequency
components [49]. In this study, the wavelet packet decomposition
method was employed to process the handwriting signals to extract the
sub-band energy feature. The Meyer wavelet was selected as the wavelet
basis function and the handwriting signal was decomposed into 3 layers
to construct the feature data set, as shown in Fig. 4a II-III (The detailed
spectrums and waveforms of handwriting signal components of English
words, Chinese characters and Arabic numerals were shown in
Figs. S2–S7). Then the principal component analysis (PCA) method was
carried out to further reduce the dimensions of the feature data set to
obtain the low-dimensional principal components with higher identifi
cation [50]. Herein, the first four principal components were used for
handwriting identification and the cumulative contribution rate of them
exceeded 90%, as shown in Fig. 4a–IV. The support vector machine
(SVM) was developed in the 1990s based on the statistical learning
theory, and it has excellent learning and strong generalization abilities
and is widely used in pattern recognition for multi-classification prob
lems, particularly suitable for data classification with small samples
[51]. Basic SVM is only able to conduct a binary classification problem.
For the multi-classification problem, some improved SVM models are
put forward. The multi-classification model of SVM-based decision tree
(SVMDT) is a kind of improved SVM model for multi-classification and
widely used due to its short training time and fast convergence. In this
work, the number of handwriting signals does not exceed 100 and the
handwriting signals of three people need to be classified, so SVMDT is
employed as the preferred classifier [52]. The radial basis function was
selected as the kernel function, and the penalty parameter C and the
kernel parameter σ were both set to the relatively moderate values (i.
e.C ¼ 100σ ¼ 4) for SVMDT [53]. The handwriting recognition process
which combing TENG with the machine learning method as shown in
Fig. 4b. Here, the English word “Nano” was selected as an example to
illustrate the process of handwriting recognition. Firstly, Li, Yang and
Xie wrote the word “Nano” on the BPO leaf-inspired TENG based smart
self-powered handwriting pad 100 times and their handwriting signals
were recorded. Then, their handwriting signals were processed by using
the signal processing method. Moreover, to validate the effectiveness of
the handwriting recognition system combining TENG with machine
learning method, the 10-fold cross-validation method was used for
training and testing the SVDMT, i.e., the nine-tenths of the sample data
was used as training data to train the SVMDT model and then the other
one-tenth of the sample data were used as testing data to verify the
recognition accuracy in each cycle repeated ten times. Fig. 4b clearly
shows that all the testing data of the English word “Nano” is correctly
recognized.
For further demonstrating the excellent performance of the hand
writing recognition system based on TENG combining with machine
learning, extra more and different kinds of characters were needed to be
recognized and identified. Here, the English words “Nano”, “Advanced”,
“TENG”, “Energy” and “Sensor” were selected as the characters to be
recognized and each word was written by Li, Yang and Xie 100 times,
respectively; for Chinese characters, “能源”, “摩擦”, “纳米”, “发电” and
“传感” were chosen as the object to be recognized and they were written
as the same way for 100 times; the Arabic numerals “01”, “23”, “45”,
“67” and “89” were selected as items to be classified and each of them
was also conducted as the same scheme of the former two kinds of
characters. Fig. 4c shows the recognition accuracies of the three in
dividuals’ handwriting of English words, Chinese characters and Arabic
numerals. It was found that very high recognition accuracies were ob
tained by using the handwriting recognition method proposed in this
paper. Among them, the English word exhibited the highest classifica
tion accuracy that all exceeded 99%, as shown in Fig. 4c1. The recog
nition accuracies of Arabic numerals and Chinese characters were
relatively low, but the lowest accuracy of the number “89” also reached
83.25%, as shown in Fig. 4c2-c3. Fig. 4c4 displays the average
5
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Fig. 3. The illustration of handwriting signals recorded by using BPO inspired TENG based handwriting pad. (a) Sketch of traditional handwriting on paper. (b)
People’s handwriting signal of the same words was recorded by using BPO inspired TENG. (c1-c3) The handwriting signal of Li, Yang and Xie corresponding to write
the word “Advanced” on the BPO inspired TENG. (c10 -c30 ) The energy spectral density of handwriting signals for writing the word “Advanced”. (d1-d3) The
handwriting signal of Li, Yang and Xie corresponding to write the Chinese characters “传感” on the BPO inspired TENG. (d10 -d30 ) The energy spectral density of the
handwriting signal of the Chinese characters “传感”. (e1-e3) The handwriting signal of Li, Yang and Xie corresponding to write the Arabic numerals “01” on the BPO
inspired TENG. (e10 -e30 ) The energy spectral density of the handwriting signal of the Arabic numerals “01”.
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Fig. 4. Application of the leaf-inspired TENG in handwriting recognition and identification. (a) The data processing procedure of the handwriting signal was
recorded by the leaf-inspired TENG. (b) Illustration of the handwriting recognition and identification process combined with leaf-inspired TENG and machine
learning method. (c) The classification accuracies of the three individuals’ handwriting of English words, Chinese characters and Arabic numerals.

classification accuracies of English words, Arabic numerals and Chinese
characters. Although the classification accuracy of Chinese characters
was the lowest among the three kinds of characters, it still reached
91.36%, which demonstrated that the method proposed in this study
could effectively identify the characters written by different people. All
the above results revealed that, by using the leaf-inspired TENG com
bined with advanced signal processing techniques and machine learning
method, the handwriting of different people could be effectively
analyzed and accurately recognized no matter what kind of the
characters.

One of the great expectations of the public is that the textured TENG
with low cost can still work well for handwriting identification appli
cation in more sophisticated situation. Therefore, the application of the
TENG that consists of thin copper and cylindrical microstructure PDMS
in sentences handwriting recognition was conducted. Fig. 5 shows the
diagram of the application of the cylindrical microstructure PDMS based
TENG in sentences handwriting identification. Fig. 5a shows the six
English sentences and their corresponding Chinese sentences used in this
study. Firstly, Hong, Zhang and Liu Wrote each of the 12 sentences on
the cylindrical microstructure TENG based smart self-powered
7
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Fig. 5. The diagram of the TENG’s application in sentences handwriting identification. (a) English sentences and the corresponding Chinese sentences for recog
nition. (b) The time-domain signal of Hong, Zhang and Liu wrote E1 and C1. (c) The flow charts of sentences handwriting recognition that combing TENG with the
machine learning method. (d) The classification accuracies of the six English sentences. (e) The classification accuracies of the corresponding Chinese sentences.
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handwriting pad 25 times and the handwriting signals were recorded.
Fig. 5b gives their handwriting signals of E1 and C1 and it was seen that
their handwriting signal exhibited large differences in time-domain (The
movie S1–S3 show the real-time handwriting signals of Hong, Zhang and
Liu). Also, large differences could be found in the frequency domain
signal, as shown in Fig. S8. The signal processing procedure and ma
chine learning methods for sentences handwriting recognition was the
same as that used in words handwriting recognition. Fig. 5c exhibits the
identification flow chart of the 12 sentences. Handwriting signal of
sentences acquired by using the cylindrical microstructure TENG and
then processed, divided into training data and testing data. The SVMDT
was trained by using training data and then testing data was put in the
trained SVMDT, thus the handwriting signal of Hong, Zhang and Liu
were identified. Fig. 5d and e shows the classification accuracies and
very high average classification accuracies that 99.05% and 97.73%
were obtained for English sentences and Chinese sentences, respectively.
It was worth noting that some of the above sentences including Arabic
numerals and different punctuation which are more in line with daily
practical applications. Hence, we believe that the TENG is nearly perfect
in human handwriting signal recording and it could be a killer in
handwriting identification.

Declaration of competing interest
The authors declare that they have no competing interests.
Acknowledgements
W. Zhang, L. Deng and L. Yang contributed equally to this work. The
authors thank the support from the National Natural Science Foundation
of China (Nos. 51975383 and 51605369), Natural Science Foundation of
Gansu Province (No.1610RJZA004), Shenzhen Fundamental Research
Subject-Layout Project (JCYJ20160427105015701) and the NSFC-JSPS
(No. 52011540005). The authors also thank Hong Hong, Guanwu Liu,
Haihong Xie, Zhengjie Li for their personal agreement to demonstrate
handwriting signal measurements and the use of their personal photos.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nanoen.2020.105174.
References
[1] J. Richarz, S. Vajda, R. Grzeszick, G.A. Fink, Semi-supervised learning for character
recognition in historical archive documents, Pattern Recogn. 47 (2014)
1011–1020.
[2] X. Wei, S. Lu, Y. Wen, Y. Lu, Recognition of handwritten Chinese address with
writing variations, Pattern Recogn. Lett. 73 (2016) 68–75.
[3] D. Impedovo, G. Pirlo, Automatic signature verification: the state of the art, IEEE T.
Syst. Man CY-S. 38 (2008) 609–635.
[4] Y. Guerbai, Y. Chibani, B. Hadjadji, The effective use of the one-class SVM classifier
for handwritten signature verification based on writer-independent parameters,
Pattern Recogn. 48 (2015) 103–113.
[5] R. Plamondon, G. Lorette, Automatic signature verification and writer
identification-the state of the art, Pattern Recogn. 22 (1989) 107–131.
[6] M.E. Edge, P.R.F. Sampaio, A survey of signature based methods for financial fraud
detection, Comput. Secur. 28 (2009) 381–394.
[7] F. Fan, Z. Tian, Z.L. Wang, Flexible triboelectric generator, Nano Energy 1 (2012)
328–334.
[8] W. Zhang, D. Diao, K. Sun, X. Fan, P. Wang, Study on friction-electrification
coupling in sliding-mode triboelectric nanogenerator, Nano Energy 48 (2018)
456–463.
[9] W. Liu, Z. Wang, G. Wang, G. Liu, J. Chen, X. Pu, Y. Xi, X. Wang, H. Guo, C. Hu, Z.
L. Wang, Integrated charge excitation triboelectric nanogenerator, Nat. Commun.
10 (2019) 1–9.
[10] Z.L. Wang, On Maxwell’s displacement current for energy and sensors: the origin of
nanogenerators, Mater. Today 20 (2017) 74–82.
[11] Z.L. Wang, On the first principle theory of nanogenerators from Maxwell’s
equations, Nano Energy 68 (2020) 104272.
[12] W. Zhang, P. Wang, K. Sun, C. Wang, D. Diao, Intelligently detecting and
identifying liquids leakage combining triboelectric nanogenerator based selfpowered sensor with machine learning, Nano Energy 56 (2019) 277–285.
[13] C. Chen, H. Guo, L. Chen, Y. Wang, X. Pu, W. Yu, F. Wang, Z. Du, Z.L. Wang, Direct
current fabric triboelectric nanogenerator for biomotion energy harvesting, ACS
Nano 14 (2020) 4585–4594.
[14] G. Liu, H. Guo, S. Xu, C. Hu, Z.L. Wang, Oblate spheroidal triboelectric
nanogenerator for all-weather blue energy harvesting, Adv. Energy Mater. 9 (2019)
1900801.
[15] L. Yang, Y. Wang, Y. Guo, W. Zhang, Z. Zhao, Robust working mechanism of water
droplet-driven triboelectric nanogenerator: triboelectric output versus dynamic
motion of water droplet, Adv. Mater. Interfaces 6 (2019) 1970150.
[16] L. Jin, B. Zhang, L. Zhang, W. Yang, Nanogenerator as new energy technology for
self-powered intelligent transportation system, Nano Energy 66 (2019) 104086.
[17] W. Xu, H. Zheng, Y. Liu, X. Zhou, C. Zhang, Y. Song, X. Deng, M. Leung, Z. Yang, R.
X. Xu, Z.L. Wang, X.C. Zeng, Z. Wang, A droplet-based electricity generator with
high instantaneous power density, Nature 578 (2020) 392–396.
[18] Y. Zi, S. Niu, J. Wang, Z. Wen, W. Tang, Z.L. Wang, Standards and figure-of-merits
for quantifying the performance of triboelectric nanogenerators, Nat. Commun. 6
(2015) 1–8.
[19] S. Xu, W. Ding, H. Guo, X. Wang, Z.L. Wang, Boost the performance of triboelectric
nanogenerators through circuit oscillation, Adv. Energy Mater. 9 (2019) 1900772.
[20] L. Jin, J. Chen, B. Zhang, W. Deng, L. Zhang, H. Zhang, X. Huang, M. Zhu, W. Yang,
Z.L. Wang, Self-powered safety helmet based on hybridized nanogenerator for
emergency, ACS Nano 10 (2016) 7874–7881.
[21] R. Hinchet, H.J. Yoon, H. Ryu, M.K. Kin, E.K. Choi, D.S. Kim, S.W. Kim,
Transcutaneous ultrasound energy harvesting using capacitive triboelectric
technology, Science 365 (2019) 491–494.
[22] X. Xia, J. Fu, Y. Z, A universal standardized method for output capability
assessment of nanogenerators, Nat. Commun. 10 (2019) 1–9.

4. Conclusion
In summary, we have developed two kinds of textured TENGs, and
their applications in personal handwriting signature recognition were
presented. The BPO leaf-inspired TENG exhibited the highest perfor
mance under a normal load of 5 N which is close to the human writing
force. The well-proportioned concave-convex micro/nano-structure of
BPO leaf enlarged the contact area and enhanced the output perfor
mance of TENG. BPO leaf-inspired and cylindrical microstructure based
TENG was used as a smart self-powered handwriting pad for sensing
comprehensive handwriting information of different people. The En
glish words, Chinese characters, Arabic numerals were written and the
handwriting signals were recorded by the BPO leaf-inspired TENG. The
handwriting signals of six English sentences and the corresponding
Chinese sentences measured by cylindrical microstructure based TENG.
The results showed that obvious unique features exhibited in the
handwriting signals recorded by TENG. Advanced signal and data pro
cessing methods were used to extract key feature information and
reduce the data dimension. Then combined with an SVMDT multi-class
classifier, the handwriting signatures could be recognized and the
classification accuracies of 99.66%, 93.63%, 91.36%, 99.05% and
97.73% were obtained for English words, Arabic numerals, Chinese
characters, English sentences and the corresponding Chinese sentences,
respectively. The designed textured TENG worked as a smart hand
writing pad and exhibited robust performance for sensing six in
dividuals’ handwriting. The results strongly suggested that the textured
TENG exhibited great potential in personal handwriting signature
identification, security defense and private information protection
applications.
CRediT authorship contribution statement
Weiqiang Zhang: Conceptualization, Methodology, Formal anal
ysis, Software, Writing - original draft, Investigation, Data curation.
Linfeng Deng: Software, Formal analysis, Investigation, Validation,
Data curation, Funding acquisition. Lei Yang: Formal analysis, Inves
tigation, Funding acquisition. Ping Yang: Formal analysis, Data cura
tion. Dongfeng Diao: Formal analysis, Funding acquisition,
Investigation, Supervision. Pengfei Wang: Methodology, Formal anal
ysis, Investigation. Zhong Lin Wang: Formal analysis, Methodology,
Writing - review & editing, Supervision.

9

W. Zhang et al.

Nano Energy 77 (2020) 105174

[23] C. Chen, L. Chen, Z. Wu, H. Guo, W. Yu, Z. Du, Z.L. Wang, 3D double-faced
interlock fabric triboelectric nanogenerator for bio-motion energy harvesting and
as self-powered stretching and 3D tactile sensors, Mater. Today 32 (2020) 84–93.
[24] J. Zou, M. Zhang, J. Yang, J. Bian, Y. Jie, M. Willander, X. Cao, N. Wang, Z.
L. Wang, Coupled supercapacitor and triboelectric nanogenerator boost
biomimetic pressure sensor, Adv. Energy Mater. 8 (2018) 1702671.
[25] H. Chen, Z. Su, Y. Song, X. Cheng, X. Chen, B. Meng, Z. Song, D. Chen, H. Zhang,
Omnidirectional bending and pressure sensor based on stretchable CNT-PU sponge,
Adv. Funct. Mater. 27 (2017) 1604434.
[26] T. Li, J. Zou, F. Xing, M. Zhang, X. Cao, N. Wang, Z.L. Wang, From dual-mode
triboelectric nanogenerator to smart tactile sensor: a multiplexing design, ACS
Nano 11 (2017) 3950.
[27] K. Parida, V. Kumar, J. Wang, V. Bhavanasi, R. Bendi, P. Lee, Highly transparent,
stretchable, and self-healing ionic-skin triboelectric nanogenerators for energy
harvesting and touch applications, Adv. Mater. 29 (2017) 1702181.
[28] X. Pu, H. Guo, J. Chen, X. Wang, Y. Xi, C. Hu, Z.L. Wang, Eye motion triggered selfpowered mechnosensational communication system using triboelectric
nanogenerator, Sci. Adv. 3 (2017), e1700694.
[29] J. Chen, X. Pu, H. Guo, Q. Tang, L. Feng, X. Wang, C. Hu, A self-powered 2D
barcode recognition system based on sliding mode triboelectric nanogenerator for
personal identification, Nano Energy 43 (2018) 253–258.
[30] J. Chen, Z.L. Wang, Reviving vibration energy harvesting and self-powered sensing
by a triboelectric nanogenerator, Joule 1 (2017) 480–521.
[31] K. Xia, Z. Zhu, H. Zhang, C. Du, Z. Xu, R. Wang, Painting a high-output triboelectric
nanogenerator on paper for harvesting energy from human body motion, Nano
Energy 50 (2018) 571–580.
[32] S. Li, W. Peng, J. Wang, L. Lin, Y. Zi, G. Zhang, Z.L. Wang, All-elastomer-based
triboelectric nanogenerator as a keyboard cover to harvest typing energy, ACS
Nano 10 (2016) 7973–7981.
[33] Y. Chen, Y.C. Wang, Y. Zhang, H. Zou, Z. Lin, G. Zhang, C. Zou, Z.L. Wang, Elasticbeam triboelectric nanogenerator for high performance multifunctional
applications: sensitive scale, acceleration/force/vibration sensor, and intelligent
keyboard, Adv. Energy Mater. 8 (2018) 1802159.
[34] C. Wu, W. Ding, R. Liu, J. Wang, A.C. Wang, J. Wang, S. Li, Y. Zi, Z.L. Wang,
Keystroke dynamics enabled authentication and identification using triboelectric
nanogenerator array, Mater. Today 21 (2018) 216–222.
[35] X. Pu, H. Guo, Q. Tang, J. Chen, L. Feng, G. Liu, X. Wang, Y. Xi, C. Hu, Z.L. Wang,
Rotation sensing and gesture control of a robot joint via triboelectric quantization
sensor, Nano Energy 54 (2018) 453–460.
[36] H. Guo, X. Pu, J. Chen, Y. Meng, M. Yeh, G. Liu, Q. Tang, B. Chen, D. Liu, S. Qi,
C. Wu, C. Hu, J. Wang, Z.L. Wang, A highly sensitive, self-powered triboelectric
auditory sensor for social robotics and hearing aids, Sci. Robot. 3 (2018) eaat2516.
[37] M. Zhu, Z. Sun, Z. Zhang, Q. Shi, T. He, H. Liu, T. Chen, C. Lee, Haptic-feedback
smart glove as a creative human-machine interface (HMI) for virtual/augmented
reality applications, Sci. Adv. 6 (2020), eaaz8693.
[38] F. Wen, Z. Sun, T. He, Q. Shi, M. Zhu, Z. Zhang, L. Li, T. Zhang, C. Lee, Machine
learning glove using self-powered conductive superhydrophobic triboelectric
textile for gesture recognition in VR/AR applications, Adv. Sci. (2020) 202000261.
[39] H. Yoon, D. Kim, W. Seung, U. Khan, T. Kim, T. Kim, S. Kim, 3D-printed
biomimetic-villus structure with maximized surface area for triboelectric
nanogenerator and dust filter, Nano Energy 63 (2019) 103857.
[40] X. Chen, J. Xiong, K. Parida, M. Guo, C. Wang, C. Wang, X. Li, J. Shao, P.S. Lee,
Transparent and stretchable bimodal triboelectric nanogenerators with
hierarchical micro-nanostructures for mechanical and water energy harvesting,
Nano Energy 64 (2019) 103904.
[41] S. Chun, C. Pang, S.B. Cho, Triboelectric energy: a micropillar-assisted versatile
strategy for highly sensitive and efficient triboelectric energy generation under inplane stimuli, Adv. Mater. 32 (2020) 2070009.
[42] X. Cheng, B. Meng, X. Chen, M. Han, H. Chen, Z. Su, M. Shi, H. Zhang, Single-step
fluorocarbon plasma treatment-induced wrinkle structure for high-performance
triboelectric nanogenerator, Small 12 (2016) 229–236.
[43] W. Seung, M. Gupta, K. Lee, K. Shin, J. Lee, T. Kim, S. Kim, J. Lin, J. Kim, S. Kim,
Nanopatterned textile-based wearable triboelectric nanogenerator, ACS Nano 9
(2015) 3501–3509.
[44] G. Yao, L. Xu, X. Cheng, Y. Li, X. Huang, W. Guo, S. Liu, Z.L. Wang, H. Wu,
Bioinspired triboelectric nanogenerators as self-powered electronic skin for robotic
tactile sensing, Adv. Funct. Mater. 30 (2020) 1907312.
[45] E.H. Dooijes, Analysis of handwriting movements, Acta Psychol. 54 (1983) 99–114.
[46] H.S.R. Kao, R. Hoosain, G.P. Van Galen, Graphonomics: Contemporary Research in
Handwriting, Elsevier, 1986, pp. 289–304.
[47] S. Graham, N. Weintraub, A review of handwriting research: progress and
prospects from 1980 to 1994, Educ. Psychol. Rev. 8 (1996) 7–87.
[48] N.A. Khan, S. Ali, A new feature for the classification of non-stationary signals
based on the direction of signal energy in the time–frequency domain, Comput.
Biol. Med. 100 (2018) 10–16.
[49] G. Balasubramanian, A. Kanagasabai, J. Mohan, N.P.G. Seshadri, Music induced
emotion using wavelet packet decomposition-An EEG study, Biomed. Signal
Proces. 42 (2018) 115–128.
[50] Z. Fang, W. Hu, R. Wang, S. Chen, Application of hyperspectral CT technology
combined with machine learning in recognition of plastic components, NDT Int.
102 (2019) 287–294.

[51] M.V.F. Menezes, L.C.B. Torres, A.P. Braga, Width optimization of RBF kernels for
binary classification of support vector machines: a density estimation-based
approach, Pattern Recogn. Lett. 128 (2019) 1–7.
[52] A. Jindal, A. Dua, K. Kaur, M. Singh, N. Kumar, S. Mishra, Decision tree and SVMbased data analytics for theft detection in smart grid, IEEE T. Ind. Inform. 12
(2016) 1005–1016.
[53] A. Tharwat, Parameter investigation of support vector machine classifier with
kernel functions, Knowl. Inf. Syst. 61 (2019) 1269–1302.

Weiqiang Zhang received his master degree from Lanzhou
University of Technology, in 2015, and now he is a doctoral
candidate at School of Mechanical and Engineering, Xi’an
Jiaotong University, Xi’an, China, under the guidance of Pro
fessor Dongfeng Diao. His research interests are nanotribology, energy harvesting, triboelectric nanogenerator,
sensors for self-powered system and contact-electrification
based sensor technology.

Linfeng Deng received his Ph.D. degree in Mechanical Engi
neering from Lanzhou University of Technology in 2014. Now
he is an associate professor at Lanzhou University of Technol
ogy and his research focuses on pattern recognition, machine
learning, data mining, intelligent information processing for
mechatronic systems and self-powered systems.

Lei Yang received his Ph. D degree in Mechanical Engineering
from Xi’an Jiaotong University, Xi’an, China, in 2014. He is
currently an Associate Professor at School of Mechanical En
gineering, Xi’an Jiaotong University. His research interests
include nanosurface engineering and tribology, energy har
vesting technology and application.

Ping Yang received his B.E. from Wuhan University of Bioen
gineering in 2018. He is currently pursuing his Master degree at
Shenzhen University under the guidance of associate
researcher Pengfei Wang. His research interest is triboelectric
nanogenerator.

10

W. Zhang et al.

Nano Energy 77 (2020) 105174
Dongfeng Diao received his Ph. D degree in Mechanical En
gineering from Tohoku University, Sendai, Japan, 1992. He is
currently a distinguished Professor and director for Insititute of
Nanosurface Science & Engineering (INSE) and Electron Mi
croscope Center (EMC) at Shenzhen University, Shenzhen,
China. He is a Foregin Member of the Engineering Academy of
Japan (EAJ). His research interests include nanosurface science
and technology, nanotriboelectronics, quantum tribology and
contact-electrification based sensor technology.

Zhong Lin (ZL) Wang received his Ph.D. from Arizona State
University in physics. He now is the Hightower Chair in Ma
terials Science and Engineering, Regents’ Professor, Engineer
ing Distinguished Professor and Director, Center for
Nanostructure Characterization, at Georgia Tech. Dr. Wang has
made original and innovative contributions to the synthesis,
discovery, characterization and understanding of fundamental
physical properties of oxide nanobelts and nanowires, as well
as applications of nanowires in energy sciences, electronics,
optoelectronics and biological science. His discovery and
breakthroughs in developing nanogenerators established the
principle and technological road map for harvesting mechani
cal energy from environment and biological systems for pow
ering personal electronics. His research on self-powered
nanosystems has inspired the worldwide effort in academia and
industry for studying energy for micro-nano-systems, which is
now a distinct discipline in energy research and future sensor
networks. He coined and pioneered the field of piezotronics
and piezophototronics by introducing piezoelectric potential
gated charge transport processes in fabricating new electronic
and optoelectronic devices. Details can be found at: http
://www.nanoscience.gatech.edu.

Pengfei Wang received his B.S. and M.S. degrees from Xi’an
Jiaotong University, Xi’an, China, in 2004 and 2007, respec
tively, and the Ph. D degree from Tohoku University, Japan,
2011. He is currently an associate researcher with the depart
ment of College of Mechatronics and Control Engineering,
Shenzhen University, China. His current research focused on
the ultra-low friction mechanism of carbon film and carbon
films based triboelectric nanogenerator.

11

