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ABSTRACT
For addressing the issue of power consumption and 

integration level of wearable electronics, this work 
proposes a smart bracelet based on double-sided laser-
induced graphene (LIG) technology both for sensing and 
energy. Benefiting from the high conductivity of the LIG, 
the LIG-based triboelectric nanogenerator (LIG-TENG) on 
the inner side of the bracelet can efficiently convert human 
kinetic energy into active signals and pulsed electricity. 
Meanwhile, the micro-supercapacitors (MSCs) on the outer 
side take advantage of the high surface area of LIG and in-
situ store the energy collected by LIG-TENG. Furthermore, 
the via assisted by unlased polyimide (PI) with optimized 
parameters realizes valid interconnection and avoids 
complicated wiring. This smart system in versatile and 
facile process exhibits great potential in diversified 
functional requirements.

KEYWORDS
double-sided, laser-induced graphene, triboelectric 

nanogenerators, micro-supercapacitors, active sensing, 
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INTRODUCTION
With the rapid flourishment of mobile terminals, 

portable/wearable electronics [1-3] and daily health 
monitoring/management [4-6], the further reduction of 
device power consumption and real-time signal extraction 
are urgently required. The daily movements of human body 
actually contain a wealth of kinetic energy [7-9] and rich 
valuable information [10-12], which are often overlooked 
due to the failure to select proper transduction mechanism 
or wearable configuration.

Triboelectric nanogenerators (TENGs) play a huge 
advantage in low-frequency energy conversion and form 
real-time high voltage outputs [13, 14]. In order to realize 
the synergy of physiological signal sensing and motion 
energy capturing in on-body scenarios, the configuration 
design and manufacturing process of TENGs need to be 
further developed.

Besides, while pursuing the performance integration of 
wearable systems, it is particularly important to consider 
more factors to achieve a higher integration level. With 
respect to the fabrication process, assembling TENGs and 
energy storage devices (such as micro-supercapacitors 
(MSCs)) with compatible processes into self-charging 
power units (SCPUs) is an effective approach to make 
systems more compact and portable [4, 15, 16]. 

Herein, we put forward a smart bracelet all based on 
the laser-induced graphene (LIG) process. The good 
electrical conductivity and high surface area contribute to 
the high performance of TENG and MSCs, respectively.

Additionally, we develop a double-sided processing and 
via interconnection technology with optimized parameters, 
which greatly improves the integration level. This system 
provides important guidance for signal detection and 
energy supply of wearable electronics. 

EXPERIMENTAL METHODS
Fabrication of LIG electrodes

The electrodes of two major components of the system, 
TENG and MSCs, are both fabricated by a single-step
programmable laser direct writing process. LIG electrodes 
are synthesized by irradiation of 75 polyimide (PI) 
sheets (considering the overall flexibility of the system and 
the feasibility of the double-sided processing) with a 10.6 

CO2 infrared laser (Voiern Laser Technology Co., Ltd.)
at a scan rate of 90 mm s-1, minimum power of 7.7%, and 
maximum power of 9.5%. As shown in Fig. 1(a), the 
electrode processing areas on the both side of bracelet are 
about 20 cm × 3.5 cm, which are well aligned with
reference marks.  

Figure 1

Fabrication of LIG-based TENG (LIG-TENG)
The single-electrode TENG can be easily fabricated by 

depositing/attaching friction layer material on the as-
formed inner LIG electrode. The friction material can be 
selected according to the actual needs. It should be noted 
that the reserved positions are needed for the pins of the 
rectifier bridge and the interconnection with the MSCs.

Fabrication of LIG-based MSCs (LIG-MSCs)
The electrolytes for MSCs can also be selected on 

demand. The electrolytes in this work is prepared by adding 
polyvinyl alcohol (PVA) powder (5 g) into H3PO4, aqueous 
solution (5 g H3PO4 into 50 ml deionized water). The whole 
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solution becomes clear. The corresponding positions on the 
outer side of the bracelet are also required to be reserved.

Fabrication of via interconnection
Increasing the laser-induced power at the previously 

reserved positions makes the double-sided LIG penetrate 
through to form vias. To ensure the reliability of 
interconnection, the unlased PI lattices in Fig. 1(b) 
reinforce the LIG vias. Besides, the staggered 
complementary design of lattices considers the 
conductivity of the vias at the same time.

Measurement and Analysis
The morphologies of LIG layer are observed using a 

scanning electron microscope (SEM) (Quanta 600F, FEI 
Co.). A digital oscilloscope (Agilent DSO-X 2014A) is
adopted to test the voltage outputs of LIG-TENG and the 
self-charging capability of the smart bracelet. The current
outputs of LIG-TENG are amplified by an SR570 low-
noise current amplifier. All of the electrochemical tests of 
the LIG-MSCs are carried out by a CHI660C (CH 
instrument) electrochemical workstation. 

RESULTS AND DISCUSSION
SEM and Optical analysis

The SEM image in Fig. 1(c) clearly depicts the neat-
edge of LIG-MSCs’ interdigital electrodes fabricated under 
suitable processing parameters, which is critical to their 
electrochemical performance. While the temperature is 
above 2500 under laser exposure, the rapid outgassing 
of non-carbon elements allows the LIG for a porous 
microstructure and high surface area [17], which is 
confirmed by Fig. 1(d). Figure 1(e-f) portray the flexibility 
and wearability of the as-formed bracelet, which also 
shows the uniformity of large area processing.

Controllability and Reliability analysis of processing

Figure 2

When the minimum power of the laser inducing is less 
than 7.3% (threshold), the formed LIG network is 
discontinuous and insufficient. After exceeding the 
threshold, the resistance of the LIG film gradually 
decreases and tends to be saturated (Fig. 2(a)). However, 

the thickness of the LIG film will continue to increase,
making it easy to delaminate. The influence of laser power 
on the quality of LIG formation is greater than the scanning 
rate of the laser. By adjusting the line width, the 
corresponding resistance can be well controlled (Fig. 2(b)).
In addition to the unlased PI that largely buffers the 
mechanical impact on the via, silver paint (SPI Supplies, 
Inc.) further enhances via’s conductivity (Fig. 2(c)).
Besides, Fig. 2(d) describes that the unlased PI ratio of 20% 
is relatively effective for the good conductivity and 
durability.  

Active sensing performance of LIG-TENG
Fig. 3(a) reveals the working principle of LIG-TENG 

on the inner side of the smart bracelet. When worn on the 
wrist, LIG-TENG will continue to rub against the skin 
accompanied by limb motions. One material captures 
electrons from the other due to the difference in electron 
affinity at the interface. In this work, 
polytetrafluoroethylene (PTFE) serves as the friction layer 
due to its strong electronegativity. Every time the skin 
approaches the inner side of the bracelet, it will cause the 
induced charge on the LIG, resulting in a potential output.
It is worth noting that each arm swing motion will trigger 
two obvious skin-device contact-separation processes, 
thereby two pulsed output represents an arm swing cycle 
(Fig. 3(b)). We can use the signal frequency to obtain real-
time motion information in different exercise states of the
body (Fig. 3(c)).

Figure 3

Since the arm swing strength and amplitude are more 
obvious during running motions, we can match them with 
the output amplitude of LIG-TENG, so as to obtain more 
abundant detection parameters. Moreover, a sudden tumble 
during outdoor sports will spark abnormal signal output of 
LIG-TENG (Fig. 3(c)). Through this real-time and reliable 
information, we could carry out first-hand danger warning 
and timely treatment.

Energy harvesting performance of LIG-TENG
In addition to the aforementioned sensing role played 

in human movements, LIG-TENG can also collect the 
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steady stream of kinetic energy in human leisure time.
Figure 4 (a-b) show the open-circuit voltage ( ) and 
short-circuit current ( ) of the LIG-TENG at different 
swing arm frequencies, respectively, from which the peak 
voltage outputs basically reach one hundred volts, and the 
current outputs are in the range of tens of microamperes.
To further characterize its ability to collect kinetic energy,
we measure the voltages and powers under a series of 
different load resistance (Fig. 4(c)), with a swing frequency 
of 2 Hz for actuation. With a load resistance of 1 megohms, 
the LIG-TENG reaches a maximum power output of 1.296 
mW. In addition, after more than 20,000 cycles of stability 
testing, the degradation of LIG-TENG performance is 
negligible .

Figure 4

Energy Storage performance of LIG-MSCs

Figure 5

With regard to the in-situ energy storage capacity of 
the LIG-MSCs, we first characterize the electrochemical 
performance of single LIG-MSC through cyclic 
voltammetry (CV), galvanostatic charging/discharging 
tests (GCD), mechanical stability as well as cycling 

stability tests. The CV curves with quasi-rectangular 
shapes observed in Fig. 5(a) indicate the good 
electrochemical activity of LIG interdigital electrodes. 
Interestingly, the CV windows can reach 1.5V (supply 
potential of traditional batteries) without localized 
breakdown effect, which is attributed to the fine and 
uniform laser assisted processing. The GCD test in Fig. 5(b) 
visually reflects the charging/discharging processes of 
LIG-MSC. The quasi-linear voltage-time profiles profit 
from the effective channels for ion transport provided by 
LIG network. Besides, the mechanical tolerance test (Fig. 
5(c)) and long-term durability test (Fig. 5(d)) demonstrates 
the excellent mechanical and electrical properties of LIG 
electrodes, respectively.

Figure 6

Furthermore, in order to better realize the energy 
transfer matching between LIG-TENG and LIG-MSC, we 
optimize the design of LIG-MSC. Firstly, we analyzed the 
influence of electrode width and electrode gap on the 
performance (Fig. 6(a-b)). It can be clearly seen that the 
density of the electrodes determines the capacitance 
between the electrodes. Considering the influence of the 
electrode width on the initial resistance, the electrode width 
of the final prepared LIG-MSC is 1 mm and the spacing is 
500  Secondly, the series design can effectively 
broaden the potential window (Fig. 6(c)) and achieve a 
higher storage voltage under the same current input (Fig. 
6(d)), which allows us to select appropriate number of 
series to meet the voltage standard of the driving 
electronics.

Performance of sensing & energy system
The block diagram of Fig. 7(a) uncovers the working 

modes of the whole smart bracelet. The outputs of the inner 
LIG-TENG could not only serve as active sensing to reflect 
the physiological state of the human body, but also be 
stored in the outer LIG-MSCs in the form of energy. 
Double-sided devices are assembled into a SCPU, which 
can apply to process and transmit the active signals as well 
as directly drive low-power electronic equipment.
The self-charging capacity of SCPU is reflected in Fig. 7(b). 
In the actual running process, the SCPU composed of six 
LIG-MSCs in series can be charged to 0.3 V less than ten 
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minutes. Moreover, there is no trend of saturation in the 
charging voltage, indicating that the SCPU can continue to 
harvest human motion energy.

Figure 7

CONCLUSIONS
In summary, we present a smart bracelet system based 

on double-sided LIG technology that integrates active 
sensing, energy harvesting and energy storage. The high 
conductivity and large-area preparation of LIG enable the 
formed TENG to efficiently convert human motion energy 
into sensing signals and power output. LIG-MSCs based on 
high surface area interdigital electrodes deliver admirable 
electrochemical performance. Furthermore, the SCPU 
formed by via interconnection with optimized design 
shows great potential in powering the wearable electronics. 
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