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EDITORIAL

Developing materials is basic in wearable technology. The materials had better be stretchable, comforta-
ble, bendable, portable, light and flexible enough to move with the users. That’s why flexible materials are
widely used in health diagnosis, sports monitoring, rehabilitation and entertainment.

Sensors are devices that detect some types of input from the physical environment and respond to them.
Sensors in wearable technology are also wearable, and they are widely used in measuring health-related symp-
toms.

In this issue, we will see some articles about the technique involved in smartwear materials and sensors.
Two of our editor board members offered articles on this topic.

Prof. Shufang Li from Beijing University of Posts and Telecommunications discussed the different reali-
zation methods and performance index requirements of wearable antenna (a new form of wearable devices),
introduced the research situation of the wearable antenna in China and other countries in recent years and
analyzed the development trend of wearable antenna. Prof. Liping Xie from Northeastern University summa-
rized the development of flexible sensors in recent years, discussed how to construct high-performance flexible
stress sensors based on deep analysis and investigation of the working principle and structural design of flex-
ible stress sensors, pointed out the existing problems and looked forward to the development trend of flexible
stress sensors.

A lot of other interesting papers were collected on this issue as well, such as the research on the real-time
acquisition of multi-channel sensing systems by Yuehui Hu lab from Hefei University of Technology.

Managing Editor
Dr. Yina Xu
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ORIGINAL RESEARCH ARTICLE

Functional requirements analysis and design of wearable mul-
ti-channel sensing system

Xingyu Ma, Hengzhen Shi, Yuehui Hu", Yini Ren, Wuwei Kang, Tao Jin, Yang Wang, Piao Dai

Academy of Photoelectric Technology, Hefei University of Technology, Hefei 230000, Anhui, China. E-mail:
jthu@hfut.edu.cn@gmail.com

ABSTRACT

In recent years, a large number of wearable devices have emerged; and users have higher and higher functional re-
quirements for wearable devices. However, the realization of complex functions of wearable devices often depends on
the real-time acquisition of multi-channel sensing signals. Taking the wearable 8-channel PVDF sensor system as an
example; this paper studies the functional requirements of this kind of system. It is found that the flexible ultra-thin and
long endurance time are two obvious characteristics of this kind of equipment. The key technical problems of the sys-
tem are completed, such as the selection of MCU, the coding design of multi-channel sensing data, the transmission
mode design of multi-channel sensing data and the low power consumption design of the system. A practical design
scheme of reliable wearable multi-channel sensor system is designed. This scheme also provides a reliable reference for
the design and development of wearable multi-channel sensor system.

Keywords: wearable equipment; system design; demand analysis; multi-channel; PVDF sensor; coding method; mode
of transmission

demand for wearable devices is growing rapidly; and

1. Introduction users have more and more functional requirements
for wearable devices. However, the realization of

In recent years, a large number of wearable  complex functions often depends on the real-time

devices have emerged, such as Google glasses, Co-  acquisition of multi-channel sensor signals. Mul-
doon bracelet, iWatch and so on. Wearable devices ti-channel sensor system is an important component
generally refer to electronic communication intelli-  of wearable devices and a source of information for
gent devices embedded in clothing or in the form of  \earable devices. It has the functions of monitoring
accessories, which can be worn comfortably by us-  data; transmitting data and so on. For a wearable

ers and play the role of expanding perception and  device, it generally includes two parts: Sensor and
monitoring all kinds of signs. It is essentially an  data computing chip. The update frequency of sensor
intelligent design of daily equipment such as glasses, s low, and there may be no major upgrade in a few

watches and shoes™, so that it has a friendly hu-  years. The replacement frequency of the computing
man-computer interaction function. The market
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chip is very high, so the hardware device itself
should be more regarded as a super sensor system,
and the computing part should be handed over to the
mobile phone or cloud computing independently.
Therefore, it is necessary to study the wearable
multi-channel sensor system.

Wearable device users require comfortable
wearing and good flexibility. PVDF (polyvinylidene
fluoride) piezoelectric sensor just meets the charac-
teristics of good flexibility and light weight!l,
Therefore, taking the wearable 8-channel PVDF
sensor system as an example, this paper studies the
functional requirements of this kind of system, de-
signs a set of evaluation and selection system, and
puts forward a practical and reliable design scheme
of multi-channel sensor system.

2. Functional requirements analysis
of wearable multi-channel PVDF
sensor system

Wearable multi-channel sensor system needs to
collect multi-channel sensor data, simply process
and package it, and transmit it to other devices in real
time and reliably®l. Due to the wearable character-
istics of this kind of equipment, that is, the equip-
ment needs lightweight and low power consumption,
as well as the real-time and reliability of data
transmission, the wearable multi-channel sensor
system has special requirements for the MCU part,
data coding mode, data transmission mode and low
power consumption of the system[“l,

2.1. System MCU demand analysis

The data of the wearable multi-channel sensor
system needs to be transmitted to other devices,
which are often Android system or 10S system. If
the system does not have this MCU, the system
needs to be directly connected with the ARM chip of
Android system or the microprocessor of other sys-
tems, which will cause a lot of inconvenience. Tak-
ing the sensor system as the lower computer and the
ARM chip of Android system as the upper computer
as an example, the inconveniences are as follows:

3

The target signal collected by the sensor system is
the human physiological signal, such as the motion
signal generated by the muscle when the human
wrist or ankle moves. The sensor signal output by the
system is weak and has strong interference. If there
is no preprocessing such as amplification, it can-
not be directly connected with the arm of a droid
system. Therefore, the pre signal preprocessing cir-
cuit is needed. The designed pre amplification circuit
includes amplification, filtering and other functions.
Even if the ARM chip of Android system has an
amplification module, it cannot meet the require-
ments. Amplifying such sensor signals generally
requires instrument amplifiers with high perfor-
mance requirements. If 8 sensors in the sensor sys-
tem collect 8-channel sensing signals, at least 8
signal lines need to be input into MCU. Considering
the reliability and convenience of the system, it is not
convenient to connect directly with the ARM chip of
Android system. For the consideration of modular
design, it is also necessary to use this MCU in the
multi-channel sensor system. To sum up, we can find
that the selected MCU needs to complete the func-
tions of signal transceiver, A/D conversion, integra-
tion and serial output, and connection with the pre-
processing circuit of sensor signal in the early stage.

Therefore, for the selected MCU, it is necessary
to have at least 8 A/D conversion channels in func-
tion and meet certain accuracy requirements. In
terms of hardware structure, considering the porta-
bility of wearable devices, the size of MCU
should be small and the thickness should be thin. In
addition, low power consumption is a key feature of
portable electrical equipment. In order to achieve
this goal, the power consumption of MCU should be
low.

2.2. Demand analysis of system data coding
mode and transmission mode

The most important and final function of
wearable multi-channel sensor system is to provide a
set of sensor data containing various information.
The format of these data can match the data format
of some mainstream communication protocols. The
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data can be easily and reliably transmitted to the
Android system in real time.

The wearable 8-channel PVDF sensor system
designed in this paper mainly collects human phys-
iological signals. These signals are mainly concen-
trated in 0-100 Hz, that is, the frequency range of
each channel signal of the sensor system is 0-100 Hz,
and the maximum of 8 channels is 800 Hz. During
A/D conversion in engineering application, the
sampling frequency is at least 10 times the maximum
frequency of the input analog signal, so the sampling
frequency we adopt is 10 KHz, which meets the
requirements of signal processing in digital domain
in the later stage. Considering the requirements of
real-time data transmission, the data frame is set to
10ms, that is, the lower computer sends a frame of
data to the upper computer every 10ms. In fact, the
data received by the upper computer each time is the
data sampled by the lower computer in the first 10ms.
When the sampling frequency is 10 KHz, a total of
100 data are sampled in 10ms. Because the resources
and processing capacity of MCU are not enough, it is
necessary to send the collected data to the host
computer for processing in real time. However, if the
data is sent directly after data collection, the packet
will be lost due to the large amount of data collected
in real time and the small buffer. Therefore, appro-
priate coding protocol and communication protocol
are needed to ensure the reliability of communica-
tion. In this case, the lower computer is mainly re-
sponsible for collecting and packaging, which can
meet the requirements of simplification, accuracy
and real-time. The data to be calculated is handed
over to the host computer for processing. At the
same time, considering the slow updating of sensors
and the fast updating speed of host computer pro-
cessing chip, this scheme can also reduce the cost to
a certain extent.

For the system data coding method, what we
need is a real-time and reliable coding method and
communication protocol. In addition, the transmitted
data format should match the mainstream commu-
nication protocol data format. At the same time, the
coding mode and transmission mode also need to
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consider the requirements of low power consump-
tion.

2.3. Low power consumption demand analy-
sis of the system

For wearable devices, the endurance time
must be considered. The endurance capability is
mainly determined by two factors: battery capacity
and power consumption. The higher the battery ca-
pacity, the better, and the power consumption needs
to be minimized. Unfortunately, before the emer-
gence of new battery technologies or materials, the
space for battery capacity improvement was very
limited, and the size requirements of wearable de-
vices were relatively strict, so it was impractical to
increase the battery life by replacing large capaci-
ty batteries. Therefore, the pressure almost falls on
how to reduce power consumption, which requires
low-power design to meet the needs of users.

The low-power requirements of the system
mainly include the following aspects. Firstly, try to
use products with low voltage and low power con-
sumption in the hardware development of sensor
systemP®l. For example, the amplification, filtering
and preprocessing circuit of the sensor system gen-
erally selects a low-power chip. At the same time, in
the selection of main control chip, we generally
choose the main control chip with power-saving
mode. Secondly, as the main controller of the system,
MCU also needs low-power design. The work of
MCU mainly includes A/D conversion of mul-
ti-channel sensor signals, simple processing and
packaging of data and data transmission. Finally, it is
required to have flexible low-power management
mode and simple and fast sleep wake-up mechanism,
so that MCU can quickly switch to different depths
of sleep state in idle period and wake up in time. We
can choose the way to wake up the main control chip
or related modules. That is to optimize the software
algorithm according to the demand of low power
consumption while realizing the basic functions.

3. Design of wearable multi-channel
PVDF sensor system

According to the above demand analysis and
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research on the system, it is found that the most
significant characteristics of this kind of wearable
devices are flexible, ultra-light weight and long ser-
vice life. Therefore, wearable multi-channel PVDF
sensor system should be designed around these two
remarkable characteristics.

3.1. System MCU selection

According to the functional requirements
analysis of wearable multi-channel sensor system,
focusing on the two characteristics of low power
consumption and high integration of wearable mul-
ti-channel PVDF sensor system, this paper compares
and analyzes some mainstream MCU products in the
market, and finally obtains the appropriate MCU
selection.

Table 1 and Table 2 select the mainstream
MCU products in the current market, and compare
their power consumption parameters and system
indicators. Firstly, the wearable 8-channel PVDF
sensor system needs at least 8-channel A/D conver-
sion channels, and the MCU in Table 1 meets the
requirements. However, because the collected target
signal is human physiological signal, the general
signal is very weak, so the higher the accuracy of
ADC, the better. The two MCU with high ADC ac-
curacy are STM32. Compared with STM32F1 series,
stm32L.1 series has lower sleep power consumption,
wider working voltage range and more A/D conver-

sion channels. Secondly, according to the strict re-
quirements for the size of the wearable system, the
size of the tfbga64 package of STM32L151R6 is
only 5 mm*5 mm*1.2 mm, the size fully meets the
requirements. Finally, STM32L151R6 is a 32 bit
core MCU of Cortex-M series, but its power con-
sumption level is equivalent to that of traditional
16 bit low-power MCU, but its processing capacity
is better than that of 16 bit MCU. Moreover, the
price of STM32L151R6 is also moderatel®.
STM32L151R6 also has a great advantage in that
STM company has a perfect system scheme based on
STM32 and finished software and hardware modules,
which has formed a relatively perfect ecosystem,
low development threshold, rich reference resources
and direct experience sharing®. The various ad-
vantages of STM32L151R6 prompted us to finally
choose STM32L151R6 as the MCU of the wearable
8-channel PVDF sensor system in this paper.

3.2. Coding design of multi-channel sensing
data

Because the collected 8-channel PVDF sensor
data needs to be transmitted to the host computer in
real time and accurately, the collected data needs
to be encoded and simplified. In this paper, ADPCM
coding is selected to compress the data, and then
CRC;6 and convolutional coding are used to error
correct the data. The target signal we collected is
very similar to the voice signal.

Table 1. Comparison of typical microprocessor system indexes

Bus Kernel ar-  Core efficienc Core efficienc Number of ADC Dimension Price
Manufacturer model width . y y AJ/D conver- accuracy (mm) <xmm X
- chitecture (coremark/mhz) (coremark/mhz) . . (yuan)
(bit)| sion channels  (bit) mm)
R 16 RLT8 0.89 1655 20 gno Froaseard s
. . TQFP100
P1C24F/Microchip
PIC24F J256GB110M] 16 PIC24 0.93 3.0-3.6 16 10 sealed 57.2
12x12x1
VQFN64
Mgﬂpil;%i%l;;l{ﬂ} 16 Mg(l; 4 1.11 1.8-3.6 16 10 sealed 45
9x9x1
LQFP 64
STM32F1/STM Cortex 10x10x1. 4/
STM32F103R8l] 7 -M3 1.2 2.0-36 20 12 TFBGA 64 13
5x5x1.2
LQFP 64
STM32L1/STM Cortex 10x10x1. 4/
STM32L151R6M! 32 -M3 2.61 1.65-3.6 42 12 TFBGA 64 19.2

5x5x1.2
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Table 2. Comparison of absolute power consumption of typical microprocessor

Maximum dominant fre-

Operating power consumption Sleep power consumption Wake up time

MCU series quency (mhz) (UA/mh?) (UA) (US)
RL78/Renesas 32 66 0.24@Stop >18-65
PIC24F/Microchip 32 150 0.42@LVS 70
MSP430F/TI0S] 25 195 1.2@LPM3 3545
STM32F1/STM 72 373 1.7@Stop 50
STM32L1/STM 32 185 1.2@Stop 8.2

The correlation between the data is relatively
strong. There is a lot of redundancy, and the final use
of the sensing signal is mainly to analyze the shape
of the signal, rather than obtain accurate values.
ADPCM algorithm comprehensively uses the algo-
rithm principle of differential pulse coding (DPCM)
and Adaptive Incremental coding (ADM). On the
premise of ensuring the speech quality of PCM, the
rate of speech data is only half of that of PCM, and
has better anti error performance. The core idea of
ADPCM is: 1) use the adaptive idea to change the
size of quantization order, that is, use the small
guantization order to encode the small difference,
and use the large quantization order to encode the
large difference. 2) The predicted value of the next
input sample is estimated using the past sample
value, so that the difference between the actual
sample value and the predicted value is always the
smallest!*®l, ADPCM compression algorithm is
adopted in this paper, and the compression ratio of
data can reach 4:1.

In order to improve the reliability of data, some
error detection and correction coding should be car-
ried out after data compression and coding. Alt-
hough cyclic code CRC can only detect errors and
cannot correct errors, it has low computational
complexity, strong error detection ability and less
redundant bits™4. The convolutional code has strong
error correction ability. Although the computational
complexity is high, the computational complexity
can be greatly reduced by looking up the table. In
this paper, CRC.6 check coding and (2,1,4) convo-
lutional coding are selected for error detection and
error correction coding. Cyclic redundancy check
(CRC) algorithm is one of the commonly used error
detection methods. It is evolved from the branch
of block linear code. Its main application is binary

code group. The coding is simple and the error
probability is very low. Using CRC algorithm for
data at the receiver can effectively eliminate the
error code in data transmission. CRC16 coding
adopts look-up table method in algorithm imple-
mentation. The CRC16 code consists of two bytes.
At the beginning, each bit of the CRC register is
preset to 1, and then XOR the CRC register with
8-bit data. Then, the CRC register is shifted from
high to low and zero is filled in the position of the
highest bit (MSB). If the lowest bit (LSB, which
has been moved out of the CRC register after shift) is
1, XOR the register with the predefined polynomial
code, otherwise if the LSB is zero, no XOR is re-
quired. Repeat the above shift from high to low for 8
times, and the first 8-bit data is processed. Use the
value of CRC register at this time to XOR with the
next 8-bit data, and perform 8 shifts like the previous
data. After all characters are processed, the value in
the CRC register is the final CRC value. Every shift
division operation of CRC16 coding is replaced by
look-up table method, which has low computational
complexity. Every time a frame of data is encoded by
CRC:6, a 16-bit check code is obtained. The 16 bit
CRC algorithm can ensure that there is only one
undetected error in 1014 bit symbols. Convolutional
code is a kind of error correction coding. It compiles
the input K information bits into n bits for output. It
is especially suitable for serial transmission with
small delay. It includes: an input shift register
composed of N segments, each segment has k seg-
ments, a total of NK registers, a set of N modules 2
and adders, an output shift register composed of N
stages, corresponding to the input sequence of k bits
per segment, outputs n bits®*®l. (2,1,4) convolutional
code is to encode the 2-bit information input each
time into 4 bits. Convolutional code has a large
amount of computation and high complexity. In this
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paper, the look-up table method is used for convo-
lutional coding of data. Firstly, the coding table of
(2,1,4) convolutional code is generated by using
convenc (msg, t) function in MATLAB. The size of
the coding table is 28*16 bits, and then the table is
directly looked up in the MCU of the lower com-
puter for coding, which greatly improves the coding
speed, reduces the complexity of the algorithm, and
reduces the running power consumption of MCU.

The specific coding method of 8-channel
sensing data is shown in Figure 1: It can be seen
from the above that the data frame is sent every 10ms,
and there are 100 original sensing data in each frame.
Since the ADC accuracy of STM32L.151 single chip
microcomputer is 12 bits, the collected data is actu-
ally 100*12 bit, accounting for only the lower 12 bits

of a word. The highest bit, i.e. the 16th bit, is set as a
control bit. When the control bit is 0, it means that
the current data is a data signal, when it is 1, it in-
dicates that the current data is a control signal. The
channel number code of 8 channels is 000-111, oc-
cupying the 13"-15" bits, and 100 data occupy
200 bytes in total. Firstlyy, ADPCM code the
200 bytes of data, and compress the encoded data to
only 100*4 bit, occupying 100 bytes. Then the data
is combined into an 8 bit. The data frame has been
compressed to 50*8 bit, occupying only 50 bytes.
Secondly, the data frame is encoded by CRC16, that
is, a 16-bit check value is obtained. When the check
value is added, the data frame is 52 bytes in total.
Finally, the data frame is (2,1,4) convolutional coded,
and the convolutional coded data frame has a total of
104 bytes.

Figure 1. Flow chart of data coding scheme.
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3.3. Design of sensing data transmission
mode

Real time and reliable data transmission, in
addition to relying on a real-time and reliable data
coding method, the data transmission method is also
very important. Considering the compatibility and
application of the wearable multi-channel sensing
system, two sensing data transmission methods are
designed in this paper. One is wired transmission and
the other is wireless transmission.

Design of wired transmission mode of sensing
data

As for the choice of wired transmission scheme,
we select four common transmission schemes such
as 12C, USB, SPI and RS232 for comparison. By
analyzing and comparing these common wired
transmission modes, we finally choose 12C as the
wired transmission mode of the system. 12C has the
following significant advantages: 1) simple hard-
ware and less resource consumption. There are only
two bus lines: A serial data line (SDA) and a serial
clock line (SCL), which save line space and in-
creases the stability of the system. Therefore, in
terms of size, since USB and SPI have four wires,
RS232 has nine pins. Compared with 1,C, which has
only two bus lines, it will inevitably lead to the
problem that the connection and peripheral circuits
occupy too much space. In terms of size, 12C
should be our ideal choice in these wired transmis-
sion modes. 2) It is a real multi host bus, which locks
the slave device through the address information on
SDA. If two or more hosts initiate data transmission
at the same time, the data can be prevented
from being destroyed through conflict detection and
arbitration. SPI bus has only one master device, and
the master device determines the slave device
through CS chip selection. 3) The 8-bit bidirectional
data transmission rate of 12C serial can reach 100
Kbit/s in standard mode, 400 Kbit/s in fast mode and
4.4 Mbit/s in high-speed mode. In this scheme, at
least 104 bytes are transmitted every 10ms, and the
transmission mode adopted is at least 83.2 Kbit/s.
The transmission speed of 12C fully meets the re-
quirements. 4) Compared with RS232, 12C has an-

other outstanding advantage: 12C sampling syn-
chronous communication and RS232 asynchronous
communication. The overhead of synchronous
communication control characters is small and the
transmission efficiency is high, in the asynchronous
communication character frame, assuming that there
are only start bits, 8 data bits and stop bits, the
overhead of control bits in the whole character frame
reaches 20%, and the transmission efficiency is low.
5) It is widely used. Now almost all IC manufactur-
ers have integrated 12C on their chipst*.,

Design of wireless transmission mode of
sensing data

As for the selection of wireless transmission
schemes, we choose ZigBee, NFC, infrared, Blue-
tooth and other four common transmission schemes
for comparison*822, In terms of service distance,
infrared transmission is a point-to-point wireless
transmission mode, which cannot be too far away,
should be aligned with the direction, and there
should be no obstacles in the middle, so it is almost
impossible to control the progress of information
transmission!?®l. Bluetooth can transmit about 10
meters. After strengthening the signal, it can be up to
100 meters. It can detour, misalign, and cannot be in
the same room. The maximum number of links
can be up to 7, and the hardware can be distinguished
at the same time. ZigBee is a cheap, low-power
short-range wireless networking communication
technology. However, due to the low transmission
speed of ZigBee, it is not suitable for the application
of multi-channel PVDF sensor system with high data
volume. At the same time, due to the high cost of
hardware resources when using ZigBee®!, mobile
phones are not supported in the short term, which is
not conducive to the promotion of products. NFC
has the advantage of simple configuration. However,
due to the short use distance and the ultra-thin size of
the wearable device we use, NFC will produce
high-frequency skin effect?, and there may be
some potential health and safety problems. And the
compatibility of NFC is not very good at present.
Many mobile phones do not support NFC. These
problems prompted us to choose the final wireless
transmission mode for Bluetooth, the specific
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scheme is the i484e-s module. This product inte-
grates two chips: the Bluetooth chip is CSR8811
(based on Bluetooth 24 GHz radio and baseband
chip system) and STM32F401 (32-bit RISC based
on high-tech ARM Cortex-m4). The size is only
15.7*%12*2.3 mm. It supports Bluetooth standard 4.0
low-power mode and downward compatibility. It
can be switched to Bluetooth mode through 12C
wired mode. The speed can reach 32 KByte/s, i.e.
256 KBit/s. When transmitting data at full speed, the
power consumption is only 2 mA, and the stand-
ard button battery can run for one or even several
years.

3.4. Low power design

The power consumption of a sensor system is
determined by many factors. The overall power
consumption depends on many factors, such as
product performance, power supply voltage and so
on. In practical application, the higher the dwelling
frequency, the greater the power consumption, the
higher the voltage, the greater the power consump-
tion. For the design of low-power detection system,
we should mainly consider the selection of chips and
devices, the technical indicators of the system and
the working mode of the system.

Selection of devices and chips

For low-power systems, the selection of devices
and chips used in the circuit is very important, which
directly affects the power consumption of the system
from the hardware circuit. Therefore, in order to
reduce power consumption, devices and chips
must be selected reasonably. 1) Selection of power
supply part. Due to the high-energy conversion ef-
ficiency of lithium battery, the power supply used in
wearable devices is generally lithium battery.
The battery selected in this scheme is polymer lith-
ium battery, the specific model is 803040, the ca-
pacity is 1,000 mAh, and the size is only 40*30*8
mm. A 200 mA, low IQ, low noise and low voltage
drop regulator chip for portable equipment is se-
lected. The model is TLVV707 and the size is only 1*2
mm?¢l, 2) Low power microprocessor is selected. In
this paper, STM32L151R6 with low power con-

sumption is selected, which has a compact and effi-
cient CPU core, so as to maintain the balance of
performance, power consumption and cost. CMOS
circuit technology, low voltage power supply system,
power supply voltage of 1.65-3.6V. Flexible
low-power management mode and simple and fast
sleep wake-up mechanism enable MCU to quickly
switch to sleep states with different depths during
idle period and be awakened in time. Independent
peripheral clock control switch, multiple internal and
external clock sources. The operating power con-
sumption is only 185 uA/MHz, and the sleep power
consumption is only 1.2uA. 3) For the preprocessing
circuit of sensor signal, MAX9618 operational am-
plifier of Meixin company is selected to build the
preprocessing circuit of each channel sensor signal,
including amplification part and low-pass filter part.
Max9618 is a low power, zero drift operational am-
plifier, which provides space saving. It adopts 2
mmx2 mm, 8-pin SC70 package design and supports
full swing CMOS input and output. The power sup-
ply current is only 59 pA in the whole time and
temperature range, and the maximum offset voltage
of zero temperature drift input is only 10 V. It is not
often suitable for wearable devices®l.

Selection of working mode of low-power sys-
tem

The MCU of wearable 8-channel sensor system
is a low-power device, and has various working
modes to reduce power consumption, such as sleep,
power failure and so on. When designing a
low-power system, we should make full use of these
characteristics to make the system work in these
working modes as much as possible. 1) MCU uses
the lowest clock frequency for A/D conversion and
coding to reduce power consumption. The coding
algorithm is the simplest. CRC16 and (2,1,4) con-
volutional coding adopt look-up table method, which
shortens the execution time of each program. 2)
When the wearable multi-channel sensor system in
this paper is used as the lower computer, whether it
collects data or not is controlled by the upper com-
puter. When the upper computer sends a command,
the MCU is awakened, and the system starts to work
again to collect data.
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4. Overall system design scheme

The overall scheme of the wearable mul-
ti-channel PVDF sensor system designed in this
paper is shown in Figure 2. Firstly, multi-channel
sensors collect human physiological signals. The
collected data are amplified and filtered and sent to
STM32L151 single chip microcomputer for A/D

conversion, and the analog signals are converted into
digital signals that can be easily processed?®l.
STM32L151 single chip microcomputer encodes
and packs the 8-channel data obtained after A/D
conversion, and then sends it to the upper computer.
Due to the compatibility of transmission mode, the
upper computer can be Android platform or 10S
platform.

Figure 2. Overall system block diagram.

5. Conclusions

Since several scientists at MIT put forward the
concept of wearable devices in the 1960s, peo-
ple began to explore the application of wearable
technology to design and develop daily wearable
products in order to develop wearable intelligent
devices. With the progress of technology and the
change of user needs, the form and application
hotspots of wearable intelligent devices are also
changing. In this context, it is of great practical sig-
nificance to analyze and design the functional re-
quirements of wearable multi-channel sensing sys-
tem. Taking wearable 8-channel PVDF sensor
system as an example, this paper studies the func-
tional requirements of this kind of system, and finds
that flexibility, ultra-light weight and long service
life are the characteristics of this kind of equipment.
Based on this, a set of evaluation and selection sys-
tem is designed to complete the MCU selection of
the system; the coding mode of sensing data A prac-
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tical and reliable system design scheme is obtained.
This scheme also provides a reliable reference for
the design and development of wearable mul-
ti-channel sensor system.
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ABSTRACT

A set of wearable granary working environment sensing and security alarm system is developed to ensure the
safety of granary staff. The gas sensor, piezoelectric ceramic chip, infrared transmitting and receiving tube and photo-
sensitive resistance are used as the core components of each circuit module to collect the gas concentration signal, hu-
man respiration intensity signal, pulse intensity signal and light signal in the granary. AD0809 module chip is used to
convert analog data into digital data and send it to MCU for information processing to make alarm judgment. At the
same time, PTR2000 module is used to transmit the sensor data to the upper computer. The upper computer determines
whether to alarm through data comparison, and transmits the alarm signal to the mobile phone through Wi-Fi in real
time. Each module cooperates with each other, information real-time transmission to complete the detection of granary
environment and danger alarm. The test results show that the system can meet the safety operation requirements of large
and medium-sized state-owned grain depot.

Keywords: sensor; alarm system; AD0809 chip; Keil C51

the connected wireless transceiver module can be
1. Introduction used to implement automatic alarms inside and out-
side the warehouse, maximize the safety of workers

With the expansion of grain storage in grain  entering the warehouse, and achieve part of the grain
depots and the wide application of chemical fumi- condition detection function.

gation agents, grain depot workers often face the

dangers of landslides, hypoxia, poisoning of harmful 2 System overall structure

residual gases, etc. when entering the warehousel™.

In order to address these issues, this project designs The overall structure of the system is shown in
and develops a portable granary working environ- Figure 1, including various sensors, signal acquisi-
ment and life activity sensing system for workers tion, conditioning circuits and local alarms. Gener-
and other dangerous situations. The sensor itself and ally, it can be divided into four modules: gas detec-
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tion, respiratory and pulse monitoring, illumination
detection and wireless communication?!. The signal
acquisition and conditioning circuits then process
the data collected by the sensors and after prelimi-
nary amplification, conditioning, shaping and digit-
ization of the signal, transmits the signal to the
communication host of the monitoring center in the
current limited transmission mode through the
communication extension where it is connected with
the host computer through the RS232 interface. The

host computer then receives the signal sent by the
communication host and conducts a real-time online
analysis. Once the signal value is found to exceed the
safety standard, the host computer will send an alarm
command to the lower computer to trigger the local
alarm. As a result, the sounding of the room alarm
will go off and at the same time, the emergency sit-
uation will be reported to the relevant personnel in
the form of a short message through Wi-Fi.

Figure 1. General diagram of system structure.

3. Hardware system design

3.1. Gas detection module

The gas detection module is divided into a fu-
migation gas detection module and an oxygen and
carbon dioxide gas detection modulef®l. The design
ideas of these two modules are the same, and the
structure diagram of the gas detection module is
shown in Figure 2.The gas detection module con-
sists of gas sensorsi and an ADO0809 ana-
log-to-digital conversion chip. The gas sensor can
collect and analyze the concentration of fumigation
gas or oxygen and carbon dioxide gases in the
granary in real-time. When different gas concentra-
tions are collected, outputs of different voltages and

currents values will be sent by the sensors. At this
point, the micro controller is unable to recognize the
analog values and hence, it is necessary to convert
the analog value output by the sensors into a digital
value by selecting the use of AD0809 chip during the
analog-to-digital conversion which will be activat-
ed by the microcontroller. After the activation of the
chip ADO0809, the analog voltage or current value is
converted into a digital value. After the conversion,
the AD0809 chip sends an interrupt request to the
microcontroller where the microcontroller responds
to the interrupt request reads these digital values in
real-time, and compares the read digital values with
the standard digital values to determine the gas
concentration.

Figure 2. Working diagram of gas concentration detection module.
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3.2. Respiration and pulse monitoring mod-
ule

Design of respiratory monitoring module

The breath detection sensor is designed with a
piezoelectric ceramic sheet as the core. When ex-
haling, a certain pressure will be applied to the pie-
zoelectric ceramic sheet which will generate a sig-
nal output. When inhaling is performed, the
pressure is then removed and the piezoelectric ce-
ramic sheet will have no signal output. This way,
the time length of one breath can be determined by
measuring the output signals of two adjacent piezo-
electric ceramic sheets and calculating the breathing
frequency of a person.

The block diagram of the respiratory monitor-
ing module is shown in Figure 3. When the pie-
zoelectric ceramic sheet senses exhalation, a rising

edge pulse signal will be generated, and the rising
edge will generate a timer interrupt for the micro-
controller. At this time, the microcontroller starts
timing. As the exhalation continues, the piezoelec-
tric ceramic sheet continues to output a high-level
signal. When inhaling, no force is applied to the
piezoelectric ceramic sheet. During this time, the
piezoelectric ceramic sheet continues to output a
low-level signal until the next exhalation where the
output signal of the piezoelectric ceramic sheet
changes from low to high again. The change is then
detected by the microcontroller and generates an
interruption to the timer, and the timer is turned off.
The microcontroller then determines the breathing
frequency according to the time recorded by the
timer and compares it with the normal breathing
frequency set in the program. When the calculat-
ed breathing frequency is no longer in the normal
range, the microcontroller will then start the alarm.

Figure 3. Structure diagram of the respiratory monitoring module.

Design of pulse monitoring module

The pulse measurement uses a reflective pho-
toelectric switch sensor, which consists of an infra-
red emitting diode and a receiving diode. Measure-
ment is made when a finger is placed between the
transmitting diode and the receiving diode. When
the blood flow changes, the intensity of the light
received by the receiving diode also changes, and
this change is consistent with the beat of the heart.
The receiving diode converts the received light sig-
nal into an electrical signal, which is collected and
processed by the microcontroller to calculate the
pulse rate of the person.

1%

The structure of the pulse monitoring module is
shown in Figure 4. The pulse sensor uses a re-
flective photoelectric switch as the core device. The
device is a device that can convert between optical
and electrical signals. After the optical signal re-
flected by the finger sensor is photo-electrically
converted, it outputs about 2m\of electrical pulse
information that is first filtered by an RC low-pass to
filter out clutter and interference, then amplified by
the integrated operational amplifier module and
shaped by the NOT gate shaping circuit. Finally, the
input is sent to the input and output ports of the mi-
crocontroller.
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Figure 4. Structure diagram of the pulse monitoring module.

The microcontroller performs related pro-
cessing on the input, calculates the number of human
pulse beats per minute, and displays it through the
LED light, while the other channel is input to the
timing counting module for real-time and intuitive
display. If the detected data deviates from the data
range of the normal value, a real-time alarm will be
given to the buzzer control through the microcon-
troller.

3.3. lllumination detection module

After entering the granary, the staff will work
in a brightly lit environment. If the body is caught in
the food, the chest and abdomen are compressed, and
the person cannot breathe normally and if the time
passed is too long, they will suffocate and die. This
means that if the person were to fall into the food, the
personnel do not immediately lose consciousness or
even die. Since there is still some oxygen left in
the body when it is just immersed, the body gener-

ally does not have symptoms within a minute. The
people outside must also try to rescue the trapped
people in the shortest time possible. This requires
that when the sensor cannot receive the light signal,
it will immediately send an alarm to the outside
world. Sometimes if the staff works at night and
encounters a power outage, the sensor will also not
receive light at this time. If the alarm is issued again
at this time, a false alarm will occur. Therefore, a
drivable light source can be added to the original
system, so that when there is sudden darkness, the
microcontroller can drive the light source to emit
light after receiving several light and dark data and
continue to receive several additional data. If it is
still light and dark, it will immediately issue an
alarm.

This avoids false positives. The illumination
detection module is mainly composed of illumina-
tion acquisition, microcontroller, A/D conversion,
and three light sources, as shown in Figure 5[,

Figure 5. Overall block diagram of the illuminance sensing system.

The light collection uses a photo resistor as the
light collection element, together with a diode and
555 timers to form a collection amplification voltage
regulation circuit. Two transient steady-state outputs
in the circuit are used to generate an analog signal
output to the next module. In addition, the resistance
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value of the photo resistor will change with the in-
tensity of the light, which in turn makes the multi-
vibrator in the circuit generate different clock cycles.
At the same time, the output waveform frequency
will also change. After that, the digital-to-analog
conversion is performed and the microcontroller
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handles the calculation.
3.4. Wireless communication module

PTR2000 is an ultra-small, ultra-low power,
high-speed 19.2k wireless transceiver and data
transmission MODEM with receiving and transmit-
ting features. The operating frequency is the inter-
national common data frequency band 433MHZ
using DDS+PLL frequency synthesis technology.
The frequency stability is excellent and can be di-
rectly connected to the CPU Serial port use (such as
8031). Additionally, it can also be connected to the
computer RS232 interface, which makes software
programming more convenient. The PTR200 is
mainly used in remote control, telemetry, industrial
data acquisition systems and other fieldst®.

A signal is transmitted to the communication
host of the monitoring center in an infinite trans-
mission mode through the PTR2000 wireless com-
munication module, and the communication host is
connected to the host computer through the RS232
interface. The host computer then receives the signal
sent by the communication host and conducts re-
al-time online analysis. Once the signal value was
found to exceed the safety standard, the host com-
puter will send an alarm command to the lower
computer to stimulate the local alarm. At the same
time, the alarm in the monitoring room which is
directly connected to the upper computer alarms,
reports the emergency to the relevant personnel in
the form of short messages through Wi-Fi. The in-
terface circuit between the PTR2000 series and mi-
crocontroller is shown in Figure 6.

Note: (1) The first pin of AT90S2313 is the reset pin (low-level reset). (2) The second pin of AT90S2313 is the serial input pin; the third pin of AT90S2313 is the serial
output pin. (3) PWR, TXEN, CS of the wireless module can be connected to any I/O of AT90S2313 for control. (4) It is recommended to use tantalum capacitors for C6.

Figure 6. PTR2000 series and microcontroller interface circuit.

Figure 7 shows the connection circuit between PTR2000 and the computer serial port.

Figure 7. The connection circuit between PTR2000 and computer serial port.
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Description: PTR2000 will send the received data to
the computer serial port after 232 level conversion.
Although it is permissible to connect the PTR2000 to
a PC after 232 level conversion, it may take up a
large amount of computer resources. Hence, in the

actual design process, it is possible to consider
adding a single-chip microcomputer between the
PTR2000 and the computer. The working block di-
agram of the wireless communication module is
shown in Figure 8.

Figure 8. Working diagram of the infinite communication module.

4. Software programming

The design mainly adopts the programming of
STC89C52, in which the system adopts modular
design where each functional module collects in-
formation, converts it into a digital signal and inputs
it into STC89C52 microcontroller and uses the mi-
crocontroller to perform analysis and calculation.

The modules include pulse respiration detection
module, oxygen and carbon dioxide sensor module,
illuminance sensor module and fumigation gas
transmission module. Each module collects infor-
mation and transmits the data to the STC89C52 mi-
crocontroller for analysis and calculation. If the
signals exceed the safety range, it will drive the
alarm module and notify the host computer. The
program flow chart is shown in Figure 9.

Figure 9. Program flow chart.
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When the system starts, it first initializes and
programs each module to ensure smooth operation,
starts the timer interrupt and external interrupt, en-
sures the reception and response of data are in the
working mode, records data changes at any time,
determines whether the field situation is safe under
the data analysis program of each module and sends
the data to the host computer if necessary.

System software is mainly written in C lan-
guage. Compared with assembly language, C lan-
guage has better readability, structure, maintainabil-
ity and portability, which is conducive to the
modular design. Keil C51 is a 51 series compatible
microcontroller C language software development
system produced by American Keil Software. Keil
provides a complete development solution including
a C compiler, macro assembler, linker, library
management and a powerful emulation debugger.
These parts are combined through an integrated de-
velopment environment (uVision)®.The software
part of this system adopts Keil uVision4 integrated
development environment for program design,
compilation and debugging. Since the microcon-
troller used is the STC89C52RC, the download
programming and burning software of the micro-
controller uses the STC-ISP designed for the STC
series microcontroller.

5. System Test

After the design is completed, the wearable
granary working environment sensing and alarm
system is tested through experiments, and the results
showed that the system has a good effect in detecting
the granary environment. Before the test, the hard-
ware is repeatedly checked whether there are prob-
lems such as short circuit, multi-line, and low line,
and check whether the performance indicators of the
components and the selection of components meet
the range requirements. After the hardware inspec-
tion is completed, the source program is burned to
the microcontroller to detect whether each function
meets the basic requirements of the system in the
environment. If it deviates from the expected result,
the system is debugged until the expected result is
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reached.

5.1. Detection of oxygen and carbon dioxide
detection sensor system

The detection was carried out by placing the O
and CO- sensor system into a sealed box filled with
inward oxygen and carbon dioxide and continuously
adjusting the molar mass density ratio of oxygen and
carbon dioxide, and observing that when the ratio of
oxygen and carbon dioxide reaches a preset value,
the system can give off an alarm.

5.2. Detection of illuminance detection sensor
system

The light sensor system was placed in an en-
vironment with adjustable light intensity constantly
adjusted. When the light intensity reaches a preset
value, the system will give off an alarm, indicating
that the light intensity detection sensor alarm system
can meet the basic requirements.

5.3. Detection of pulse and respiration detec-
tion sensor alarm system

According to the exhalation of the human body,
the exhaled gas will produce a certain pressure on
the piezoelectric ceramic sheet, while inhalation
does not affect the piezoelectric ceramic sheet. The
two processes then prompt the piezoelectric ceramic
sheet to produce different output signals, which de-
termines the passing of the test. The signal output of
the piezoelectric ceramic sheet was measured to
calculate the time length cycle of one breath of the
human body and then through the calculation,
the breathing frequency rate of the human body per
minute is measured. When the respiratory rate ex-
ceeds the preset value range, the system will give off
alarms, indicating that the pulse and respiration de-
tection sensor alarm system can meet the basic re-
quirements.

5.4. Detection of fumigation gas detection
sensor alarm system

The phosphine fumigation gas and air were
filled into the sealing device and the concentration



Liu, et al.

ratio of fumigation gas and the air was continuously
adjusted. When the value reaches the preset value,
the system gives off an alarm, indicating that the
internal power of the fumigation gas detection and
sensing alarm system meets the basic requirements.

6. Conclusions

The safety and reliability of the working envi-
ronment of the granary have always been an im-
portant issue. As people have increasingly higher
requirements for the working environment, a reliable
safety system is naturally required to ensure the
safety of the staff.

The wearable granary working environment
sensing and safety alarm system is therefore devel-
oped to solve this issue. Through the division of
labor and cooperation of the team members as well
as through the analysis and discussion of different
technical issues, the design of this system has been
completed. A lot has been gained throughout the
design process where some important conclusions
were finally reached.

Aiming at the possible existence of harmful
fumigation gas in the granary, we have carried out
the research and design of the detection and sensing
system of harmful fumigation gas. In this, it is dif-
ficult to completely remove harmful gases through
exhaust ventilation, but if the concentration is low,
no alarm signal will be generated which indicates
that the accuracy of the sensor is particularly high.
However, the detection of harmful gases is still very
important. Thus, when designing the gas sensor and
processing circuit, we chose a more reliable detec-
tion device and optimized the processing circuit to
solve this problem. The concentration of oxygen and
carbon dioxide in the granary is also a very im-
portant index, as the concentration of oxygen will be
directly related to the storage of grain. Since the
oxygen concentration in the granary has been in a
stable fluctuation range, the cost of the sensor can be
reduced by selecting an instrument that allows some
errors in measuring the concentration of oxygen and
carbon dioxide. In the research and design of wear-
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able sensing systems, we aimed to be more func-
tional and more portable, while at the same time
paying more attention to the real-time nature of
wearable devices. Having considered the real-time
requirements of the system, wireless communication
was used in data transmission, which also reduces
part of the cost and brings more portability to people
in use.

This design realizes real-time monitoring of gas
concentration and vital sign sensors in the granary
and reliable transmission of information through
wireless communication technology, which greatly
improves the safety of the granary, improves work
efficiency, and is more conducive to scientific grain
storage, which is also a trend in the future devel-
opment of the warehousing industry.
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ABSTRACT

By using flexible sensors and micro-control units, a wireless controller that can be integrated into clothing for
cross-platform music control has been designed and implemented, providing a new idea for making a simple and
low-cost flexible wearable sensing system. The design and implementation of a wireless controller that can be integrat-
ed into clothing for cross-platform music control provides a new idea for the preparation of a simple and low-cost flexi-
ble wearable sensing system. Based on the flexible fabric sensing material, a simple structured sensor piece is proposed
as a button for the controller with good wearing comfort. The sensor element is capable of sensing finger presses up to
15kPa. ESP32 is used as a micro-control unit for sensing signal acquisition and data processing. Using the Bluetooth
chip integrated inside the ESP32, the controller can be connected with terminal devices of different platforms for wire-
less data transmission. The results show that the prepared wireless music controller can be stably connected with both
Windows computer terminal and Android cell phone terminal, and the sensor recognition accuracy of finger press is
99.7%, which indicates that the flexible fabric sensor has a broad application prospect in the field of wearable devices.
Keywords: flexible sensors; wearable devices; ESP32; wireless music controller

2019 was 336.5 million units. Although the number
of wearable devices shipped has increased compared
to previous years, the top three wearable devices
with the highest market share are headphones,
watches and bracelets, according to IDC’s research.
Generally speaking, the main functions of wearable
devices are to monitor human physiological signals
(such as heart rate, pulse, pressure, step count, etc.)

1. Introduction

With the development of technology, wearable
devices are widely wused in medical, hu-
man-computer interaction, motion capture and other
fields!* 81 and the wearable devices market is
growing at an explosive rate. According to the 2020

Global Wearable Devices Third Quarter Data Re-
portl7 issued by IDC in December 2020, the number
of wearable devices shipped worldwide increased by
35.1% year-on-year to 125.3 million units, and the
number of wearable devices shipped worldwide in
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and to control cell phones and computers through
human-computer interaction with wearable devices.
In order to achieve these functions, wearable devices
usually use rigid sensors as sensing units and ther-
moplastic silicone vulcanizate (TPSIV) or thermo-
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plastic polyurethane (TPU) rubber as the housing for
the wearable device to fit well on the body. In con-
trast, flexible fabric materials®! have good flexi-
bility and have promising applications in the field of
wearable devices. However, the characteristic that
flexible fabric materials are not easily integrated
with circuits due to their inherent intolerance to high
temperatures also makes it difficult for sensors made
of flexible fabric materials to be integrated into
clothing.

Commercially, Levi’s has cooperated with
Google to launch the Commuter Trucker Jacket!*? in
2016, which incorporates conductive fibers in the
left cuff and encapsulates Bluetooth, battery and
other modules through an “electronic tag” on the
side. This smart jacket account can be controlled by
finger operation in the conductive fiber area, such as
adjusting the volume, switching songs, answering
phone calls, etc. The material used in this smart
jacket is a kind of conductive fiber, which can sense
the user’s finger movements. However, its produc-
tion process is complicated, which makes the smart
jackets expensive and greatly limits their industri-

alization and practical application. The domestic
smart clothing has many functions such as electric
heating and magnetic therapy, and smart clothing
products with information processing functions are
still blank. In order to explore the application pro-
spect of combining flexible fabric sensing materials
and computer technology to make wearable devices,
this paper designs and implements a flexible weara-
ble wireless music controller based on flexible fabric
sensors and ESP32 microcontroller unit, which has
the characteristics of simple structure and easy fab-
rication and cross-platform use.

2. System Function and Structure

The flexible wearable multimedia wireless
controller designed in this paper is a wearable mul-
timedia control device that can be integrated into
clothing and has good wearing comfort. It can be
connected to cell phones and other terminal devices
via Bluetooth, and can control the music playback in
cell phones without taking out the cell phone. The
main functions and structure of the system are shown
in Figure 1.

Figure 1. System Function and Structure.

In terms of function setting, the music control-
ler designed in this paper can control the volume up
and down, music play and pause, and track switching
when the finger taps on the flexible fabric sensor.
The system structure consists of two parts: The
flexible fabric sensor and the micro control unit. The
flexible fabric sensor generates electrical signal
changes under the action of external forces. The
micro-control unit detects this signal change in re-
al-time and at high speed through circuitry, and then
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processes the signal data. When a finger tap is de-
tected, a corresponding key command is sent to the
terminal device via Bluetooth.

3. System design and implementa-
tion

3.1. Design and implementation of flexible
fabric sensing structure
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Sensing structure design

In order to fit the human body structure and
achieve better comfort, this paper uses a flexible
fabric sensing material to make a flexible sensor.
The structure of the sensor is shown in Figure 2.

Figure 2. Sensor structure.

The structure of the sensor is divided into four
parts, the uppermost and lowermost layers are the
outer shell, and the middle two parts are the elec-
trode layer and the sensing layer. The upper and
lower housings of the sensor are made of smooth and

comfortable white knitted fabric. The material used
for the electrodes is a flexible conductive fabric (3
Q/cm), and the sensing unit uses a flexible fabric
sensing material with a knitted structure. As shown
in Figure 2, there are five sets of flexible sensors as
five function buttons, which correspond to the
volume increase and decrease, music play and pause,
and track switching. Each sensing unit will change
its resistance under the action of external stress, and
the state of finger tapping on the sensing unit can be
obtained by detecting the change of resistance.

Sensor fabrication and performance testing

The performance of the prepared sensor was
tested by using a force meter and CHI650 electro-
chemical workstation. The electrical flow through
the sensor was continuously collected at different
pressures (< 1s5 kPa) with a voltage output of 0.5 V
at both ends of the flexible fabric sensor and plotted,;
the sensor was pressed repeatedly 200 times at a
pressure of 3 kPa, and the electrical flow s was rec-
orded and graphed. The corresponding test results
are shown in Figure 3.

Figure 3. Physical and performance testing of sensors.

Figure 3(a) shows the sensitivity test results of
the sensor and the physical picture of the sensor. The
test results show that the current variation of the
flexible fabric sensor subjected to pressure in the
range of 4 kPa-15 kPa accounts for 20% of the
overall variation, but when the pressure is within 4
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kPa, the current variation accounts for 80% of the
overall variation. The cyclic stability results are
shown in Figure 3(b) for 200 tests. The results show
that the maximum and minimum values of the cur-
rent flowing through the flexible fabric sensor fluc-
tuate after several taps. The fluctuation range of the
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maximum value is within 0.0004 mA. Since the
flexible fabric sensor uses the fabric structure, after
repeated knocks in a short time, the minimum cur-
rent will gradually increase due to the lack of timely
rebound of the fabric structure, but the increase is
limited, about 0.0006 mA, which has little effect on
the knock determination.

3.2. Hardware circuit design

ESP32 Introduction

ESP32 chip is a dual-mode 2.4 GHz Wi-Fi and
Bluetooth integrated chip solution from Loxin. The
ESP32 is powered by the Xtensa® 32-bit LX6 sin-
gle-core processor with 200 MIPS of computing
power. In addition, the ESP32 has an integrated
12-bits SAR ADC supporting a total of 18 analog
channel inputs with a sampling frequency of 200
ksps.

Signal Acquisition

When a flexible fabric sensor is subjected to
external stress, it deforms electrically in the form of
a change in electrical resistance. In order to detect
the pressure signal of the sensor, the signal can be
acquired through the principle of resistive voltage
division in a series circuit. The signal acquisition
principle and circuit diagram are shown in Figure 4.

Figure 4. Signal acquisition principle and circuit diagram.

In Figure 4(a), U is the total voltage in the
circuit, Rs is the resistance of the sensor, and R. is the

fixed value resistor used for voltage dividing. When
the resistance of the flexible fabric sensor changes,
the voltage divider U; at R; will also change ac-
cordingly, and the voltage acquisition point is at
Signal, and the change of sensor resistance Rs can be
obtained by collecting the change of voltage at
Signal. The voltage signal is calculated by the fol-
lowing formula:

Singnal = UR./(Rs + R,)

Figure 4(b) shows the signal acquisition circuit,
which contains five signal acquisition channels, each
of which connects a flexible fabric sensor in series
with a 10 K fixed-value resistor and connects to the
analog-to-digital converter interface of the ESP32.
In order to reduce the noise interference in the circuit,
a 20 pF capacitor is added in front of the fixed re-
sistor.

3.3. Software Programming

Software Structure

Since the underlying driver of ESP32 is not
open source, the hardware needs to be initialized
using the official driver functions provided by Loxin.
Loxin provides the corresponding software devel-
opment kit, ESP-IDF, which allows users to easily
add their own libraries or other functions and inte-
grates with the FreeRTOS operating system. The
program execution flow is shown in Figure 5.

Figure 5. Program execution flow.

After the hardware is powered up, the main
program is executed. The main program initializes
the hardware, which includes the Bluetooth and
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analog-to-digital converter modules of the ESP32.
After the initialization is completed, the signal is
collected in real-time by the analog-to-digital con-
verter. Whenever the signal data is collected, the data
collected is evaluated. If the keystroke is valid, the
corresponding key command is sent via the Blue-
tooth module. After the command is sent, the next
round of acquisition is performed. If there are no taps,
the signal will continue to be collected.

Bluetooth wireless communication

To send key commands to terminal devices,
Bluetooth needs to be driven. The Bluetooth proto-
col stack supported by ESP32 includes Classic
Bluetooth and BLE protocols. In order to send mul-
timedia control commands via Bluetooth, the HID
(Human Input Device) protocol is implemented us-
ing the GATT protocol of BLE. GATT (Generic At-
tribute Profile) is a low-power Bluetooth device
communication protocol. The GATT protocol is used
to implement the USB HID protocol, which allows
the terminal device to recognize the Bluetooth de-
vice as a keyboard. The execution flow of the pro-
gram is shown in Figure 6.

Figure 6. Bluetooth communication operation flow.

Firstly, the program needs to initialize the
Bluetooth device, then create the GATT Server in-

2%

stance and set up the callback function. Next, the
HID device instance is created, which contains the
definition of the device type, manufacturer, HID
information, etc. Finally, the HID keyboard de-
scriptor property needs to be provided to the GATT
service so that the end device can parse the data
transmitted by Bluetooth into keyboard commands.
Some of the main descriptions of the HID keyboard
descriptors are shown in Table 1.

Table 1. HID keyboard descriptor

Content Meaning

0X09,0%06 Device usage for key-
board

0x05,0x07 Usage page for buttons
0x09,0xb5 Next song
0x09,0xb6 Next song
0x09,0xcd Play/pause
0x09,0xe9 Volume increase
0x09,0xea

Volume reduction

Analog to Digital Converters

In order to collect the signal data of the flexible
fabric sensor, it is necessary to drive the analog to
digital converter for signal acquisition. The ADC of
ESP32 has two working modes, namely ADC-RTC
and ADC-DMA modes. The ADC-RTC mode is
controlled by the RTC controller, which is suitable
for the application scenario where only
low-frequency acquisition is required. ADC-DMA
mode allows data to be directly copied from one
storage space to another without CPU processing.
Therefore, in signal acquisition, the acquisition
frequency can be greatly accelerated. This paper
uses ADC-DMA mode for signal acquisition, ana-
log to digital converter driver process as shown in
Figure 7.
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Figure 7. Analog-to-digital converter driver flow chart.

3. System Testing

In order to verify the functional effectiveness
and reliability of the design, cross-platform com-
patibility tests and functional tests were conducted.

3.1. Cross-platform compatibility testing

The flexible wearable wireless music controller
connects to the end device via Bluetooth, which
includes the Windows desktop and Android mobile
terminal. The connection effect is shown in Figure
8.

Bluetooth and other devices
Bluetooth Android Phone

+ iAdd bluetooth and other Bluetooth

devices ()
Bluetooth Window Computer
@ on Device Name nova 7 Pro 56
Now detectable as "DEKSTOP-5DS"

Accepted documents
Mouse, keyboard and pen
ESPL2 BLE Keyboard Paired Device

SP32 BLE Keyboard
5] ESP32 BLE Keyboar @

Figure 8. Effect of different terminal connections.
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During the test, different types of terminal de-
vices were used to connect to the flexible wearable
wireless music controller designed in this paper, and
the connection was maintained for an hour. A suc-
cessful connection was considered when the con-
nection could be maintained for an hour without
dropping the connection. Windows desktop devices
include Windows desktop and laptop computers,
while mobile devices are mainstream cell phones,
such as OnePlus, iqoo, Meizu, Xiaomi, and Huawei.

3.2. Functional Testing

After the compatibility test, the functionalities
were also tested in this paper. After the end device
was connected to the flexible wearable wireless
music, each of the five function keys was hit 20
times and the corresponding function was recorded.
The success rate of the function test is shown in
Figure 9.

Figure 9. Functional test success rate.

In Figure 9, in addition to Windows computers,
one plus mobile phones, iqoo mobile phones, other
types of mobile phones on the key function trigger
rate can reach 100%. The trigger success rate of
Windows computer, one plus mobile phone and iqoo
mobile phone is slightly lower, more than 96.7%.
The reason for this phenomenon may be that these
devices themselves are not perfectly compatible with
ESP32 Bluetooth. The test results show that the
comprehensive accuracy rate of the flexible weara-
ble wireless music controller designed in this paper
i5 99.7% in different end devices.
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4. Conclusions

This paper uses a flexible sensor to create the
keypad of a flexible wearable wireless music con-
troller. Through ESP32 signal acquisition and knock
judgment, the Bluetooth module of ESP32 is used to
connect the terminal equipment and send key in-
structions. The test results show that the flexible
wearable  music controller can be used
cross-platform, and the success rate of connecting to
different platforms is 100%. In terms of functionality,
the five key functions work well on different termi-
nals, and the overall success rate of key recognition
is 99.7%. The design of this paper combines the
disciplines of material, textile and computer to ex-
plore the prospect of applying cross research of dif-
ferent disciplines in the field of wearable devices and
provide research cases and ideas.
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ABSTRACT

Aiming at the application requirements of fabric electrodes in wearable electronic clothing, the current materials and

structure types of fabric electrodes are introduced respectively, the influence of fabric electrodes materials and structure

parameters on the stability of ECG signal acquisition is analyzed, the use principle of fabric electrodes and the relation-

ship between signal acquisition stability and comfort are summarized, and the application prospects and development

direction of fabric electrodes in wearable electronic clothing are prospected in the future.

Keywords: fabric electrodes; wearable electronic clothing; biosingnals; comfortability; stability

1. Introduction

In recent years, the proportion of human pa-
tients with chronic diseases (such as cardiovascular
and cerebrovascular diseases) has been increasing,
resulting in frequent accidental sudden death. In or-
der to understand the accumulation degree of chronic
diseases, patients need to carry out long-term moni-
toring of physiological signals in the hospital, result-
ing in long registration and waiting time and
crowded queue in the hospital (such as ECG, B-ul-
trasound and other monitoring departments). In order
to alleviate this phenomenon, the new concept of
modern medical treatment is to move the monitoring
of chronic diseases from hospitals to communities
and families. Patients monitor on demand at home,
transmit physiological signals to hospitals through

ARTICLE INFO

Internet of things technology, and doctors give diag-
nosis and treatment suggestions in time according to
the signals. This idea has greatly promoted the re-
search and development of wearable electronic
clothing'', and also promoted its application re-
search in deep diving, military, aerospace, fire pro-
tection and other fields. Electronic clothing com-
bines  fabric and  clothing  technology,
microelectronics technology, communication tech-
nology and cloud technology. It can monitor human
physiological signals for a long time, give early
warning before the occurrence of emergency condi-
tions, and enable patients to be rescued at the first

time.

As the sensing material of electronic clothing,
the signal acquisition electrodes mostly adopt the ad-
hesive electrodes (the core component is Ag/AgCl)
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in the early stage. During the detection, it is neces-
sary to apply conductive paste between the elec-
trodes and the skin. However, the conductive paste is
easy to dry and is not suitable for long-term monitor-
ing. Continuous use will also cause skin allergy, itch-
ing or inflammation!?,

Fabric electrodes is a kind of flexible dry elec-
trodes which can monitor physiological signals for a
long time. It uses fabric processing technology to
process conductive materials into functional fabrics,
which can collect the weak potential (bioelectrical
signal) on the skin surface. Compared with wet elec-
trodes, fabric electrodes are more suitable for moni-
toring physiological signals for a long time. This pa-
per summarizes the research and development of
material, structure and performance of fabric elec-
trodes in wearable monitoring system, and analyzes
the relationship between its comfort and monitoring
signal stability.

2. Fabric electrodes material

The traditional Ag/AgCl gel electrodes is
shown in Figure 1. Fabric electrodes can replace the
traditional Ag/AgCl electrodes. Through wireless
transmission technology, it can monitor physiologi-
cal signals for wear, long-term, continuous and un-
disturbed. Compared with gel electrodes, the ad-
vantages of fabric electrodes are its wearability,
softness, breathability, comfort and real time acqui-
sition, as well as the good experience it brings to
guardianship objects.

The materials of fabric electrodes can gener-
ally be divided into polarized metal, non-polarized
metal, polymer coating metal, conductive polymer,
nano silicone and carbon blackl®!. At present, the re-
search focuses include new conductive polymer
(modified polymer polyimide), micro precious metal,
graphene, modified conductive rubber, dry foam
electrodes and so on. As far as the fabric electrodes
is concerned, the new conductive polymer is the eas-
iest to weave into the electrodes structure. At the
same time, it has attracted people’s attention because
of its flexibility, light weight and strong weavability.

According to different structures and preparation
methods, conductive polymers can be divided into
composite type, ionic type and structural type. The
conductivity of the three structural types varies
greatly due to different materials and structures™.

Figure 1. Ag/AgCl electrodes and its fabric composite elec-
trode.

In addition, compared with the current common
porous carbon coated electrodes, polypyrrole/cotton
fabric electrodes not only have incomparable flexi-
bility and mechanical properties, but also has the
characteristics of light weight, low cost and non-tox-
icity, and has high conductivity, which can meet the
requirements of flexible wearable fabric electrodes.
For example, Yuel® used ordinary cotton fabric to
prepare polypyrrole coated fabric through in-situ
chemical polymerization (CP), vapor deposition
polymerization (CVD) and interfacial polymeriza-
tion. After repeated high-strength stretching, the
polypyrrole coated fabric can still maintain high
electrochemical properties, be suitable for stretching
during human movement, and realize the softness
and lightness of fabric electrodes. It can be applied
to wearable monitoring electronic clothing.

Xin et al.' used the method of first chemical
synthesis and then electrochemical plating to coat the
polypyrrole conductive layer on the substrate of the
fabric surface to prepare a fabric electrodes for ECG
acquisition. This fabric electrode has good conduc-
tivity and good soft, breathable and moisture perme-
ability. It can directly contact the skin surface of the
monitoring object for long-term ECG acquisition.

For some fabric electrodes, the composite struc-
ture of conductive materials and conventional fabric
materials is mostly used, or the conductive materials
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are attached to the yarn or printed and dyed to the
fabric through various coating processes. The mate-
rials used in the composite structure of the latter in-
clude base materials and conductive materials. Com-
mon base fiber materials include animal and plant
fibers and some chemical fibers. Acrylic and poly-
propylene fibers in chemical fibers are not suitable
as substrates because of their poor moisture absorp-
tion, comfort and dimensional stability; The polyes-
ter fiber and its fabric in the chemical fiber have good
wrinkle resistance, good elasticity, wear resistance,
poor moisture absorption, easy washing and quick
drying, and are not easy to moth and mildew. On the
contrary, it is suitable to be used as the base material
of conductive fabric. Also suitable for base materials
are nylon filament, viscose yarn, cotton, carbon
nanotube, polyethylene, polyamide and other fi-
bers!”!. For the materials of conductive parts, they
need to be selected according to the base materials.
For example, nylon filament is generally silver
plated, viscose yarn is generally made of core spun
yarn with 30% stainless steel filament, conductive
fabric is copper plated, polyester is blended with
stainless steel wire, carbon nanotube is coated with
Ag/AgCl, polyethylene is deposited with titanium
and copper, polyamide and other chemical fibers are
silver plated, etc.[®

3. Fabric electrodes structure

Fabric electrodes mostly adopt the interleaving
structure of conductive materials and conventional
fabric materials, or attach conductive materials to
yarns or printed and dyed fabrics through various
coating processes, so as to form various types of fab-
ric electrodes.

3.1. Common fabric electrodes assembly
forms

The properties of the fabric electrodes are dif-
ferent according to the manufacturing method and
structure. Catrysse et al.’! used stainless steel fila-
ments to make knitted structure electrodes as shown
in Figure 2. The advantage of the electrodes is that
it does not stimulate the skin and can be integrated
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into the clothing. The disadvantage is that the inter-
face between the fabric and the skin has a large im-
pedance, resulting in too weak or unstable ECG sig-
nal acquisition. In addition, knitted fabrics are prone
to curling and de edging in the manufacturing pro-
cess, and have large deformation in the use process.
When stressed, the resistivity will also change, re-
sulting in the instability of ECG signal.

Figure 2. Soft electrodes made by steel fiber knitted fabric.

Huang!'”! laid the carbon fiber lead wire on the
conductive hydrogel, and then pressed the three
parts by pressing the non-woven fabric. A disposable
ECG monitoring electrodes was invented. He et al.!'!
developed a non-contact ECG sensor and its weara-
ble multi-channel ECG sampling underwear. In the
underwear, a three-dimensional shielding cavity is
formed through a hole, a shielding ring and a shield-
ing layer, which can collect excellent ECG signals
under the interference of daily electromagnetic envi-
ronment.

Cai et al.l'! designed a new type of ECG moni-
toring electrodes. The conductive elastomer is placed
in the concave cavity of the anti-mucous membrane,
and the surface is connected with the sensing elec-
trodes. The conductive elastomer uses a protruding
sponge block to impregnate the conductive paste.
Compared with the traditional coating conductive
paste, its cost is reduced and its conductivity is im-
proved. Qu and others!'¥! invented a new conductive
hydrogel electrodes material, which is mainly com-
posed of polymer and deionized water, electrolyte,
water retaining agent and so on. It shows excel-
lent biocompatibility, strong adhesion to skin, good
environmental stability and excellent electrical con-
ductivity.
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Chen et al.'¥ took graphene as the substrate,
placed the metal seed layer between the metal elec-
trodes and the flexible graphene substrate, and the
electrodes lead is connected to the metal electrodes
on the flexible substrate. The electrodes are arranged
coronally, which increases the contact area with the
skin and enhances the stability of ECG acquisition;
At the same time, because its texture is soft and flex-
ible, it can adapt to people of different shapes. Wu et

131 invented a similar electrodes structure. At the

al.
same time, several electrodes are connected in series,
which are directly used for skin dressing, and com-

plete the test and monitoring of 12 leads at one time.

Zieba et al.l'®! designed a wearable system for
ECG monitoring. As shown in Figure 3, the elec-
trodes of the system is woven fabric of silver plated
wire, and the interior of the electrodes is filled with
elastic sponge.

Figure 3. Electrodes model of woven fabric.

The electrodes in Figure 3 can be well attached
to the skin. The silver plated yarn improves the in-
formation conductivity of the electrodes and will not
stimulate the skin if worn for a long time.

According to the weaving method, the conduc-
tive fabric of fabric electrodes can be divided into
four structural forms: woven, knitted, nonwoven and
other fabrics. Figure 4 shows the fabric morphology
of different fabric electrodes.

Figure 4. Fabric electrodes.

3.2. Fabric electrodes of woven structure

The fabric electrodes of woven structure is
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made of warp and weft conductive yarn, which has
stable structure and high uniformity and consistency.
Guo!'”) used silver plated polyester filament as the
conductive fiber of woven structure, wrapped sponge
in the fabric of woven structure, and used sponge
elasticity to ensure full contact between conductive
cloth and skin; at the same time, hard sponge and
support pad are applied to the outer ring to further
improve the support force of fabric electrodes and
slow down the impact in the wearing process. The
structure and real object of fabric electrodes are
shown in Figure 5 and Figure 6.

Figure 5. Structure illustration of a woven electrodes.

Figure 6. A real woven electrodes.

In addition, the fabric electrodes of woven
structure can be made by coating conductive materi-
als with woven fabric as the bottom layer. For exam-
ple, Zhang!'® compounded polypyrole/cotton fabric
ECG electrodes through electrochemical polymeri-
zation to measure the ECG signal of human body in
static state. Li et al.["”! studied the effects of different
woven structure parameters on the electrical conduc-
tivity of polypyrrole fabrics. Using 37 tex polyester
cotton staple yarn, four kinds of plain fabric,
through-hole fabric and 1/3 right twill fabric with
different weft density were prepared by changing the
crimp speed and weft density of the loom. The con-
ductive materials were compounded on the fabric by
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chemical oxidation synthesis. It is found that the
greater the weft density or linear density of the fabric,
the smaller the surface specific resistance of the fab-
ric and the stronger the conductivity; When the criti-
cal value is exceeded, the conductivity will decrease.

Zhang et al.*%! designed a flexible wireless bio-
electric electrodes, including conductive layer, adhe-
sive layer, flexible layer and conductive part of wo-
ven structure. The conductive part passes through the
flexible layer and adhesive layer and is connected
with the conductive layer. The conductive layer is
woven by several conductive yarns in woven struc-
ture, the woven conductive fabric is adhered to the
adhesive layer, and the signal collection and trans-
mitting device is placed on the flexible layer and
connected with the conductive part, This design
avoids the wear of the conductive layer on the yarn
surface in the process of fabric shuttle, ensures that
the electrodes has good conductivity, reduces the at-
tenuation of signal and increases the wearability of
flexible electrodes.

The fabric electrodes of woven structure can
also be obtained by jacquard process. The jacquard
structure of the jacquard weaving machine of the Ko-
rean University?!! uses the physiological signal of
the jacquard weaving machine of the Korean univer-
sity to detect the tissue of the human body. The fabric
uses 82.5 dtex/36 F and s twisted polyester filament
as warp yarn, silver plated yarn as weft yarn to make
the bottom layer, and then silver plated yarn weaves
the sensing layer on the bottom layer, so that the sil-
ver plated yarn becomes a double-layer structure.
The fabric electrodes size of the woven jacquard
structure is 50 mmx50 mm.

3.3. Fabric electrodes of knitted structure

In the process of using knitted fabrics, due to
repeated stretching, there will be problems such as
looseness and deformation, fuzzing and hook wire,
so the signal acquisition of this kind of fabric elec-
trodes will also be affected. In addition, when weav-
ing the knitted electrodes, the fabric can be coated
with conductive materials, or the fabric electrodes
can be obtained by weaving conductive yarn with
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other materials.

Yang et al.”? developed a kind of knitted wool
flexible ECG electrodes, which overcomes the prob-
lems that the existing flexible fabric ECG electrodes
cannot contact with the skin stably and the contact
impedance increases due to the growth of stratum
corneum, and can effectively avoid the skin allergy
caused by conductive paste.

Liul®! used coated carbon fiber and its conduc-
tive composite silk thread, selected weft flat weave
and 1+1 rib structure to make fabric electrodes with
knitted structure. It is found that the stability of 1+1
rib structure is better than that of weft flat structure;
However, when simulating the washing process, it is
found that with the increase of washing times, the
overall resistance increases, and the change of re-
sistance becomes more and more unstable. Wang et
al.’* prepared four kinds of fabric electrodes as
shown in Figure 7 by weft knitting. Comparing the
sensitivity of four kinds of fabric electrodes to collect
physiological signals, it is found that the signal sen-
sitivity of vertical stripe double rib knitted fabric is
higher than that of horizontal stripe double rib knit-
ted fabric, and higher than that of silver plated yarn
weft flat knitted fabric; From the repeatability of
double rib resistance, it can meet the requirements of
sensor repeatability and stability, and can be used to
develop monitoring devices for heartbeat, respiration
and cardiopulmonary function.
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(d) Double rib knitted fabric with vertical stripes of plated yarn and wool yarn (1
and 3 are wool yarn, 2 and 4 are silver plated yarn)

Figure 7. Four knitted structure of fabric electrodes.
3.4. Fabric electrodes of nonwoven structure

Nonwoven structural materials have good me-
chanical properties such as breaking strength
and breaking elongation, short production process
and low cost, so they are widely used. Xu et al.[*”
used magnetron sputtering to form a layer of depos-
ited nano silver film on the surface of nonwovens, so
that nonwovens can conduct electricity and be used
to manufacture fabric sensors. The nano silver film
of the fabric has good combination with the substrate,
and the film has the characteristics of high purity,
good compactness, uniform film formation and no

chemical pollution of the fabric electrodes.

Ninane et al.*®! designed a nonwoven fabric
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electrodes, which can monitor human physiological
signals for a long time. This electrodes adopt multi-
layer three-dimensional structure, has superior hy-
drophilicity, can store a certain amount of solution,
leach and wet the contact surface between skin and
electrodes during extrusion, and reduces the imped-
ance of the interface between electrodes and skin.
Kang et al.l*” formed conductive lines and conduc-
tive layers on the surface of nonwovens by hand
drawing or screen printing, and prepared nonwovens
active electrodes. The results show that this kind of
active electrodes have improved air permeability and
more flexible skin adhesion design.

3.5. Fabric electrodes with embroidery
structure

It is more flexible and convenient to weave fab-
ric electrodes by embroidery. Peng Xiaohui et al. (2%
embroidered silver plated fiber to produce fabric
electrodes according to the designed structure, and
used it as a pressure sensor for respiratory monitor-
ing. In addition, in order to improve the sensitivity
and repeatability of the sensor, the contact resistance
can be connected in series and silica gel can be
coated at the contact point, as shown in Figure 8. In
the manufacturing process, 11.1 tex silver plated fil-
ament yarn is selected to be twisted into sensing ma-
terials (18 pieces/strand, two strands twisted, strand
twist 8 twist/dm), which are sewn at 6 cmx6 cm pol-
yester base cloth. Experiments show that the elec-
trodes have the feasibility of physiological signal ac-
quisition.

Figure 8. Embroided fabric electrodes covered with silica gel.

Zhang et al.”’! used Ag/AgCl composite yarn
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prepared by silver plated yarn electroplating as sens-
ing material, and adopted the structure of embroi-
dered Terry to prepare a circular fabric electrodes
with Terry height of 3 cm, needle pitch of 1 mm and
diameter of 3 cm. The utility model has the ad-
vantages that the terry structure can pass through
the body hair, the skin adhesion is better, the physio-
logical signals can be measured more accurately, and
there is no need to process the skin in the process of
use. In addition, in the process of connecting the fab-
ric electrodes with the outside, the electrodes buckle
1s nailed in the middle of the fabric electrodes, and
the male buckle is connected with the female buckle
to realize the detachability of the electrodes.

4. Conclusions

Compared with traditional medical electrodes,
fabric electrodes have the characteristics of softness,
air permeability, stability, comfort and long-term
wearability from the perspective of material and
structure. Therefore, they play a more and more im-
portant role in the application of human physiologi-
cal signal monitoring®®"!, With the rapid development
of microelectronics and information technology, fab-
ric sensing will become a research hotspot of life and
health materials and technology.
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ABSTRACT

The detection mechanism of enzyme-free glucose electrochemical sensors, the research progress of enzyme-free
glucose sensors based on composite materials such as noble metals, transition metals and doped carbon nanomaterials,
and the latest progress of new wearable enzyme-free glucose detection devices are reviewed. With the development of
science and technology, enzyme-free glucose sensors will potentially be applied to the in vivo detection of animal and
plant species, which will become a hot spot for new research.
Keywords: enzyme-free; glucose sensor; electrode modification; in vivo detection

1. Introduction

Glucose is an important component of carbo-
hydrates in plants and animals. The development of
new devices and instruments for the quantitative
determination of glucose in living organisms is of
great importance for advancing research in the field
of in vivo glucose detection. The development of
new and efficient enzyme-free glucose sensors is a
key issue in the field of sensor development. The
development of new and efficient enzyme-free glu-
cose sensors is a key issue in the field of sensor re-
search and development. However, research into the
real-time monitoring of glucose levels in living
plants and animals is still in its infancy and is the
focus of research and development by scientists.

ARTICLE INFO

In 1962, Clark and Lyons first introduced the
concept of using glucoamylase electrodes in elec-
trochemical assays and prepared the first glucoam-
ylase electrodeltl. After decades of development,
glucose sensor technology has become more mature
and is widely used in clinical medicine and phyco-
logical testing, for example, in the detection
of blood glucose levels during the treatment of dia-
betes. According to Grand View, a leading global
research institute, the market for Continuous Glu-
cose Monitoring (CGM) sensors in China will reach
US$55 million by 2024. Therefore, the develop-
ment and application of glucose sensors is of in-
creasing interest to researchers.

This paper provides an overview of how elec-
trochemical glucose sensors work, discusses their
current status and recent developments, and outlines
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the main challenges and opportunities for their
further development and use, with a focus on the
application of enzyme-free glucose sensors for in
vivo detection.

2. Development of glucose sensors

2.1. Enzyme-based glucose sensor

For the classification of glucose sensors, the
common electrochemical glucose sensors can be
divided into enzyme-based glucose sensors and
non-enzymatic glucose sensors (NEG), depending
on whether enzymes are used. Depending on the
type of electronic medium used, enzyme-based
glucose sensors can also be subdivided into three
generations of sensors. Throughout the develop-
ment of glucose sensors, the first to third genera-
tions of sensors have been based on the principle
of bio-enzyme catalysis as the core of the reaction,
with improvements focused on increasing the elec-
tron migration rate at the reaction interface.

The first generation of enzyme-based glucose
sensors used the immobilisation of an enzyme on an
electrode enzymel?. Glucose Oxidase (GOXx) uses
Flavin Adenine Dinucleotide (FAD) as a carrier for
the redox reaction. Oxidation of glucose to gluco-
nolactone and hydrogen peroxide, while obtaining
the reduced form of the enzyme GOx (FADH,).
GOx (FADH) reacts with dissolved oxygen to
produce hydrogen peroxide. The concentration of
glucose in the initial sample can be determined by
measuring the consumption of oxygen or the pro-
duction of hydrogen peroxide®®!,

Equations involved in the catalytic reaction of
the first generation of glucose sensors:

GOXx(FAD) + glucose — GOx(FADH,) + gluco-
nolactoneGOx(FADH:) + O, — GOx(FAD) + H>0O:

There are two main problems with first gener-
ation glucose sensors: Firstly, the presence of many
electroactive interfering substances in the blood that
can be oxidised, and the relatively high detection
potential of H,O., at which the interfering sub-
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stances are co-oxidised, leading to interference with
the experimental results; and secondly, the reliance
on free oxygen as a catalytic medium. The former
produces interference effects that reduce the selec-
tivity of the sensor, while the latter makes the sen-
sor ineffective in detecting defective oxygen sam-
plest®3], Therefore, the first generation of sensors is
not suitable for analysis of practical applications!..

The researchers have improved on the first
generation of sensors by replacing the biological
mediator oxygen with an artificial mediator to de-
velop a second generation of glucose sensors. The
second-generation glucose sensor technology uses a
non-physiological artificial medium to speed up the
electron transfer process and overcome the inter-
ference problems of the first generation®l. The reac-
tion equations involved in second generation glu-
cose sensors are as follows:

GO(FAD)+ glucose — GOx(FADH,)+ gluco-
nolactone

GOX(FADHz) + Med(ox)—> GOX(FAD) + MEd(red)

In the reaction equation, Med oy is the oxygen-
ated medium and Med g is the reduced medium.

The electron transfer rate between the enzyme
and the electrode is increased due to the replace-
ment of the artificial medium, but the medium is
still required. The media may still react with inter-
fering substances in the blood, affecting accuracy
and efficiency. It is very difficult to maintain the
presence of the mediator near the surface of the
electrode and enzymel®, Therefore, scientists set out
to study new glucose sensors that do not require the
introduction of external media.

With the further development of new
nano-functional materials, direct electron transfer
(DET) between enzymes and electrodes becomes
possible, and the third generation of glucose sensors
emerges as the times require. This type of sensor
immobilizes the enzyme directly on the electrode
surface, which further improves the free electron
transfer rate between the electrode and the enzyme.
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No medium is the main advantage of the
third-generation sensor. There is no interference
from electroactive substances during the reaction
process, and there is no dependence on dissolved
oxygen. At the same time, the interference effect
caused by the competition between the dissolved
oxygen and the electrode to regenerate enzymes is
greatly reduced®.

The reaction equation involved in the
third-generation glucose sensor is as follows:

glucose + FAD — gluconic acid + FADH,

The principle of the third-generation en-
zyme-based glucose sensor is shown in Figure 1.
Although the enzyme-based glucose sensor occu-
pies the main market in the glucose sensor industry,
it still cannot get rid of the influence of environ-
mental factors on the activity of the enzyme, such
as ambient temperature, humidity, pH value,
etc., because its sensitivity depends largely on the
activity of the enzymel¥. The stability of the en-
zyme has also become a great obstacle in the de-
velopment and application of enzyme-based glu-
COSe Sensors.

Figure 1. Principles of the first, second and third generation
enzymatic glucose sensorsf?,

2.2. Enzyme-free electrochemical glucose
sensor

Enzyme-free electrochemical glucose sensors

are based on electrodes or modified materials on
electrodes to replace biological enzymes to generate
electrocatalysis. Compared with enzyme-based
glucose sensors, its biggest advantage is that it is
easy to achieve long-term and stable target detec-
tion, breaks through the limitation that biological
enzymes are susceptible to failure due to environ-
mental temperature, pH value and other factors, and
provides an optimized interface for rapid electron
migration. It can provide support for
high-performance continuous monitoring applica-
tion scenarios.

Currently, two models exist for explaining the
mechanism of non-enzymatic electrochemical glu-
cose sensors: The activated chemisorption model
(Figure 2) and the Incipient Hydrous Oxide Adatom
Mediator (IHOAM) (Figure 3). The former pro-
poses that the electrocatalytic reaction requires the
adsorption of the substrate (glucose) to the catalyst
surface (electrode surface) to form bonds with the
unfilled d orbitals of the catalyst. The latter is a
model proposed by Burke, demonstrating that the
formation of a monomolecular front layer of hy-
droxide is one of the keys to the electrocatalytic
process of glucose. The active hydroxide ions gen-
erated after the dissociation of water on the electrode
surface are involved in the electro-oxidation process
of glucose and many organic small molecules, so the
enzyme-free glucose sensor can show high sensitiv-
ity under alkaline conditions(?46l,

Figure 2. Activated chemisorption modell,

Figure 3. IHOAM modell4,

The emergence of non-enzymatic glucose
sensors has provided more choices in the selection
of materials for glucose sensors, and the way to in-
crease the effective surface area is no longer limited
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to the stacking of enzymes. Due to the advantages
of high catalysis and high sensitivity for the oxida-
tion of glucose, such as noble metal materials, tran-
sition metals and composite materials doped with
carbon nanomaterials, etc. Therefore, their selection
as modification materials to modify the electrodes
of glucose sensors has also become an effective
way to enhance the effective area of the glucose
sensor reaction and the interfacial electron migra-
tion rate. The catalytic ability of the working elec-
trode is also no longer limited to biological en-
zymes, and the application of noble metals,
transition metals and doped carbon materials will
lead to further enhancement of the detection per-
formance of glucose sensors.

3. Research progress of electrode
modification methods

At present, in the field of electrochemical sen-
sors, carbon electrodes are widely used because of
their advantages of good chemical stability, wide
electrochemical stability window, and low back-
ground current. Commonly used carbon electrodes
are glassy carbon electrodes and carbon paste elec-
trodes!”l. However, due to the defects of bare elec-
trodes, modifiers are required to improve perfor-
mance. This paper mainly describes the research
progress of modified electrodes synthesized by no-
ble metals, transition metals, and composite materi-
als doped with carbon nanomaterials. These modi-
fication methods provide reliable ideas for the
application of enzyme-free glucose sensors in in
vivo detection.

3.1. Sensors decorated with precious metal
materials

Platinum (Pt), gold (Au) and other noble metal
materials have excellent catalytic properties, and
their nanoparticles are often used to modify elec-
trodes to promote the catalytic oxidation of glucose.
Pt has high catalytic activity for compounds such as
glucose and hydrogen peroxide. Porous nano-Pt has
the characteristics of high sensitivity and strong
anti-interference ability, and has excellent selectivity
and catalytic activity to glucosel®. Wesley et al.®!
used Hi14Cl160sPt/CuSQ4 solution as electrolyte and
used cyclic voltammetry to electrodeposit porous
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nano-Pt films on screen-printed carbon electrodes
for the fabrication of glucose sensors. As shown in
Figure 4, it has good chemical stability, a wide lin-
ear range (up to 13 mM, as shown in Figure 5), and a
short response time (less than 5 s).

Figure 4. The current response of the nanopore electrode to the
continuous addition of 1 mM glucose (0.4 V) to PBS buffer
(0.1 M). Insert: Calibration curve for amperometric responsel€l.

Figure 5. (a) GO-COOAU/GCE at + 0.35 V on grape Am-
perometric responses of sugar additions of 0.02 (a), 0.04 (b),
0.06 (c), 0.08 (d), 0.1 (e) and 0.2 mM glucose (f). (b) Calibra-
tion curve of the amperometric glucose assay!®l.

In alkaline medium, the rate of Au catalyzing
the oxidation of glucose is better than that of other
Group VII noble metals such as Pt. Therefore, Au is
also an excellent modifier for the preparation of
enzyme-free glucose sensors®. Yusuf et al.’! de-
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posited Au nanoparticles on carboxylated graphene
oxide (GO-COOH) and modified them on glassy
carbon electrodes as working electrodes for glucose
sensors. The sensitivity of the sensor prepared by
the GO-COO-Au glassy carbon electrode reached
20.218 pA/(mMem?2). As shown in Figure 5, in an
alkaline environment, the linear range is 0.02 to
448 mM under the condition of + 0.35V,
which broadens the Linear range with detection
limits down to 6 pA. However, the sensor showed
almost no response in neutral glucose solution, and
only showed excellent performance under alkaline
conditions, which would be limited for in vivo de-
tection of plants with a pH value of less than 7.

3.2. Sensors decorated with transition met-
alsand their oxides and hydroxides

The transition metals Cu, Ni, oxide CuxO, NiO
and hydroxide materials all have good selectivity
and stability for the catalytic oxidation of glucose,
and they have a very large price advantage. There-
fore, such modified materials are widely used in
electrode modification of glucose sensors at this
stage. Cobalt oxide has good bio-compatibility,
wide band gap, high stability, low cost and good
reproducibility. At the same time, the electrochemi-
cal performance of cobalt oxide and its selectivity
to glucose can be improved by doping Since its po-
rous with other nanomaterials™™®. The preparation
cost of nickel is low and the preparation is simple.
Under alkaline conditions, it has a high electrocata-
Iytic ability for glucose!*. Xul® used a hydrother-
mal method to fabricate 3D Co0304/Ni heterostruc-
tures on porous Ni materials, as shown in Figure 6.

39

Figure 6. (a) The current responses of the glucose sensor based
on the 3D Co304/Ni heterostructure sensing electrode to dif-
ferent glucose concentrations at room temperature. Inserted is
the response time of the sensor to changes in glucose concen-
tration. (b) Measured data and the amperometric response cali-
bration curve of the sensor to glucose concentration. Each con-
centration was repeated three times, and error bars indicate
deviations(?,

Since its porous structure provides multiple
electroactive sites, it is favourable for the oxidation
reaction of the electrode surface with glucose. The
sensor has a sensitivity of 13,855 pA/(mMcm?2).
The detection limit was reduced to 1 uM. The de-
tection limit is an important performance parameter
of the sensor, and how to optimize the detection
limit has always been a focus of researchers in the
sensor field. Moreover, metallic nickel has the
characteristics of non-toxicity™™!l, so it is expected
to be used in the detection of living organisms.
However, since nickel only exhibits excellent cata-
Iytic activity under alkaline conditions, how to ap-
ply it to the in vivo detection of acidic fruits and
vegetables requires further exploration by scientists.

CuO has received extensive attention from
scientists due to its good electrochemical activity
and low overvoltage during electron transfer2, In
2019, Cheng et al.l’? applied transition met-
al-containing porous organic frameworks (MOFs)
to the construction of enzyme-free glucose sensors,
and constructed the MOF structure of porous CuO
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polyhedrons on carbon cloth. The sensor has a sen-
sitivity of 13,575 pA/(mMcm2) and a detection
limit of 0.46 uM, which further reduces the detec-
tion limit. In 2020, Ashwini et al.*¥ used gold
nanowire electrodeposition to modify the CuO
nanoelectrode on the basis of the same use of CuO
nanomaterials to catalyze glucose. This structure
further increases the specific surface area of the
electrode, improves the catalytic activity, the sensi-
tivity is 1,591.44 pA/(mMcm?2), and the detection
limit is greatly reduced to 0.3 uM. In the same year,
Luo et al.l used Cu-MOF microcrystals as raw
materials to prepare a porous nanolayered CuO
structure as a catalytic material for the working
electrode of an enzyme-free glucose sensor. The
sensitivity of the sensor is 1,806.1 pA/(mMcm?),
the linear range is 0-6.535 mM, and the detection
limit drops to 0.15 uM, which reduces the detection
limit of the sensor again. The optimization of these
properties benefits from its porous hierarchical
structure.

3.3. Composite-modified sensor doped with
carbon nanomaterials

Carbon nanomaterials have become one of the
latest research hotspots in the field of glucose sen-
sors due to their excellent performance in glucose
catalysis. According to its morphology, it can be
divided into one-dimensional (such as carbon
nanotubes) and two-dimensional (such as graphene
oxide). Carbon nanotubes have large specific sur-
face area, excellent electrical properties and
good biocompatibility™®®l. Zhao® et al. used carbon
nanotubes to prepare a carbon  nano-
tube-nickel/boron-doped diamond composite elec-
trode (CNTs-Ni/BDD), Ni nanoparticles themselves
can catalyze glucose, and the composite carbon
nanotubes increase the specific surface area and
electrode active sites of the BDD electrode, and at
the same time, the carbon nanotubes enhance the
electronic conductivity. Therefore, using the com-
posite material to modify the electrode greatly im-
proves the catalytic activity of the electrode to glu-
cose, and its sensitivity is 0.005-0.02 mM, 0.02-1
mM, 1.0-5.5 mM, respectively, at the glucose con-

centration. The linear range of mM was 475, 42, 19
HA/(mMcm?2), respectively, and the detection limit
was 0.42 uM. Hun et al.!”! developed a 3D materi-
al based on nitrogen-doped graphene-carbon nano-
tubes and gold nanoparticles and applied it to an
enzyme-free glucose sensor. The introduction of
carbon nanotubes between graphene nanosheets can
avoid the problem of large charge transfer re-
sistance of graphene, good dispersion of carbon
nanotubes can avoid the aggregation of graphene,
and graphene nanosheets as “surfactant” can dis-
perse carbon nanometers tube, forming a network
structure with large specific surface area and excel-
lent electrical conductivity. As shown in Figure 7,
the modified electrode has excellent performance,
with a linear range of 2 uM to 19.6 mM, a sensitiv-
ity of 0.9824 nA/(mMcm?2), and a detection limit of
500 nM, which further improves the sensitivity and
reduces the detection limit.

Figure 7. The relationship between current and glucose con-
centration*7],

The two-dimensional nanomaterial graphene
has good electrical conductivity, large specific sur-
face area, and its honeycomb two-dimensional
structure can increase the electron transfer rate.

Graphene oxide also has the characteristics
of being easy to combine with other materials, so
that it can be prepared into functional composite
materials with good comprehensive properties!*&1°,
For example, Xuel?”! et al. prepared persimmon tan-
nin-reduced graphene oxide-platinum-palladium
alloy (PT-RGO-Pt-Pd) nanocomposite. graphene
oxide is easily combined with other materials, com-
bined with persimmon tannin to form a thin film,

%40
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wrapping metal particles, enhancing the stability of
the composite material, and graphene oxide itself
has excellent electrical conductivity, so it improves
the catalytic conductivity of the electrode. The sen-
sor modified by the composite material has high
stability and fast response (<3 s), with a detection
limit of 1.43 uM and a linear range of 0.01 to 0.40
mM, as shown in Figure 8(a). The electrode is
suitable for a neutral detection environment with a
pH of 7 to 8. As shown in Figure 8 (b), at pH=6
(Curve a), pH=7 (Curve b), and pH=8 (Curve c),
pH=9 (Curve d), pH=10 (Curve e) in the PBS solu-
tion using time amperometric method to detect
glucose, the large current value appears between
Curve e and Curve d, that is, the pH value is be-
tween 7 and 8.

Figure 8. (a) Effects of different pH on the performance of
persimmon tannin-reduced graphene oxide-Pt-Pd en-
zyme-free blood glucose sensor. (b) Glucose standard curvel2Xl,

This is a major breakthrough compared to pre-
vious sensors, many of which only showed excel-
lent performance under alkaline conditions. There
are organic acids in the fruits of many crops, and
the juice is acidic. Therefore, the application of
non-enzymatic glucose sensors to the in vivo detec-
tion of plant fruits needs to overcome the limitation
that many current electrodes are only suitable for
alkaline environments. The development of an en-
zyme-free glucose sensor that can be used in acidic
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conditions will further promote its application in
vivo detection.

Carbon nanomaterials are easy to combine
with other materials, and composite materials doped
with carbon nanomaterials have many advantages
for modifying non-enzyme glucose sensors, such as
enhancing electrode specific surface area, enhanc-
ing current, etc. Therefore, there are many studies
on doping carbon nanomaterials in modified mate-
rials to improve the performance of sensors. In the
modification process of composite materials, atten-
tion should be paid to how to make various materi-
als compatible with each other to form a stable
structure, and some materials will be difficult to
modify on the electrode. For example, Zhao et al.[*]
needed to overcome the difficulty of co-modifying
BDD with Ni nanoparticles and carbon nanotubes
when preparing carbon nano-
tube-nickel/boron-doped diamond composite elec-
trodes (CNTs-Ni/BDD).

4. Application of non-enzymatic
glucose sensor in vivo detection

Enzyme-free glucose sensors have a series of
advantages, such as high specificity, fast detection
speed, portability, low cost, and low power con-
sumption. In recent years, glucose sensors have de-
veloped rapidly and have deep applications in agri-
culture, biotechnology, medicine and many other
fields. At the same time, scientists have gradually
developed new sensor structures for the detection of
living organisms, such as minimally invasive pain-
less devices, wearable flexible devices, etc. The
above-mentioned various electrode modification
methods provide ideas for in vivo detection. Most
of them use carbon electrodes or metal electrodes as
electrode substrates, and on this basis, modify the
materials to improve their performance. Difficulties
encountered in applying non-enzymatic glucose
sensors to in vivo detection of animals and plants.
For example, how to replace the base electrode in
the existing research to make it suitable for liv-
ing body detection, how to make the sensor fit with
the living body, and how to ensure that the sensor
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living body detection is not toxic to the living body,
etc., are the research hotspots of scientists.

4.1. In vivo detection in animals

In 2015, Lee et al.l?Y developed a new
patch-type enzyme-free biosensor for painless con-
tinuous blood glucose monitoring, which used a
platinum black sensing electrode layer micro-needle
array. Micro-needle arrays were fabricated using
micro-machining techniques and 316 L commercial
stainless steel. They inserted the sensor part into
rabbits and performed blood glucose monitoring
experiments in rabbits. The sensor was able to op-
erate normally for four days, with a sensitivity of
1.62 pA/mM and a linearity of 0.9939. In 2018, Li
et al.??l established an enzyme-free Online Elec-
trochemical System (OECS) for the first time, as
shown in Figure 9. The sensor can be used for the
continuous determination of glucose in animal brain
systems, an in vivo application of an enzyme-free
glucose sensor. In the same year, Yoon et al.[?®] de-
veloped a wearable enzyme-free glucose detection
system, and through two animal experiments,
proved that the system has good bio-compatibility.
With the further in-depth research, more and more
wearable devices for animal live detection are
gradually being developed.

Figure 9. Schematic diagram of continuous monitoring of rat
striatal glucose by non-enzymatic electroanalysis system based
on OECSI?2,

4.2. Human wearable enzyme-free glucose
sensor

In the medical field, the application of sensors

in blood sugar detection of diabetic patients is one of
the hotspots. Diabetes is a disease caused by insuf-
ficient insulin production or ineffective use of insu-
lin in the body, and its incidence has continued to
rise in recent decades. Currently, there are two
drawbacks to the traditional glucose monitoring
methods on the market. One of the disadvantages is
that most blood glucose monitoring systems on the
market rely on enzymes to catalyze glucose oxida-
tion, and the disadvantage of enzymatic sensors is
that their performance is easily affected by the en-
vironment, such as pH, temperature, humidity, etc.
This disadvantage has been mentioned above, and it
is very disadvantageous for patients to monitor their
glucose levels in real time. The second disad-
vantage is that the traditional glucose monitoring
method usually samples the blood from the finger-
tip of the patient first, and then tests the blood glu-
cose of the sample, which will cause certain dam-
age to the physical and mental health of the patient.

For the first disadvantage, compared with en-
zyme-based sensors, enzyme-free sensors are not
constrained by the constraints brought by enzymes,
and have many advantages, such as high stability,
simple preparation, strong reproducibility, and no
oxygen limitation. Therefore, an enzyme-free glu-
cose sensor is more beneficial for diabetic patients
to monitor glucose levels stably in real time. For the
second disadvantage, non-invasive biosensors cur-
rently under development can solve this problem.
To address the above shortcomings, researchers are
focusing on combining non-invasive and
non-enzymatic glucose sensors.

Wearable biosensors are non-invasive sensors
that have attracted much attention due to their abil-
ity to provide continuous, real-time physiological
information through dynamic, non-invasive meas-
urement of biochemical markers in biological fluids
such as sweat, tears, saliva, and tissue fluids!3.
Most of the current wearable glucose sensors re-
quire the use of enzymes (mainly glucose oxidase),
there are still few mature wearable non-enzymatic
glucose sensors for human blood glucose detection,
and there are many studies on in vivo detection in
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animals, and wearable sensor devices are gradual-
ly being developed.

In 2017, Munje et al.[?4 studied a sweat-based
wearable diagnostic biosensor made of room tem-
perature ionic liquid, which used a ZnO thin film
deposited on a nanoporous polyamide film. It is
demonstrated that ionic liquids can enhance the sta-
bility of wearable sensor devices. With the birth of
wearable sensor devices, it has also been applied in
the detection of glucose, which has replaced the
method of fingertip blood collection to a certain
extent. Sampling in a non-invasive way can avoid
damage to the stratum corneum, the outermost pro-
tective layer of human skin, and avoid direct con-
tact between the device and blood. Therefore, the
non-invasive detection method brings less harm and
less risk of wound infection in patients.

In addition, the breakthrough in the develop-
ment of flexible electrodes combined with
non-invasive glucose detection is also conducive to
further reducing the discomfort caused by patients
during the glucose detection process. Through the
use of advanced materials and sophisticated design,
wearable devices have certain flexibility and
stretch-ability to achieve patient body compliance
and reduce wearer discomfort!?3l,

In 2018, Zhu et al.®® prepared a wrist-
band-type wearable enzyme-free glucose by cover-

ing fluorocarbon-based materials on gold electrodes.

The sensor, shown in Figure 10, is used to monitor
the glucose concentration in human sweat in real
time and upload the detection results to a
smartphone app via Bluetooth. During monitoring,
multiple different potentials are used on the Au
electrode corresponding to different uses. Among
them, the high negative potential is used for sample
pre-treatment, which generates alkaline conditions
on the local surface of the electrode; the medium
potential is used to detect the glucose concentration
in the sample, and needs to be used in the sample.
carried out in an alkaline environment. A positive
potential is used to clean the electrode surface. The
detection limit is 15 uM, and the sensitivity can

reach 114 pA/(mMcm?2). The birth of the wearable
glucose sensor has greatly influenced the
home blood glucose monitoring method of diabetic
patients.

Figure 10. (a) Sweat glucose analysis during physical activity
using a wristband-based electrochemical sensor. (b) physical
image of the wrist-worn electrochemical sensor used to analyze
glucose in sweat. (c) An application of a smartphone for ana-
lyzing glucose in sweat, the sensor is connected to the
smartphone via Bluetooth(?3],

In 2019, Ali et al.!?8l used chemical methods to
synthesize Ni-SnOx, PANI and CuO nanoparticles
on the surface of cotton fabrics to prepare a flexible
and high-performance enzyme-free glucose sensor.
The sensor has a wide linear range from 0.001 to 10
mM, a detection limit as low as 130 nM, long-term
stability and re-usability, and excellent perfor-
mance.

In the application of living body detection,
wearable glucose sensor technology has developed
rapidly in the past few years, and a lot of research
work has been done on flexible sensors that apply it
to human blood glucose level monitoring. The ap-
plication of glucose sensors in the medical field has
only just started, and its application in physiological
research needs to be further developed, and the
performance of flexible wearable glucose sensors
needs to be further improved. In general, due to the
current need for such technology in medical or bio-
logical detection, this technology still has great po-
tential for development, and more new
non-enzymatic glucose sensor devices will also be
developed??™,
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5. Conclusions

In this paper, the development of glucose sen-
sors in past generations is discussed, and the re-
search results of non-enzymatic glucose sensors in
electrode modification materials, new sensor struc-
tures and their in vivo detection applications in re-
cent years are reviewed. Enzyme-free glucose sen-
sors are increasingly the focus of attention due to
their excellent properties. The working electrode
modification materials of the enzyme-free glucose
sensor are mainly nanoparticles such as noble met-
als, transition metals, and composite materials
doped with carbon nanomaterials. It has also be-
come a research direction for scientists to improve
the performance of the sensor around the modified
materials. The research on electrode modification of
glucose sensor also provides ideas for its applica-
tion in in vivo detection. In terms of in vivo detec-
tion, glucose sensors are mostly used in the detec-
tion of human blood sugar levels. New flexible
electrodes are still to be developed. After the tech-
nology is further matured and popularized, it
will become a great boon for diabetic patients.
Moreover, there are few studies on non-enzymatic
glucose sensors applied to agricultural living detec-
tion, which still requires further exploration by sci-
entists to promote the development of agricultural
intelligence.
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ABSTRACT

The smart mask is a new type of mask with active air supply and breathing. It adopts an external electric fan-forced

air supply system, which can effectively reduce the user’s breathing load and achieve the purpose of improving comfort
and user experience. However, in the current market, the function of smart masks is relatively simple with weak practi-
cability and limited application. Based on these situations and in the research of a large number of smart masks and
other types of masks, their application scenarios, advantages and disadvantages of the current technologies used in
smart masks are analysed and compared to demonstrate their advantages in comfort and functionality. In terms of ap-
plication prospects, new technologies can be integrated into the research and development of smart masks, providing
new ideas for the research and development of new masks, which is crucial to the future market development of smart

wearable products.

Keywords: smart mask; motor wind wheel; sensor; fit; functionality; wearable technology

1. Introduction

Portable active air supply type smart mask, its
interior is designed with a motor wind wheel, which
can effectively solve the shortcomings of insufficient
air supply of ordinary masks, especially when
compared with ordinary protective masks. Smart
masks have better facial fit and a more obvious filter
effect. At present, there is only one type of mask
design on the market. Apart from special industry,
personnel being unable to find suitable masks in the
mask market, ordinary consumers to find masks
suitable for daily wear in the market also face the
difficulty. The multi-functional air supply and ex-
haust smart mask not only improves the wearing
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comfort of the user, but also protects special types of
work according to the user’s environment and ex-
ternal climate. Smart masks will become one of the
main development trends of the mask market in the
futurel,

2. The origin of smart masks

At the beginning of the 20" century,
masks became a necessity for public life. In 2013,
the northern regions of China PM2.5 air hazards
have become serious, and hence masks have become
more popular and functional due to frequent haze
weather. Over time, masks no longer simply play a
role in preventing dust and air pollution. In addition

Received: June 15, 2021 | Accepted: July 27, 2021 | Available online: August 13, 2021

CITATION

Zhang B, Zheng Y, Qiu Y, et al. Overview of smart masks and research on new technology. Wearable Technology 2021; 2(2): 46-55.

COPYRIGHT

Copyright © 2021 by author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), permitting distribution and reproduction in any medium, provided the original work is cited.

%46



Zhang, et al.

to medical masks, activated carbon masks, air filter
masks, etc.!? are also relatively common in life, and
smart masks are also appeared owing to smog. Due
to the shortage of masks during the epidemic, smart
masks are becoming increasingly popular.

2.1. Analysis and comparison of smart masks
and ordinary masks

Masks can be divided into three types from the
perspective of users: Civilian masks, medical masks
and industrial protective masks. These three types of
masks are also different from each other due to dif-
ferent implementation standards. Among them, ci-
vilian masks are further divided into cotton masks,
decorative masks and thermal masks. Medical masks
are divided into medical protective masks, medical

surgical masks and general medical masks. Indus-
trial protective masks are a branch of industrial
protective facemasks. According to the protection
level, they can be divided into 90 (90% protective
power), 95 (95% protective power), etc. According
to the classification of protective objects, they can be
divided into dustproof and oil fume proof. Aside
from the above three types of masks, smart masks as
a new contemporary product, have gradually entered
the public eye. The following is an analysis and
comparison of smart masks and other masks from
three aspects: Functional advantages and disad-
vantages, specifications, and application scenarios.
First of all, it is necessary to clarify the specifications
and standards of the above three types of masks, see
Table 1.

Table 1. Comparison of specifications and standards of three types of masks

Area Executive standard

Type

Filtering efficiency %

Low-level Intermediate Advanced
standard standard standard
nicgz/rlgiii?:z?&zsofi? E:Ty Level 111= Level 11= Level I=
prcli:gt)i/on CHN Protective Masks 90.00 95.00 99.00
masks TAJ1001—2015 PM2.5 Level 2 F90 Level 1 F95 Level 1 F95
Protective Masks =90.00 =99.00 =99.00
YY 04692011 Medical BEF>95.00 BEF=>95.00 BEF>95.00
Surgical Masks
YY/T 0969—2013 Dis-
=095, =95, =95,
CHN posable Medical Masks BEF=95.00 BEF=95.00 BEF=95.00
Medical
and GB 19083—2010 Tech- - - -
healthcare nical Requirements for Med- :esvgcl) 1= LgeS;/ ?)IO” - Lg;i;; 1=
masks ical Protective Masks : : ’
TYPE | TYPEII TYPE III
EU EN14683—2014
BEF=95.00 BEF=98.00 BEF=98.00
us ASTM F2100—2004 BEF=95.00 BEF=98.00 BEF=98.00
GB 2626—2006 Respira-
CHN tory Protective Equipment KN90, KP90 KN95, KP95 KN100,
Self-priming Filter An- =90.00 =95.00 KP100=99.97
Labour ti-particulate Respirator
insurance EFP1>
masks EU EN149: 2001+A1—2009 80.00 FFP2=94.00 FFP32=99.00
US NIOSH Standards (Title N90, P90 = N95, P95 = N100, P100
42 CFR Part 84) 90.00 95.00 =99.97

%7



Overview of smart masks and research on new technology

Function advantages and disadvantages

PM2.5 masks can deeply filter and block smog,
effectively filter bacteria and viruses, car exhaust,
second-hand smoke, formaldehyde, air pollution
poisonous gases, etc. However, due to the
large breathing resistance of PM2.5 masks, it is not
suitable for people with heart or respiratory diffi-
culties (such as asthma and emphysema), pregnant
women, etc. Meanwhile, medical surgical masks
can prevent the spread of blood, body fluids and
splashes during invasive operations, and have
strong resistance to bacteria and viruses. However,
the filtration efficiency of particles is limited, and
most of them are rectangular designs that do not
provide the same tight-fitting to the face as that of
medical protective masks.

Compared with ordinary masks, smart masks
have the advantage of reducing breathing resistance,
effectively preventing suffocation, greatly reducing
the user’s breathing load and are more suitable for
people with poor lung capacity such as the elderly
and children. However, smart masks are not suitable
for use in high-risk environments such as hospitals.
Smart masks are powered by electric motors and
used for a short time after each charge, which
will bring restrictions and inconvenience.

Specifications

The group standard of PM2.5 Protective Masks
(TAJ1001-2015) was implemented on March 1,
2016, and is the first group standard for PM2.5 pro-
tective masks in Chinal®l. Before the introduction of
this standard, most protective mask products im-
plemented Respiratory Protective Equipment
Self-priming Filter Type Anti-particulate Respirator,

GB 2626-2006 standard or individual enterprise
standards, with some implemented the American
NIOSH standard and the European FFP standard.
However, these standards are industrial mask
standards. In fact, for civilian anti-fog products,
these standards are not very applicable and thus,
there is the TAJ 1001-2015 group standard™l.

On December 31, 2011, National Food and
Medical Products Administration issued the
YY0469-2011 Medical Surgical MasksP! YY
0469-2011 is an industry-standard for the pharma-
ceutical industry and it is also a mandatory stand-
ardf®., The standard clearly stipulates the technical
requirements, test methods, signs and instructions
for use of medical surgical masks, as well as pack-
aging, transportation and storage requirements.

The safety items of smart masks are tested ac-
cording to Safety of Household and Similar Elec-
trical Appliances Part 1: General Requirements!’
GB 4706.1-2005, while the performance of smart
masks is tested according to Electric Anti-haze
Masks®! T/CAQI 63-2019. This standard provides a
method for the testing of electric anti-haze masks.
The standard mainly emphasizes the main perfor-
mance indicators such as material, structural design,
protective effect, internal quality, air supply volume,
noise and microbial filtration efficiency, an-
ti-allergen, antibacterial and mildew resistance. At
present, there is no standard for smart masks, and
the relevant standards are only in the tests.

Application Scenarios

The application scenarios of different masks are
different and the comparison of application scenar-
ios of several types of masks is shown in Table 2.

Table 2. Application scenarios of several masks

Type of mask Particle type Application scenarios
Smart mask Smog, pollen, industrial powder, etc. Haze weather and suitable for people with
poor lung capacity
PM2.5 mask Smog, viruses, bacteria, dust mites, pollen, Widely used in the medical and health
etc. industry, public places
Medical surgi- Bacteria, viruses, blood, body fluids and Generally used in medical clinics, labora-
cal mask splashes, etc. tories
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Medical pro-
tective mask

Particles in the air, blocking drop-
lets, blood, body fluids, secretions, etc.

For preventing respiratory infections

Activated car-
bon mask

Organic gases, acid volatiles, pesticides,
SOz, Cl2 and other irritating gases

For anti-virus, deodorization

2.2. Advantages of smart masks under the
epidemic

Under the COVID-19 epidemic, with the com-
prehensive promotion of resumption of work and
production, the daily demand for masks in the
country is expected to reach 530 million with strong
market demand®. However, in the process of
wearing  masks, people  will  experience
poor breathing and discomfort!’%l, During the epi-
demic, medical staffs wear medical surgical masks
for long periods, which lead to prolonged pressure
on the skin and hinders the evaporation of water
vapour, thereby causing device-related pressure in-
jury™™l which endangers the health of medical staff
to a certain extent. The emergence of new smart
masks with active air supply has improved user ex-
perience.

Most of the smart masks use silicone or latex
materials in the parts, which come into contact with
the facel?. They have strong deformation adapta-
bility and strong recoverability, which can meet the
airtight requirements of different facial features and
give the wearer a sense of comfort. In addition,
some smart masks use adjustable ear straps and ad-
justable nose clips in the design[*®! ,where users can
make appropriate adjustments according to their
face shape to reduce the pressure on the bridge of
the nose and ears.

Additionally, a smart mask with an active air
supply appeared on the market. It adopts 5 layers of
composite filters to achieve a 99% high-efficiency
filtration effect with excellent air permeability. The
air outlet of the main unit is designed according to
fluid mechanics. Fresh air is circulated and supplied
to both sides and then enters the nasal cavity after the
wind is moderated. The flexible gill valve and ex-
haust valve are closed when inhaling and opened,
when exhaling to discharge turbid air and condensed

water, increasing air permeability and mak-
ing breathing smoother. Meanwhile, the folded cav-
ity of the silicone mask allows water vapour to flow
out along the inner wall of the cavity, preventing
water vapour from flowing to the face and causing
discomfort. There are also smart masks with various
functions such as making calls and listening to music.
To improve the quality of people’s calls when
wearing masks, a high pickup microphone and
high-quality headphones are embedded outside the
mask. In addition, the main control board
STM32, battery, Bluetooth, wireless charging ring,
temperature and humidity measuring instrument are
installed inside the mask, while an OLED display is
installed on the wall of the mask to display real-time
data. A dust-measuring instrument is also hung on
the same side, which provides the monitoring of the
environment and the transmission of data, allowing
users to have a better experience.

3. Analysis of the current situation
and functional design of smart
masks

3.1. Status of relevant patents

By retrieving keywords such as smart masks,
the research situation of patents related to smart
masks in the CNKI database was counted, as shown
in Figure 1. As can be seen from Figure 1, the first
patents related to smart masks were issued in 2001,
and in the following 13 years, only a few patents
were issued. However, the number of related patents
has increased sharply since 2014, which shows that
due to the haze weather, smart masks have received
widespread attention while a sharp falling number
was seen in 2019. It is speculated that the current
domestic smart mask field may be in a bottleneck
period. In short, the distribution of patents related to
smart masks shows an overall growth trend.
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Figure 1. Number of patents related to smart masks in CNKI database.

Selected main patents retrieved from CNKI types of patents for smart masks in China and the
along with compared main functions and features is functions are relatively complete.

shown in Table 3. It can be seen that there are many
Table 3. Comparison of related patents of several smart masks
Patent name Application time Main features

The hidden detached smart mask is composed of a mask, a host
Hidden detacha- and a trachea. The main unit is placed on the inside of the jacket,

ble smart mask Jan. 30, 2018 does not appear when wearing the mask, and the air temperature
can be adjusted.
Intelligent an- An electric exhaust structure and a Bluetooth communication
. g module for Bluetooth speaker communication are set on the
ti-smog mask for Apr. 28, 2018 if K K hi hwh pa i
traffic police anti-fog mask to make breathing smooth where traffic police can

conduct effective traffic command without taking off the mask.
The mask includes the mask body, the fresh air module and the
Solar smart mask Aug. 30, 2018 solar module. The battery of the fresh air module is charged
through the solar module to improve the battery life.

The mask includes a mask body, controller, temperature and

A type of smart Nov. 26 2018 humidity sensors. There are LED lights at the front of the body
mask e and a processing module at the lower end, which can heat and
humidify the air and serve as a night warning.
The smart mask includes a front cover, a filter body frame and a
silicone mask. There is a sound-absorbing structure, which can
Smart mask Dec. 17,2018 effectively reduce noise and improve the overall comfort of the
smart mask.
3.2 Current situation of commercialized with built-in air purifiers. The three brands of elec-
smart masks tric masks are listed, as shown in Figure 2. The

comparative analysis of smart masks and ordinary
Generally, the smart masks sold on the market masks is shown in Table 4.

are roughly divided into three types: Fan-type masks,
masks with external air purifiers and masks
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(a) DNC Dongyan fan type mask
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(b) Purely external air purifier type mask

Figure 2. An example of an electric smart mask.

Table 4. Comparison of smart masks and ordinary masks

(c) TCL built-in purification device type mask

Mask Category

Function

Applicable Scope

Degree of comfort

Fan type mask

External air purifier type
mask

Anti-haze and sterilisation

Anti-haze and deodoriza-
tion, effectively purify toxic

substances

Anti-haze and deodoriza-
tion, effectively purify toxic
substances

Built-in air purifier type
mask

Ordinary mask Anti-haze, dust-proof

High dust concentration

High dust concentration

Easy to adjust and com-
fortable

The quality is heavy and
wears on the ear, not easy to

wear for a long period.

General comfort, incon-
venient to wear for a long
period

High dust concentration

Average comfort,
poor breathing, not suitable
for long-term wear

Low dust concentration

Compared with ordinary masks, the biggest
advantage of smart masks is that they reduce
the breathing resistance and can effectively prevent
suffocation. Taking the familiar N95 mask as an
example, the N95 mask with a valve produces fil-
tering protection by controlling one-way air intake.
It works, but if you wear it for a long time, you will
feel a sense of suffocation, which is not good
for breathing.

3.3. Design elements and functionality of
smart masks

Design

a. Material and shell

The whole smart mask uses healthy and harm-
less materials and does not produce toxic and
harmful substances. Meanwhile, the tightness of the
mask and the face directly affects the protection
effect4],
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Most smart masks use silicone or latex materi-
alst*®!, which can satisfy both airtight conditions and
comfort. To adapt to the face shapes of different
people, an adjustable ear strap design has appeared
on the market. The material of the ear buckle part
can be made of food-grade silicone, which is
non-toxic, odourless, environmentally friendly, soft,
elastic, non-cracking, and has a long life with high
tear strength.

b. Filter element

The 4-5 layer filter design can make the filtra-
tion effect reach 95%-99%"%, mainly using sterili-
sation paper, activated carbon, HEPA filter and
non-woven fabric. Sterilisation paper can sterilise
and prevent bacteria from growing on the surface of
filter paper while activated carbon can absorb and
eliminate various odour molecules in the air as well
as absorb formaldehyde, ammonia, benzene and
other harmful gas molecules. The HEPA filter used is
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PM2.5, which is a good medium for effective fil-
tering of smoke, dust, bacteria and other pollutions.
The non-woven fabrics can inhibit the growth
of bacteria and protect the filter paper.

c. Electric air supply device

According to the design principle of fluid me-
chanics, the main air outlet should avoid problems
such as facial spasms caused by wind directly hitting
the human skin while the flexible air discharge gill
valve and exhaust valve increase air permeability to
reduce the feeling of dampness to make breathing
easiert!’],

Additional functions

On February 19, 2020, according to foreign
media reports, the United States Patent and Trade-
mark Office granted Xiaomi a patent for a smart
mask. The smart mask features an embedded com-
puting unit that includes a processor, a memory
module, a battery, and a connector. In addition to
filtering the air, this smart mask can also calculate
the intake of pollutants and record the total wearing
time of the mask. The smart mask compares this data
with the filtration efficiency of the mask air filter and
estimates the air quality the user is breathing in the
user’s environment and can even help the user de-
termine changes in lung capacity. Finally, the
onboard processor will initiate a wireless connection
with other devices (such as smart phones) to send
data about the air the user is breathing to an App.
After sharing the data with the device, the smart
mask can request air quality data from the central
server to inform the user of the air quality of the city
in real-time.

From the breakthrough of Xiaomi smart masks
in digital science and Bluetooth devices, we can see
the application of high-tech technology and the de-
velopment of other functions in the current smart
masks. In addition, many patents have made pro-
gress in other functions, such as temperature and
humidity sensors, solar cells, and communication
equipment™®, This has greatly promoted the devel-
opment of smart mask functions. It is believed that
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smart masks will be more diversified and intelligent
in the future.

3.4. The main factors restricting the market
popularisation of smart masks

Firstly, the price is expensive. The average
price of smart masks on the market is 200-300 yuan,
some of which are even more expensive. Apart from
that, the most critical part inside the smart mask is
the filter element, which needs to be replaced regu-
larly. Hence, the long-term purchase of the filter
element alone will also be an additional expense.
Secondly, in the large quality of the mask, due to the
presence of multiple components such as motors
and batteries, which make the mask relatively heavy.
As such, the long-term wearing of the mask will
have adverse effects on the head. Thirdly, the battery
life is short, where the current average battery life of
smart masks is observed to be mostly 4-6 hours,
which can’t satisfy long-term travel. Fourthly, the
motor and fan will generate noise, which makes
people feel anxious. Fifthly, the air intake of hu-
man breathing is non-linear such as the gap between
walking and running. It is very large, and the in-
stantaneous air intake of some electric air supply
masks is insufficient, which makes this type of smart
mask only suitable for use when walking or light
exercise.

4. Function development and new
technology application

The development prospects of smart masks are
huge. In future research and production, people will
no longer be satisfied with the single function of
active air supply of smart masks but put forward
higher requirements for the versatility and practica-
bility of smart masks. Therefore, we need to develop
and perform research towards the trend of mul-
ti-functional smart masks according to different ap-
plication scenarios, user groups, etc., combined with
new technologies in the digital age.

4.1. Flexible wearable electronic devices
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Flexible wearable electronic devices have the
characteristics of thinness, low energy consumption,
good biocompatibility, and tuneable mechanical
properties. In addition, small size, bendability, and
portability are also the reasons why the products are
favoured.

Flexible wearable electronic devices are one of
the main forms of flexible electronics. Based on
flexible materials, combined with micro-nano pro-
cessing and integration technology, we designed and
manufactured products that possess functions such
as logic amplification, filtering, data storage, signal
inversion, digital computing, and sensing. Flexible
functional materials have unigue physical and
chemical properties such as light, electricity, mag-
netism, heat, and force, which can be widely used in
intelligent electronic systems such as flexible display,
data encryption, and wearable perception. Therefore,
the application of flexible electronics in electrically
driven masks can greatly improve the experience of
using masks and enhance the practicability of elec-
trically driven masks. Using microelectronic print-
ing technology, the various printed components are
combined to obtain the electric device required for
the electric drive mask, which can reduce the volume
of the mask and realize portability.

4.2. Bluetooth module

Bluetooth technology is an open global stand-
ard for wireless data and voice communication. It
is based on low-cost short-range wireless commu-
nication and provides a communication technology
with special connections for the communication
environment of fixed and mobile devices!*®. The
survey shows that answering the phone or listening
to music while wearing a mask has a certain impact,
whether it is a Bluetooth headset or a wired headset,
they all have their disadvantages. Based on Blue-
tooth technology, a high pickup microphone and
high-quality earphones are embedded on the outside
of the mask, allowing users to enjoy high-quality
music and calls. For example, the low-cost and
cost-effective BEKEN BKB8000L chip is used to
provide higher-quality music and compatibility for
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the Bluetooth module of the smart mask. Using
Bluetooth 5.0, the low-power mode will not have a
great impact on sound quality®! and can greatly
increase battery life?!],

4.3. Detection sensor

Detection of PM2.5

PM2.5 air quality detector refers to a special
detection instrument specially used to measure the
value of PM2.5 in the air. It is suitable for the
measurement of public places, atmospheric envi-
ronment and indoor air, and can also be used for the
evaluation and analysis of the purification efficiency
of air purifiers. The PM2.5 air quality detector can
monitor the concentration of PM2.5 particulate
matter in the air in real-time, digitise it, and display
the dynamic curve of the concentration on the digital
display.

In order to make people understand the sur-
rounding environment more clearly in haze weather,
the value changes of PM2.5 are monitored in re-
al-time using sensors added to the masks which are
connected to the Internet? or mobile phone soft-
ware, so that people can use it no matter where they
are. The mobile phone can check and understand the
changes in the air quality at any time. According to
the current technology, mobile phone software based
on Java programming language is designed®! to
combine with the haze detector and GPRS module
data transmission of the atmospheric haze monitor-
ing system® as well as an intelligent wireless
communication and detection function with-
in built-in masks. The chip finally transmits the re-
al-time monitoring of the local haze situation to the
mobile phone software. The terminal records and
analyses the acquired data, integrates the data and
displays it to the user, and can generate a sSmog map,
while providing a variety of personalized health
services for mask wearers, playing a role in smog
monitoring and responding to bad weather in ad-
vance.

Detection of the breathing signal

The respiratory rate can reflect the health status
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of the human body®®, so the detection of human
respiration is not only applicable to the medical in-
dustry, but also of great significance to the health of
the general population. In recent years, increasingly
more wearable devices have emerged on the market
with gradual improvement in the comfort of the
devices®?®l, Their applications in the field of bio-
medicine have also become more and more exten-
sive. The detection of breathing signals is embedded
in the mask to monitor human respiration.

There are many different methods for detecting
respiratory signals in the current literature. The main
methods of wearable respiratory monitoring include
nasal airflow method, electrical impedance ple-
thysmography technology and induction plethys-
mography technology®. The breath detection ele-
ment uses a semiconductor thermistor’?®! as a
sensitive element and uses the principle of detecting
the airflow temperature differences between exhala-
tion and inhalation to produce data analysis?. To
directly monitor the amplitude and frequency of
people’s breathing activities, the fibre rapid con-
densation and evaporation systemB%, as well as the
fibre micro-conduction technology, are used®4. Ad-
ditionally, remote monitoring can also be achieved,
which is of great significance for reducing the risk of
infection among medical staff.

5. Conclusions

At present, the research on smart masks shows
great potential. This paper sorts out the research and
development status of smart masks and discusses the
feasibility of new technologies in the design and
development of smart masks. Currently, high-tech
textiles have become a competitive point in the in-
ternational textile market and also as a new growth
point for the textile industry to improve econom-
ic benefits. In this context, there is a huge market
space for the research and development of smart
masks®?. The research and development of mask
performance for the epidemic are one of the hot
spots in the current market. Therefore, the devel-
opment of smart masks will tend to be digital and
multi-functional, which is more in line with the
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needs of different users.

In the international market, functional textiles
are widely used. Whether in daily life, industrial
production, or military equipment, the usage
has been greatly increased in recent years and the
prospects for high value-added textiles are bright[l,
As a part of that, the development prospect of smart
masks is self-evident. In the future research and
development of smart masks, there are two main
aspects: Firstly, many applications of smart masks in
medical treatment, in complex medical environ-
ments or how to prevent the spread of viruses are a
major problem in the design and development of
smart masks; secondly, how to correctly and appro-
priately integrate new scientific and technological
elements into the research and development of smart
masks so that the protective performance and versa-
tility of smart masks can be improved, and the usa-
bility needs of consumers can be met from many
aspects. The research and development of smart
masks increase the added value of mask products,
can arouse people’s interest, promote consumption,
and help to promote the development and revitali-
zation of the textile industry®. At the same time,
with the mutual penetration of various disciplines,
the performance of functional textiles has been con-
tinuously optimised and gradually tends to be mul-
tifunctional®, Therefore, in the future development
of the industry, researchers are required to grasp
the basic needs of the public, so that smart masks can
truly serve users.
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ABSTRACT

The sense in simulated reality is the key of human-computer interaction technology. Force feedback interaction
technology is an important factor to realize simulated force sense in virtual reality. It can truly reproduce the physical
information such as the mass, inertia and hardness of things in the virtual world. This paper summarizes the flexible
sensors commonly used in force feedback technology and the development and research status of virtual reality weara-
ble electronic clothing equipment based on force feedback technology, summarizes the principles of several force feed-
back structures, analyzes and compares their characteristics and main application fields. This paper briefly describes the
prospect of force feedback technology, summarizes the trend of high-precision, multi-modal and multi-point interaction
of force feedback equipment in the future, and puts forward some suggestions on miniaturization, softness and authen-
ticity of force feedback technology in combination with the application characteristics of wearable electronic clothing.
Keywords: wearable electronic clothing; force feedback technology; virtual reality; human computer interaction; flexi-
ble sensor

feedback, aerodynamic feedback, electromagnetic

1. Introduction force feedback and exoskeleton force feedback. This
_ _ paper analyzes the principles of different force
Virtual reality technology refers to the tech-  feedback systems, and summarizes the current re-

nology that simulates the virtual world by computer,  search status, application and development prospect
and uses interactive equipment to immerse people in  of force feedback technology in wearable electronic
the virtual world through Intuitive perceptlon (SUCh C|Othing, in order to provide new ideas for the re-

as hearing, vision, touch, force, etc.). Force sensing  search of force feedback technology in wearable
technology is a major difficulty in virtual reality —electronic clothing.

interaction technology, and force feedback tech-

nology is the decisive factor to realize simulated 2. Commomy used flexible sensors

force sensing. According to the principle, the force for force feedback structure
feedback system can be divided into bionic manip-

ulator feedback, magnetorheological hydraulic In wearable smart clothing, how to efficiently
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and sensitively convert various external stimuli into
electrical signals and measure and transmit them
timely and accurately is the key problem of sensor
application in force feedback structure. Flexible
sensor refers to the sensor made of flexible materials,
which has good foldability and changeable structure,
and can adapt to the spatial position change of flex-
ible materials such as fabrics. Therefore, flexible
sensors are usually used for information measure-
ment and transmission of force feedback structures
in wearable devices.

According to the signal conversion mechanism,
flexible sensors can be divided into the following
five types: piezoresistive sensors, piezoelectric
sensors, capacitive sensors, optical fiber sensors and
inductive sensors.

2.1. Piezoresistive sensor

The piezoresistive sensor acts on the elastic
sensor through external force, which changes the
resistance of the sensor, and then changes the elec-
trical signal output by the detection circuit to indi-
rectly perceive the change of force. The earliest pi-
ezoresistive sensors were made of semiconductor
materials silicon and germanium, and later made of
conductive elastic composites (such as polymer
composite conductive fiber filled with carbon black,
composite conductive fiber filled with graphene,
etc.). The resistance change of the piezoresistive
sensor is directly proportional to the square root of
the external force. Therefore, the piezoresistive
sensor made of textile composite materials has the
advantages of softness, high resolution, simple sig-
nal readout mechanism and equipment, easy com-
bination with fabric and so on. It is a common sensor
for the force feedback structure of wearable clothing.

Figure 1 is a knitting flexible sensor. Philips
laboratory invented a flexible sensorl which is
made of carbon fiber and elastic fiber by knitting
(see Figure 1 (a)). The length of the fabric will
change with the force, and its equivalent resistance
will also change with the elongation of the fabric.
Using the “plating structure” in knitting technology,
the conductive fibers and tracking materials are ar-
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ranged in parallel and formed in the same loop
forming system to form interconnected sensors and
transmit electrical signals (see Figure 1 (b)).

(a) Schematic diagram of knitting structure of fabric elongation sensor.

(b) Knitting sensor and conductive tracker.

Figure 1. Knitted flexible sensor.

De Rossi et al.l invented a piezoresistive
sensor that combines the polypyrrole part of the
sensor with Lycra cloth. When pressure is applied to
the sensor, the size of the Lycra fabric will also
change, and the resistance of the sensor will decrease
due to the increase of the conductive cross-sectional
area of the material. However, with the deepening of
the experiment, it is found that this type of sensor has
many problems, such as long signal transformation
time, poor response sensitivity, difficult manufac-
turing process, rigid cloth and so on.

Carbon black conductive material is a potential
sensing material for flexible sensors. Feng et al.F!
made a piezoresistive sensor with
nano-carbon black/silicone rubber composite on a
ceramic substrate with interdigital electrode. The test
shows that the sensor has positive piezoresistive
effect at 0.1-100 kHz, and the sensor has fast re-
sponse and recovery performance. However, with
the increase of frequency, the polarization intensity
of space charge will be reduced and the piezoresis-
tive effect of the sensor will be reduced.
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Park et al.¥l developed a stretchable electronic
skin with multi-directional force sensing capability.
The piezoresistive interlocking micro circular array
is used in the flexible sensor sensitive to stress di-
rection. Two CNT (carbon nanotube) composite
films with micro circular pattern are connected on
one side of the pattern to form the interlocking ge-
ometry, as shown in Figure 2. When stimulated by
various mechanical forces such as shearing, bending
and torsion, etc. this pressure sensor has
high-sensitivity detection ability. Due to the unique
geometric structure of the array, it shows different
degrees of deformation in different applied force
directions, so it can distinguish various mechanical
stimuli. The response time of microstructure device
is about 18 ms and the recovery time is about 10 ms.
It is a piezoresistive sensor with high accuracy and
stretchability.

Figure 2. Flexible pressure sensor with interlocked micro-circle
array.

2.2. Piezoelectric sensor

Under the action of external force, the crystal
structure of piezoelectric material deforms and
produces electric dipole distance, which forms a
potential difference at both ends of piezoelectric
material. After connecting external circuits, electri-
cal signals can be generated. Piezoelectric sensor is a
sensor with piezoelectric effect made of piezoelec-
tric materials. In order to meet the demand of
wearable electronic products, some new piezoelec-
tric materials are gradually introduced to re-
place brittle ceramics and quartz in the existing
market, including polyvinylidene fluoride trifluoro-
ethylene copolymer P (VDF-TrFE), lead zirconate
titanate (PZT) and zinc oxide (ZnO). Polyvinylidene
fluoride trifluoroethylene copolymer flexible P
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(VDF-TrFE) has good chemical inertia, simple
processing technology and large piezoelectric coef-
ficient. It has become a new piezoelectric material
attracting much attention at present.

Shirinov et al.®! used piezoelectric polyvinyli-
dene fluoride (PVDF) as the sensing element to
prepare a flexible piezoelectric sensor with an area
of 25 mm?, which can be used normally between
40-125 °C, with a detection range of 10-2,000 kPa
and a response delay time of 1 ms. The pressure
sensor has the advantages of simple manufacturing
method and low cost.

Drean et al.[® integrate PVDF conductive ma-
terial into the outer layer of automobile seat and the
inner layer foam, and transfer the current
change brought by the piezoelectric effect to the
amplifier and the impedance phase analyzer. The
results show that this change is linear and can be
used in the automotive field to detect the pressure
applied to the car seat.

Liu et al.l? developed a monitoring system in-
tegrating textile materials and piezoelectric materials,
which can collect angular acceleration, vertical ac-
celeration and piezoelectric data. The monitoring
system can feed back and record the gait stability of
people with motor disabilities in real time. The
monitoring system embeds piezoelectric sensors,
printed circuit boards, microcontrollers and other
electronic components into the clothing to collect
signals, and transmits the piezoelectric data to the
designated location through Bluetooth, so as to
identify and distinguish people with movement dis-
orders.

Persano et al.®! developed a fiber array with
independent three-dimensional structure by elec-
trospinning using polyvinylidene fluo-
ride-Co-trifluoroethylene. This material has good
piezoelectric characteristics, and can sense pressure
less than 0.1 Pa, and has high sensitivity. It can be
used in micro sensors with high sensitivity re-
quirements, such as sensitive collision detector.
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2.3. Capacitive sensor

Flexible capacitive sensor generally takes
flexible material as capacitor plate and elastic mate-
rial as spacer, which is equivalent to a device that
converts the changes of various forces into capaci-
tance. The flexible capacitive sensor is combined
with textiles to make intelligent textiles. It has the
characteristics of high sensitivity, high spatial reso-
lution, soft and stretchability of textiles.

Sergio et al.¥! designed a capacitive fabric
pressure sensor that can be integrated into clothing.
The conductive wire matrix (16 > 16 capacitance
matrix formed by warp and weft conductive yarn)) is
covered on the elastic foam. When the pressure is
applied to the substrate, the foam sandwiched in the
middle is extruded and deformed, resulting in the
change of the distance between the conductive yarn
matrices on both sides, thus causing the capacitance
to change. The external circuit can scan the capaci-
tance change of the sensor and draw the signal
change curve, and get the fabric pressure change.
Due to sandwiching elastic foam in the middle, the
sensitivity of the sensor decreases, and the flexibility
of the fabric sensor decreases with the sandwich
structure, and the comfort of the fabric is also af-
fected.

Meyer et al.['% optimized the model on the basis
of referencel®. The structure of the optimized fabric
pressure sensor is shown in Figure 3. The meas-
urement of the fabric sensor in Figure 3 is 0-10
N/cm?, the average error is less than 3-4%, and it
can be integrated into clothing to measure the pres-
sure of the human body. For example, there is a 6mm
thick spacer fabric in the middle of the fabric sensor
and it is used as a dielectric layer. At this time, the
capacitance before applying force to the sensor is 3.5
pF (no load), and the capacitance after applying
pressure is 5.8 pF (pressure 5 N/cm?). However, due
to the friction between the sensing band of the sensor
and the human skin during relative movement, the
pressure distribution measured when the mus-
cle bends to the front arm is uneven. This kind of
fabric pressure sensor can be applied to the situation
where high local resolution is required.
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Figure 3. Structure of textile pressure sensor.

Donselaar et al.™! invented a sandwich struc-
ture intelligent pressure pad with insulator wrapped
in upper and lower conductive fabric layers. The
pressure pad is composed of 64 pressure sensors and
supporting test software. It is mainly used to collect
the pressure of each part of the baby’s limbs on the
protective pad in the incubator to ensure the safety of
the baby.

2.4. Other types of flexible sensors

Optical fiber sensor

Optical fiber sensor is a kind of sensor that uses
the optical transmission characteristics of optical
fiber to convert the measured optical signal into
optical characteristics (intensity, phase, polarization
state, frequency and wavelength). Many scholars at
home and abroad weave optical fibers into optical
fiber sensors, which can measure signals such as
pressure, acceleration, temperature and electric field
without affecting the softness and wearability of the
fabric itself.

Rothmaier et al.[*?l woven plastic optical fiber
into the elastic knitted fabric by embroidery to make
optical fiber pressure sensors, as shown in Figure 4.
When pressure is applied to the sensor, due to the
deformation of the fabric, the intersection position of
elastic yarn in the area with optical fiber will change,
resulting in the change of transmitted light intensity.
Therefore, the change of fabric stress can be de-
tected.
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Figure 4. Textile sensor with optical fibers inductive sensor.
Inductive sensor

Using the principle of electromagnetic induc-
tion, the change of measured non-electric physical
guantity is converted into the change of coil
self-inductance coefficient or mutual inductance
coefficient, and then the measured circuit is con-
verted into voltage or current output. This device is
called inductive sensor, which is usually made of
textile materials such as conductive fiber or yarn.
Compared with ordinary metal coils, this sensor is
softer, more comfortable to wear and more suitable
for use in combination with textiles. At present, in-
ductive sensors have been used in the fields of sleep
guality monitoring and motion capture.

Wijesiriwardanal*®! integrated elastic Lycra fi-
ber, conductive copper wire and ordinary fiber into
the fabric, arranged conductive fibers with different
conductive levels in the spiral path to form a coil,
and developed a tubular inductive sensor (also
known as fabric transducer). When the sensor is
worn on the chest, breathing can lead to small fluc-
tuation changes in the chest, so that the inductance of
the sensor also changes and is converted into voltage
signal output. The monitoring of respiration can be
completed by using this principle.

Liu et al.m embedded the inductive sensor into
the fabric and designed a digital rip breathing mon-
itoring belt based on body area network technology
to monitor the subjects’ daily activities such as sit-
ting, walking, running, 6 h sleep breathing and so on.
The results show that the average measurement ac-
curacy of respiratory rate of this product can reach
95%, and can be applied to the collection and anal-
ysis of daily physiological signal changes of hu-
man body.
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3. Force feedback technology based
on flexible sensor

3.1. Bionic manipulator feedback (piezore-
sistive force feedback)

The finger structure of bionic manipulator
studied by Lin et al.l*® adopts tendon transmission
structure. The five finger knuckles are equipped with
light-weight pressure sensors. When the bionic ma-
nipulator is used to hold the object, the resistance
value of the pressure sensor will change, and the
pressure is inversely proportional to the resistance
value. The pressure value generated by holding the
object will be transmitted to the force feedback data
glove through the pressure sensor. After receiving
the signal, the glove can control the micro electro-
magnet. The electromagnet will produce attraction.
Because the pawl is connected with the electro-
magnet, the pawl will also approach the ratchet
wheel with the electromagnet, so that the ratchet
wheel and the pawl can complete the work together.

The force feedback data glove is shown in
Figure 5. Virtual technologies designed a commer-
cial force feedback data glove “CyberGrasp” (see
Figure 5 (a)) based on CyberGlove glovel. It is
driven by the force generated by the motor and
transmits the force through the steel wire rope, so it
can generate up to 16 N force on the finger; however,
the glove also has many disadvantages, such as the
large mass, and users will feel tired after wearing it
for a long time.

Frisoli et al.l'l used brushless DC motor as
power source to make a force feedback data glove
with human hand tactile interface structure (see
Figure 5 (b)). The base of the structure is installed
on the forearm. Due to the tendon transmission ar-
rangement, the gloves can feed back the movement
of the thumb and index finger; however, the whole
system is heavy and bulky, and the integration is not
high.

The advantages of bionic manipulator are: It
can not only grasp objects accurately and stably, but
also can replace human hands to do some high-risk
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actions; however, it also has the following defects:
The mass is large, so it will feel tired to wear it for a
long time, and its system takes up a large space
larger and less integrated.

(a) CyberGrasp data glove

(b) Force feedback data glove based on current liquid

Figure 5. Force feedback data gloves.

3.2. Magnetorheological fluid feedback

Magnetorheological fluid is composed of
magnetic particles, carrier fluid and stabilizer. The
fluidity of magnetorheological fluid is related to the
existence of additional magnetic field. The existence
of additional magnetic field can enhance the fluidity
of MR fluid; on the contrary, after the additional
magnetic field disappears, the magnetorheological
fluid can change from liquid to solid immediately.
This process can be realized in only 1 ms and is
reversible. Therefore, the state of MR fluid or its
viscosity and yield stress can be controlled by
changing the magnetic induction intensity. Dai et
al.'® proposed a driver, which is realized by the
above magnetorheological fluid principle. The
driver structure is shown in Figure 6. The driver
uses the electromagnetic pure iron with high per-
meability to make the shell, fixed disk and other
main parts, and uses the magnetic insulation material
to make the magnetic insulation ring and shaft, so as
to improve the use efficiency of the magnetic field
energy generated by the coil and make it mainly used
in the fluid of the working gap of magnetorheolog-
ical fluid.
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Figure 6. Crosssection of drive profile.

The performance of magnetorheological fluid
will change under electric field, so that it can meet
the requirements of flexibility and hard object con-
tact force at the same time in specific environment!*°l;
in addition, if different viscosity and yield stress
need to be changed, it can be realized by changing
the magnetic induction intensity on the magne-
torheological fluid.

A force feedback data glove developed by
Southeast University?°, as shown in Figure 7. This
kind of glove is based on Cyberglove number driven
glove. The difference is that it adds electrorheolog-
ical fluid (ERF). Electrorheological fluid is com-
posed of basic fluid (such as oil) and suspended
particles. The size of suspended particles is 0.1-10
pm.

Figure 7. Force feedback data glove based on electrorheological
fluids.

With the change of electric field, the liquid
viscosity changes sharply, the electric field strength
increases, the viscosity increases, and the perfor-
mance of ER fluid finally changes. Under the action
of electric field, ER fluid has shear resistance under
static state, which is due to the change of mechanical
properties of ER fluid, and this force is the source of
force in force feedback gloves?t. Compared with
most existing force feedback data gloves, the force
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feedback structure has the advantages of stability,
safety, small friction, large force feedback range,
light weight, easy to carry and strong continuous
force.

3.3. Aerodynamic feedback

Wiang et al.?? conducted a more in-depth study
on the structure of micro low-friction cylinder, and
its structure is shown in Figure 8. This structure is
an elastic sealing device. The piston is equipped with
a one-way sealing ring of nitrile rubber. The sliding
resistance is very small, but the resistance will in-
crease with the increase of air pressure.

Figure 8. Low friction cylinder structure.

In the above low-friction cylinder experiment,
the angle sensor and displacement sensor are used to
measure the movement degree of the cylinder and
the position change of the piston rod respectively, so
that the experimental data can be used to calculate
the bending angle of each joint. Once the virtual
hand touches the real object, the piston rod will send
force to the virtual finger under the condition of air
supplied by the cylinder, so that the hand can feel the
existence of force and complete the force feedback.

Based on the principle of aerodynamic feed-
back structure, Rutgers Master Glovel?®! designed by
Rutgers University in the United States can bend,
stretch, abduct and retract fingers through the coax-
ial design of cylinder and spherical joint, as shown in
Figure 9. The executive structure of the glove is
fixed. Users can adjust the Velcro on the glove ac-
cording to the size of their hands to adjust the size of
the glove and achieve the best state. The gloves have
the advantages of low friction, simple structure and
light weight. The disadvantage is that the movement
space of fingers is limited. In terms of the overall
performance of gloves, this Rutgers Master Glove is
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superior to the CyberGrasp.

Figure 9. Rutgers Master force feedback data glove.

Kopecny® realizes force sensing through
pneumatic muscle. The principle of pneumatic arti-
ficial muscle device is that the push and pull force is
provided by external compressed air. It is not only
light in weight, but also can provide relatively large
driving force. One end is fixed on the support and the
other end is fixed on the sleeve of the finger. The
magnitude of its transverse force can be con-
trolled by the magnitude of pressure.

Sun et al.®! developed a force feedback data
glove based on pneumatic artificial muscle, but the
difference is that it uses a micro low friction cylinder
as the source of force and can measure the bending
and extension angles of fingers and joints. This kind
of gloves has small quality and can provide great
tactile force to make the touch more real. The
maximum tactile force can reach 30 N.

3.4. Electromagnetic force feedback

The principle of force feedback through elec-
tromagnet is: When the glove does not receive the
signal, because the electromagnet is attached to the
finger, it will move with the finger, and the friction
resistance is small at this time. When the glove re-
ceives the signal, the electromagnet will provide a
feedback force and stop moving. The feedback force
can be set by adjusting the current.

According to the above principle, two different
types of circular tube push-pull electromagnets are
used as the braking device. The stress of the elec-
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tromagnet is shown in Figure 10. Among them, the
stop electromagnet can achieve instantaneous brak-
ing, and produce resistance to the thrust electro-
magnet to stop sliding. With the help of the fric-
tion between the electromagnet itself and the inner
wall of the sleeve to complete the braking,
the braking can be completed more efficiently and
more energy-saving. At the same time, the stiffness
of the device can be enhanced.

Figure 10. Force diagram of electromagnet after tilting.

Asamura et al.?! designed a force tactile sys-
tem. The system uses the electromagnetic principle
to fix four magnets on the user’s finger or palm skin
respectively, as shown in Figure 11. The upper
magnet controls the attraction or repulsion of the
magnet by opening or closing the electromagnet and
controlling the direction of the current, so as to
stimulate the skin of the finger or palm. The biggest
feature of the system is that the structure is simple
and the principle is easy to understand. The final
force feedback can be adjusted according to the force
of the manipulator, and the adjustment is more
convenient.

The point-based finger force feedback system
developed by Yuan et al.!?l is a force feedback de-
vice composed of an outer skeleton driven by a
proportional electromagnet. When applying force to
the device, it can not only inhibit the joint movement
of the hand, but also prevent the virtual hand from
embedding into the virtual object. Through the
electromagnet to realize the braking, it can brake

immediately while receiving the force. It has the
advantages of simple structure and strong control-
lability. Compared with the traditional mechani-
cal braking device, this feedback system has better
control effect.

Figure 11. Force feedback diagram.

4. Application of intelligent weara-
ble force feedback structure

Intelligent wearable force feedback structure
can be applied to all fields of life. For virtual reality
system, force sense can significantly enhance the
sense of reality of the participants, and improve the
execution efficiency and success possibility of task
objectives in human-computer interaction. Intelli-
gent wearable force feedback structure is entering
various fields such as education, entertainment,
tourism, medicine, aerospace and so on.

4.1. Application of traditional mechanical
force feedback structure

The mechanical force feedback structure has a
small range of motion, and the force only acts on the
joint position of the finger. After the control device
captures the specific movement of the finger, the
appropriate force is applied to the finger to imitate
the human grasping action. CyberGrasp is a finger
type force feedback device driven by a motor and
transmitted by a steel wire, which can generate a
force of about 12 N[?8l; its disadvantage is that it has
large back impulse and friction, and is not suitable
for wearing for a long time. Master-1I-ND is a
feedback device built in the force feedback structure,
which can provide large feedback force. Its disad-
vantage is to restrict the movement of fingers.
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4.2. Application of force feedback structure
in education and learning

In mathematics, physics, architecture and other
disciplines, the force feedback structure constructs a
real experience from concrete to abstract for teachers
and students in the virtual world, which helps to
improve the learning efficiency of users. Stanford
University and Johns Hopkins University introduced
the force feedback technology into the primary dy-
namic system course of college students to guide
students to personally experience mechanical
movement, and the teaching effect is quite remark-
ablel,

4.3. Application of force feedback structure
in health care

In medical treatment, virtual surgery is a con-
crete presentation and application example of force
feedback interaction technology. This technology
constructs  virtual surgical objects through
three-dimensional modeling technology. Doctors
can wear force feedback equipment, simulate real
surgical scenes, and practice surgery with virtual
objects to improve the success rate of doctors’ sur-
gery. In recent years, with the development of force
feedback technology, doctors can operate by ma-
nipulating virtual force feedback surgical equipment
and synchronously reflecting its actions into real
surgical equipment by means of signal transmission.
This technology has become an important auxiliary
prop and real-time recording tool for modern sur-
gery®9. The force feedback surgical equipment can
reduce the action of the doctor’s hand in the same
proportion, and has the correction function. It can
filter out the shaking of the hand, so as to eliminate
the small errors caused by physical factors, ensure
the flexibility and accuracy of the doctor’s operation,
and improve the accuracy of surgical operation. At
the same time, some external frame force feedback
equipment can be applied to rehabilitation training
and realistic simulation of the disabled and some
special patients.

In traditional Chinese medicine, it is often said
to “looking, listening, asking and pulse-feeling”.

(L

Understanding the specific situation of the patient’s
pathological part will help doctors better diagnose
the patient’s condition. Doctors can train their pro-
fessional ability through the palpation system with
force feedback structure and sensors as the main
components. The palpation system can reflect the
doctor’s palpation action on the display screen in
real time. The doctor can feel the change of hand
force when pressing different examination parts with
the help of force feedback equipment, and judge the
patient’s disease. This kind of training is more real,
accurate, simple and efficient. It provides a large
number of practical cases for medical staff, saves the
training cost and training time to a certain extent, and
provides the possibility for doctors to diagnose pa-
tients’ condition remotely.

4.4. Application of force feedback structure
in space technology

The combination of force feedback and sensing
structure with virtual reality technology can be used
to simulate the real feeling of human body in the
scenes of outer space and deep sea, and study the
shape, temperature, hardness and other information
of objects that people feel in this scene. Moreover, in
the immersive environment, the remote command
can be carried out with the human body feeling
similar to the real situation, which can greatly im-
prove the safety of scientific research team members
in harsh and dangerous situationstY,

4.5. Outlook and prospects

With the progress and development of visual
reproduction technology, the demand of human so-
ciety for force feedback technology will be more and
more complex. High-precision position detection,
real multi-simulation state force tactile reproduction
system and multi-point interactive force tactile re-
production system will be the main development
direction of force feedback technology in the fu-
turel3d. At the same time, the research on how to
reduce the manufacturing cost of wearable electronic
clothing equipment will have a great impact on the
promotion of virtual reality interaction technology.
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5. Conclusions

As a key technology in the field of virtual real-
ity, force feedback technology combines visual, au-
ditory, tactile and other senses in the process of vir-
tual reality interaction, making the interaction
experience between users and the virtual world more
realistic and more engaging. In recent years, inter-
active devices with force feedback technology as the
core are developing rapidly all over the world, and
the research on this technology is further deepened
in various countries. At present, although force
feedback equipment is a key factor affecting the
authenticity, experience, timeliness and accuracy of
virtual reality interactive system, its development is
still restricted by many aspects. In the field of
clothing, in the process of combining force feedback
technology with intelligent electronic wearable
clothing, how to realize the miniaturization, softness
and authenticity of equipment is still a problem to be
solved.
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ABSTRACT

Organic electrochemical transistors are flexible in design with characteristics such as miniaturization, biocompati-
bility and amplification and are one of the rapidly developing research topics in recent years. As an excellent flexible
material, fiber has unparalleled advantages in weaving and compatibility with the human body. Combining fibers with
organic electrochemical transistors is a promising research direction that has the high sensitivity of organic electro-
chemical transistor testing and the human body compatibility and flexibility of wearable electronic products. This paper
introduces the relevant operating principles, working modes and commonly used channel materials of organic electro-
chemical transistors. Based on the basic device structure of organic electrochemical transistors, the development and
changes of organic electrochemical transistors in recent years are discussed, and the research results of fiber-based elec-
trochemical transistors by researchers focusing on the application of fiber-based organic electrochemical transistors in
chemical sensing, bio-sensing and other application explorations are summarized. Finally, this paper visioned the future
development trend of fiber-based organic electrochemical transistors.

Keywords: fiber; organic electrochemical transistor; flexibility; wearable

advantages of flexible design, low operating voltage,
and good biocompatibility. They also have dual
functions of sensing and amplification and can be
widely used in light sensing®®!, artificial skin“l, en-
vironmental monitoring®, food safety testing!®,
drug releasel? and medical diagnosist®.In previous
studies, most of the reports on OECTS are based on

1. Introduction

Organic thin-film transistors are the core
components of organic electronics, and their com-
prehensive properties are comparable to those of
commercial amorphous silicon products. At the

same time, the advantages of low cost and high
function have shown broad development prospects
and industrialization value™.Organic electrochemi-
cal transistors (OECTs) are a kind of organic
thin-film transistors, which were invented by White
et al.[ Organic electrochemical transistors have the

ARTICLE INFO

planar structures, and there are few studies on flexi-
ble OECTs, so OECTSs are often unable to adapt to
complex curved environments in practical tests, and
the application is limited. Fiber-based organic elec-
trochemical transistors are a major emerging re-
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search direction in recent years. Fiber is a common
material in daily production. It is closely related to
people’s lives and is also a popular material in sci-
entific research. It has the advantages of lightweight,
good flexibility, able to be weaved, and low cost.
Many studies have been carried out to use it as a
substrate to prepare electronic materials and devices.
Fiber-based organic electrochemical transistors cre-
atively combine the sensitivity of OECTs with the
flexibility and weavability of fibers that can adapt to
complex test environments while effectively testing,
and have a wider range of applications such as
wearable sensors. The broad development prospects
have been acknowledged by the majority of scien-
tific research workers. This paper discusses the
working principle, mode and materials of OECTs
device channel and briefly introduces the develop-
ment of OECTs technology focusing on the recent
development of fiber-based organic electrochemical
transistors and their applications in biological and
chemical sensing. The application of fiber-based
electrochemical transistors and the future develop-
ment direction of fiber-based electrochemical tran-
sistors are also reviewed.

2. The working principle, mode and
material of OECTs

2.1. The working principle of OECTs

OECTs consist of an organic semiconductor
channel in contact with the electrolyte and three
electrodes, where the channel is between the source
and the drain. The channel is covered by an elec-
trolyte and the gate is an external electrode im-
mersed in the electrolyte. The source and drain are in
contact with the organic semiconductor film and
define a channel for holes or electrons to flow from
the source to the drain. It works as follows: The
source is grounded, and a constant voltage bias on
the drain drives a current through the semiconductor
channel between the source and drain. This channel
current is defined as the output current of OECTSs,
which is modulated by the input voltage on the gate
electrode. This modulation is caused by the interac-
tion between electrons and ionic carriers. Charge
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carriers (holes) carry channel currents in OECTs. On
the other hand, ionic charge carriers provide
charge balance for holes, thereby regulating the
concentration of holes and thus the electron con-
ductivity of the transistor channel. OECTSs rely on
the implantation of ions from an electrolyte into an
organic thin film, thereby changing its doping state
and thus its conductivity, controlled by the voltages
applied to the gate (gate voltage, VG) and drain
(drain voltage, VD). The VG controls the ion im-
plantation channel and thus the doping state (i.e.
redox state) of the organic film. The VD induces a
current (drain current, 1D), which is proportional to
the amount of mobile holes or electrons in the
channel, and this mechanism probes the doping state
of organic thin films. Similar to organic thin-film
transistors, OECTs work like switches, where the
VG (input) controls the ID (output). They can also be
thought of as amplifiers, where the power of the
input signal is amplified on the way to the output.

In contrast to the thin interfacial regions in
field-effect transistors, the distinguishing feature of
OECTs is that doping changes occur over the entire
volume of the channel. Therefore, for low VGs, large
modulation of the ID can be achieved, which makes
OECTs efficient switches and powerful amplifiers®,
At the same time, the use of electrolytes instead of
metal oxide semiconductor dielectrics greatly en-
hances the flexibility of OECTs in terms of device
architecture and integration with various substrates.
The inherent tunability of organic conducting pol-
ymers can also improve ion and electron transport
and the convenience of bio-functionalization. Due to
these characteristics, OECTs are widely used in re-
search, including neural interfaces®®, chemical
and biosensors®™, printed circuits®™ and neuro-
morphic devices*®l. In addition to the advantages of
organic thin-film transistors, OECTs also have the
characteristics of simple structure, low operating
voltage, and the ability to work in a solution envi-
ronment. First, OECTs can work in an agueous me-
dium, and their low operating voltage can effectively
prevent hydrolysis. Second, OECTs gate electrode
and channel can be prepared separately, and the bi-
ochemical sensor can be prepared by special treat-
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ment of OECTSs gate electrode. OECTs can be suc-
cessfully used in biochemical detection**! such as
lactate*®],  glucose®],  dopaminel*”l, DNA8]
ions®, bacterial?? and antigens!?%,

2.2. The working mode of OECTs and their
channel materials

The working mode of OECTs depends on the
doping level of the conjugated polymer in the orig-
inal state, and its working modes are divided into
depletion mode and accumulation mode. In deple-
tion mode transistors, the current between the source
and drain gradually decreases as the VG increases.
For transistors operating in accumulation mode, the
VG increases in correlation with the gradual increase
of current between the source and the drain. Its
working curve is shown in Figure 1122, In depletion
mode, the conjugated polymer of OECTSs is in the
doped form in the pristine state and the device is
turned on at zero gate bias. Applying positive
gate bias results in the injection of cations or the
expulsion of anions from the conjugated polymer
network and shuts down the device. Most of the
OECTs developed so far work in depletion
mode because they are already present in the doped
form when they are fabricated. The polyelectrolyte
dissolves in the solvent and can ionize out ions that

act as counterions to the positively charged formed
in the backbone of the conjugated polymer upon
doping. Therefore, the pristine conjugated poly-
mer/polyelectrolyte exhibits high conductivity at
zero gate bias. Taking the most common PE-
DOT—PSS as an example, when a positive gate bias
is applied, the PEDOT is reduced to a neutral
(non-conducting) state according to the following
half-reaction PEDOT:

PEDOT : PSS+M*+e" = PEDOT+M : PSS

In the equation above, e is the electron, M* is
the positively charged ion from the electrolyte. In
accumulation mode OECTs, the conjugated polymer
is in the de-doped semiconducting state in its origi-
nal form, and the device is turned off at zero
gate bias. Applying a negative gate bias causes the
injection of anions from the active layer (or the ex-
pulsion of cations from the active layer), which turns
the device on. Commonly used materials in OECTs
channel are shown in Figure 21?2—Semiconductor
conjugated polymers, conjugated polymer compo-
site materials and conjugated polyelectrolytes.

Figure 1. The working principle of organic thin-film transistors.
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Figure 2. Common materials for the channel of organic electrochemical transistors.

Most of the organic semiconductors used in
OECTs show p-type characteristics in air, such as
PPy, PANI, PEDOT:PSS, etc. Therefore, most of the
research on OECTs done so far worked with the
depletion mode. The channel materials required for
transistors operating in accumulation modes, such as
BBL and P3HT, are difficult and expensive to pre-
pare. Hence, there are not many studies on this as-
pect.

3. Development of OECTs

3.1. Development of OECTs device structure

The basic structure of OECTs is shown in
Figure 1(a). It is mainly composed of three elec-
trodes: Gate, source and drain, as well as a channel
and electrolyte. The electrolyte is separated, and the
electrolyte covers the three electrodes, thus consti-
tuting a basic OECTs device. The use of an electro-
lyte as the gate dielectric allows great flexibility in
the design of OECTs in terms of the placement of the
gate electrode relative to the channel. In addition, the
“long channel” effect can also be addressed. In or-
ganic thin-film transistors (OTFTs), charges are

70

transported along accumulated holes or electron
sheets and reside at the semiconductor-gate dielec-
tric interface. In long channels, this often results in
very low currents, limiting the ability to use the
OTFT as a power-hungry driver. On the contrary, in
OECTs, the entire volume contributes to charge
transport, therefore, higher currents can be delivered
for the same given channel length. At the same time,
OECTs can be flexibly designed concerning the gate,
electrolyte, channel size and relative position. In
addition, different deposition and patterning tech-
niques on a variety of substrates including flexible
and stretchable substrates can be applied, paving the
way for a host of new device architectures and form
factors.

Bartlett et al.l?®l reported on the electrochemical
transistors fabricated by printing technology. Car-
bon-based source and drain electrodes and dielec-
trics were screen-printed on polyvinyl chloride sub-
strates. The obtained devices had a channel length
and width of 20 pm and 4.5 mm, respectively and
were used as a microelectrochemical enzymatic
transistor for glucose and peroxide sensing. Mean-
while, Rani et al.?¥ reported on OECTs with IMKCI
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electrolyte, thick paper as carrier and polycarbazole
as channel material with a channel length of 0.5 mm
and studied the effect of device electrode spacing on
the transfer performance of OECTSs. This study pro-
vided a good idea for the electrode design of sub-
sequent OECTSs.

In the early 1990s,
poly-3,4-ethylenedioxythiophene (PEDOT) was
used as electronic inks and conductive coatings for
various conductive, electronic, and electrochemical
applications!®28, PEDOT shows good redox stabil-
ity and high electronic conductivity when combined
with the dopant sodium poly (p-styrene sulfonate)
(PSS) and can be incorporated into OECTSs structures
using printing techniques, where PEDOT:PSS
can be used both as an active channel as well as an
electrode for the gate, drain and source electrodes.
As such, PEDOT: PSS has become the most com-
mon material for the preparation of OECTSs.

Anderson et al.?l used PEDOT:PSS to fabri-
cate channel materials on coated paper by printing
technology and combined the prepared OECTSs with
vertical electrochromic display units to form the
main smart pixel and display. Wan et al.[?l used a 3D
porous sponge of PEDOT:PSS to prepare OECTs as
a sensing scaffold. Paper and plastic films as ex-
tremely widely used flexible materials with their use
as substrates to prepare OECTS have attracted great
attention from scientists. Several standard and mod-
ified printing techniques have been explored to
produce OECTs devices and circuits using these
techniques such as screen printing® and inkjet
printing®%, of which both are commonly used for the
preparation of planar flexible OECTs. The ad-
vantages of these methods are low cost, simple and
flexible design. The preparation of OECTSs based on
these two technologies can design different circuit
structures on their substrates. Hiiter et al.® devel-
oped full-screen printed OECTs logic circuits on a
polyethylene terephthalate (PET) substrate by screen
printing. Textiles are also good carriers for OECTs
and the preparation of OECTSs based on textile fab-
rics has potential applications in the field of weara-
ble electronics. For example, PEDOT-based tran-
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sistors have been fabricated on Gore-Tex as gas
sensors on “breathable” substrates, and have al-
so been screen-printed on common fabrics such as
woven cotton and Lycra for wearable sensors that
were used for biological fluid sensing such as sweat,
saliva, and urine®. In addition, PEDOT:PSS com-
bined with nano-fibrillated cellulose (NFC) was also
investigated as a coating around the fibers. This
combination provides a scalable technology for both
stand-alone and large-scale OECTS integration sys-
tems such as the reconfigurable OECTs tagging
platformB4,

3.2. Device structure of fiber-based organic
electrochemical transistors

With the development of medical technology,
real-time monitoring is becoming increasingly im-
portant for modern medicine and patient health. The
OECTs device structure has also begun to be stud-
ied by various research groups. A review published
in 2018 briefly summarizes the different device
structures of OECTs (Figure 3)F1. Compared with
rigid planes, the flexibility and practicality of
wearable devices and biosensors based on flexible
OECTs have improved greatly, which makes re-
al-time monitoring possible.

Figure 3. Different device structures of OECTSs.

Fiber weaving technology, which has a history
of thousands of years, provides a superior platform
for the device development of OECTSs. Integrating
electronic functions within fabrics is an important
approach to improve textile performance and extend
functionality.
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Fiber-based organic electrochemical transistors
(FECTs) are a kind of smart material that has de-
veloped rapidly in recent years. Its advantage is that
it can directly integrate electronic functions into
ordinary fiber materials and achieve the design of
integrated circuits on textile materials through
weaving methods. The structure is simple to prepare
and easy to weave into flexible fabrics. Fiber-based
organic electrochemical transistors (FECTSs) not only
have the advantages of ordinary OECTs of low op-
erating voltage, able to work in agueous environ-
ments, good biocompatibility, high sensitivity, low
production cost and simple preparation process, but
also have the advantages of similar flexibil-
ity, bendability and weaving as fiber materials.
Therefore, it can be applied to the fields of health
care, biological intelligence monitoring and weara-
ble sensing devices to effectively test human bi-
omarkers®*¥, Compared with other flexible platforms,
textile fibers provide OECTs with superior flexibility,
material diversity, and simple processability, ena-

bling the efficient development of various designs.
Due to the flexibility of fibers, the preparation
method of fiber-based electrochemical transistors is
very flexible where fibers are often used as carriers
with conductive polymers attached to them. The
methods of attaching conductive polymers include
dip coating, in situpolymerisation, electrodeposition,
and gas-phase polymerisation®®l. In addition, the
gate preparation of OECTSs is independent and the
way of assembling and designing FECT devices is
also very flexible and simple. The two most common
assembly methods include the use of fiber coated
with conductive polymer as the channel material as
the source and drain, and the conductive fiber is used
as the gate. The two fibers are separated by an elec-
trolyte to form a cross (as shown in Figure 4)F71. In
another way, two fibers are placed in parallel at a
certain interval®l, and the electrolyte is then
dropped in the middle to coat the two fibers to pre-
pare the OECTSs. In addition to these two ways, there
are many assembly ways to be explored.

Figure 4. Two typical device structures of fiber-based organic electrochemical transistors.

4. Development process and appli-
cation of fiber-based organic elec-
trochemical transistors

In recent years, many researchers have begun to
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focus on the study of fiber-based organic electro-
chemical transistors. Since Hamediet al.B™ first re-
ported fiber-based organic electrochemical transis-
tors in 2008; many research groups have
successively published relevant literature. Cotton,
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nylon and other fibers have been used as carriers to
prepare various FECTs for different applications. In
particular, in-depth research has been carried out on
sensors based on FECTs. The sensing applica-
tions based on FECTs can be roughly divided into
chemical sensing and biological sensing. This paper
will introduce recent research on FECTSs in these two
fields. In addition, other researchers have explored
and studied other properties and applications of
FECTs, which will be briefly introduced below.

4.1. Application of fiber-based organic elec-
trochemical transistors in ion sensing

Tarabellaet al.®®! used cotton fibers to func-
tionalized cotton fibers by simply soaking them in a
poly (3,4-ethylenedioxythiophene) (poly styrene
sulfonate) (PEDOT:PSS) conductive polymer and
directly used as channels for organic electrochemical
transistors (OECTS) in contact with liquid electro-
Iytes and silver wire gates (Figure 5). The prepared
OECTs show stable and reproducible current mod-
ulation and demonstrate a very efficient electro-
chemical detection of sodium chloride concentration
in water, which is simple and low-cost and has great
potential in the development of wearable electronics
in fitness and healthcare.

Figure 5. Optical photos and device assembly of FECTs devices.

Wang et al.B from Wuhan Textile University
first prepared a fiber-based organic electrochemical
transistor using polypyrrole and nanofiber materials
in 2016, as shown in Figure 6. The FECTs exhibit
excellent electrical performance with an on/off ratio
as high as 100 and an operating voltage below 2 V.
At the same time, the ion sensing behavior of FECTs
was studied. The results showed that with the in-
crease of cation concentration, the transfer curve of
FECTSs shifted to low gate voltage and the sensitivity
reached 446 pA/dec in the range of 10° to 102 M
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lead ion concentration.

The ion-selective properties of FECTs were
also systematically investigated (Figure 7) for the
detection of potassium, calcium, aluminium, and
lead ions. Devices with different cations show large
differences in the response curves. Compared with
other cations, transistor sensors are more suitable for
selectively monitoring lead ions and are very effi-
cient for lead ion electrochemical sensing, opening a
path for wearable electronics in healthcare and bio-
logical applications.
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Figure 6. Assembly of nylon-based FECTs.

Figure 7. Sensing performance of FECTSs sensor.

Copped et al.[* studied organic electrochemi-
cal transistors as electronic textile biosensors and
fully integrated PEDOT:PSS on a single cotton yarn
as a channel material. Figure 8 demonstrates the two
different transistors that were fabricated using silver
(Ag) and platinum (Pt) wires as gate materials, re-
spectively.

Figure 8. Assembly and sensing mechanism of cotton fi-
ber-based OECTSs.

7%
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The difference between the fabricated sensors
is in the use of different gate electrode materials to
detect saline and epinephrine concentrations in hu-
man sweat, respectively. Measurements performed
in real-time detection mode confirmed the complete
independence of epinephrine detection from sodium
chloride, thus guaranteeing specific monitoring of
epinephrine. The oxidation of epinephrine at dif-
ferent electrodes was studied by absorption spec-
troscopy. The findings confirm that the oxidation
reaction driven by the Pt electrode results in the
accelerated formation of adrenochrome, whereas for
the Ag electrode, the oxidation is similar to the
spontaneous oxidation that occurs in the air. This
research opens up new avenues for healthcare, fit-
ness and job security.

Kim et al.*Y! from Korea reported conductive

polymer microfiber organic electrochemical tran-
sistors (OECTs) and their application in sin-
gle-strand fiber-based wearable ion concentration
sensors. As shown in Figure 9, they used a simple
wet spinning process using aqueous sulfuric acid as a
coagulation bath to form PEDOT:PSS microfibers
with excellent electrical conductivity and examined
their electrical/electrochemical properties thereby
achieving the fabrication of combined substrateless
PEDOT:PSS microfiber OECTs devices. The novel
characterization method presented in this study
demonstrates that the current rate of change can be a
reliable method for evaluating device performance
as well as detecting ion concentration, regardless of
actual channel dimensions. Finally, by introducing a
source-gate hybrid electrode, single-strand fi-
ber-type skin-mountable OECTs were developed
and the resulting microfiber sensor was demon-
strated to perform real-time repeated measurements
of ion concentrations in human sweat.

Figure 9. Spinning procedure and coagulation mechanism of PEDOT: PSS microfibers in a sulfuric acid environment.

4.2. Application of fiber-based organic elec-
trochemical transistors in biosensing

In 2017, Wang et al.*?! used in situpolymerisa-
tion method to induce the generation of PPy nan-
owires on nylon fibers with reduced graphene oxide
and prepared a new type of woven fiber organic
electrochemical transistor (Figure 10). The experi-
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mental results showed that the introduction of rGO
nanosheets can induce the growth of PPynanowires
and increase their ratio. Moreover, it can enhance the
conduction and electrical properties of the transistor.
The fabricated transistors have a high on/off ratio,
fast response time and long cycle stability. A glucose
sensor based on fiber organic electrochemical tran-
sistors has also been studied, which has excellent
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sensitivity, a fast response time of 0.5 s, a linear tration and good repeatability.
range of 1 nM to 5 uM, low limit detection concen-

Figure 10. Schematic illustration of the glucose sensor of the fibrous organic electrochemical transistor.

In 2018, the research group!® simultaneously tive biosensors. As shown in Figure 11, they
fabricated another kind of fiber-based organic elec- pre-treated nylon fibers with PVA-co-PE nanofibers
trochemical transistors (FECTSs), providing a new (NFs) to induce polypyrrole (PPy) nanofiber net-
platform for achieving ultrafast and ultrasensi- work on the fibers.

Figure 11. Fabrication and assembly of a wearable dopamine sensor based on FECTSs.

The experimental results showed that the in- resulting in the formation of a large-area interwoven
troduction of NFs significantly increased the specific PPy nanofiber network. The PPy nanofiber network
surface area and hydrophilicity of nylon filaments, improved the electrical properties of the fibers and
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their electrical conductivity significantly. The device
on/off ratio is as high as 100 with switching
time between on and off states was as low as 0.34 s
and exhibited good cycling stability. In addition,
they also investigated the performance of
FECTs-based dopamine sensors relying on different
gate electrodes. The results showed that the fi-
ber-based conductive polymer composite gate had
the highest sensitivity while the device is highly
selective and has excellent reproducibility in the
presence of sodium chloride, uric acid, ascorbic acid,
and glucose interferences. Moreover, it can also be
woven into fabric products (Figure 12), which has
strong application potential in wearable electronic
Sensors.

Figure 12. Practical weaving and wear of FECTSs.

Yan Feng’s research group™! from the Hong
Kong Polytechnic University used nylon monofil-
ament dip-coat PEDOT:PSS as a channel material
and deposited metal on the fibers as electrodes using
magnetron sputtering. They also used the same
method to deposit another nylon monofilament as a
grid electrode and modified the electrode with en-
zymes and polyaniline. The two fibers were assem-
bled in parallel into a transistor and its performance
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was tested (Figure 13).

Figure 13. Schematic diagram of sensing mechanism and
sensing performance of FECTs-based sensor.

Finally, the device was stitched on a diaper and
monitored remotely in real-time with a mobile phone
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application, The highlight of their work was that by
coating conductive polymers and metals with fiber
coating, they studied the effect of the coating mate-
rial on the mechanical properties of the fiber while
investigating the degree of change in the electrical
properties caused by the bending of the fiber before
weaving. The studied fiber was then further inte-
grated with a fabric-based wearable biosensor for the
detection of human secretions, which paved the way
for wearable devices and flexible electronics.

4.3. Other application exploration of fi-
ber-based organic electrochemical transis-
tors

Owyeunget al.! fabricated two different fi-
ber-based electrochemical transistors using a gel
composed of silica nanoparticles and 1-ethyl
3-methylimidazolium bis (trifluoromethyl sulfonyl)
imide (EMI TFSI) ionic liquid as an electrolyte with
assembled carbon nanotubes (CNTs) and
poly3-hexylthiophene (P3HT) on a linen line as
semiconductor channel materials as shown in Fig-
ure 14.

Figure 14. Schematic of a fiber-based integrated transistor
system.
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The thread-based electrochemical sensor (TBE)
is interconnected, and a multi-channel diagnostic
device based on a full thread was designed. Mlleret
al.l*! reported a new method to demonstrate that a
continuous film of conductive poly
(3,4-ethylenedioxythiophene) can be coated on a
textile monofilament with a diameter of 10-100 um,
and the monofilament can be coated with a contin-
uous film of poly(3,4-ethylenedioxythiophene) for
the preparation of microscale WECT on a single
fiber. They also demonstrated inverters and multi-
plexers for digital logic. This paves the way for 3D
polymer microelectronics to design large-scale cir-
cuits and integrate them directly into the 3D struc-
ture of woven fibers (Figure 15).
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Figure 15. Stress-strain curves of silk conductive fibers and the
actual weaving of the FECTSs.

Zhang et al.*"l coated the conductive polymer
PEDOT on nylon fiber monofilaments by gas-phase
polymerization and demonstrated that fiber-based
electrochemical transistors can be embroidered on
fabrics for wearable and implantable bioelectronics
devices.

Electrochemical transistors with fixed, mi-
cron-sized channel lengths were fabricated in par-
allel structures on hydrophobically treated silk fab-
rics with a high on/off ratio of 1,000, zero gate
voltage and low applied drain bias (The transcon-
ductance value at 0.7 V) at 100 pS. Under these
conditions, the device can then be incorporated into
low-power integrated circuits. This demonstrates
that large-area arrays of transistors can be rapidly
generated by stitching monofilament fiber channels
directly onto fabric substrates (Figure 16) and that a
simple embroidery method can be used to fabricate
spatially resolved electrodes for electrophysiology
applications array.
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Figure 16. Construction of transistor arrays and performance
testing on silk fabrics.

Tao et al.”®l used a new geometric pattern to
fabricate OECTs by twisting PEDOT:PSS-coated
monofilaments together, making it easier for tran-
sistors to be inserted into textile fabrics to enable
mass production. Transistors can be up to several
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centimeters in length with an on/off ratio over 100
and a switching time that is close to 15 s. The in-
verter circuit and NOR gate control circuit were
developed through a wire electrochemical transistor
(WECT). An amplifier was also fabricated using a
transistor to demonstrate the feasibility of an
all-textile electronic circuit.

5. Conclusions

In short, fiber-based organic electrochemical
transistors have been studied by a large number of
researchers  recently  with  accomplishments
achieved by many research groups. The advantage of
fiber-based organic electrochemical transistors is
that they can combine high-sensitivity testing with
wearable functions which is a very promising re-
search topic. However, the research of fiber-based
organic electrochemical transistors also faces some
challenges. For example, most of the electrolytes
used in FECTs are gel or water-based electrolytes
and multiple difficulties are often encountered in
practical tests, such as the uniformity of the sample
preparation, the volatilization of the electrolyte, etc.
In addition, the tests conducted using fiber-based
electrochemical transistors are generally poorly re-
peatable and usually contain large data errors.
Moreover, most of the fiber-based electrochemical
transistors use p-type semiconductors and operate in
the depletion mode and a few FECTs were found to
operate in the accumulation mode. At the same time,
in terms of applications based on FECTs, it can be
seen that most of the research is mainly based on
chemical or biological sensing and there is a lack of
in-depth research on transistor mechanism as well as
device structure-related exploration. The research
direction is relatively narrow and it is not deep and
detailed enough. Therefore, the future development
direction of fiber-based electrochemical transistors
may be the following: a) Study the operation
mechanism of fiber-based transistors; b) solve the
packaging problem of devices; c) study the rela-
tionship between structure and performance to im-
prove the performance of flexible devices; d) re-
search and explore the combination of n-type
semiconductors and fibers as well as FECTs working
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in accumulation mode; e) explore more about the
application of FECTs and conduct in-depth research.
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ABSTRACT

Sensors are the core part of intelligent smart textiles, and flexible sensors play an important role in wearable smart
textiles because of their softness, bend ability and stretch ability, and excellent electrical properties. Based on the work-
ing principle of sensors, the research progress of flexible sensors for smart textiles in recent years is reviewed, and the
sensing mechanism, sensing materials and application status of different sensors are introduced respectively; the main
research directions of flexible sensors for smart textiles are summarized: physiological parameter detection, pressure
detection and motion detection, and the applications of the three research directions are reviewed. On this basis, the

problems of intelligent flexible sensors and their development prospects are pointed out.
Keywords: wearable technology; smart textiles; flexible sensors; smart textile materials

Smart textiles refer to the integration of elec-
tronics, computers, biology, materials and other
high technologies into textile garments, so that tex-
tile garments can simulate living systems with dual
functions of sensing and reacting™?, etc., in which
sensors are a key component of smart textiles that
can sense and feedback changes in the external en-
vironment. With the increasing requirements for
smart textiles, the expectations for the range, accu-
racy and stability of sensor measurements
have been gradually increased, and it is also hoped
that the sensors can also be flexible, ductile, easy to
carry and fold. In recent years, the development of
wearable flexible sensor technology has become a
major hotspot in the research field of smart tex-
tilest®!, and the combination of flexible sensors and
textile materials makes smart textiles intelligent
while maintaining the softness and comfort of the
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fabrict!, which plays an important role in medical
health monitoring, fitness sports, military, aerospace
and other fields®!. In this paper, the existing flexible
sensors are classified into flexible pres-
sure-electrical sensors and flexible strain-electrical
sensors according to different sensing mechanisms,
and the research progress of these two types of
sensors and their latest applications in human phys-
iological parameters, pressure, and motion moni-
toring are presented.

1. Classification and characteristics
of flexible sensors

Smart textiles usually consist of three parts:
Sensors, actuators, and control units®”l. As a wear-
able flexible monitoring device, the sensor needs
to be embedded in the textile and can fully contact
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with the human skin surface to monitor a wide range
of signs data without affecting the normal human
activities and maintaining a certain wearing comfort.
At present, there are many types of flexible sensors
for smart textiles, with different classification
methods. For example, according to the classifica-
tion of signal conversion mechanism, flexible sen-
sors mainly include capacitive, resistive, inductive,
fiber optic flexible sensors®!; according to the clas-
sification of fabric structure, flexible sensors mainly
include flexible sensors based on knitted structure!®
and flexible sensors based on woven structurel!%,

Effective conversion of external stimuli into
electrical signals is a key technology for flexible
sensor applications. According to the different elec-
trical signal conversion mechanisms and operating
principles of sensors, the common sensors with rel-
atively mature technologies and a wide range of
applications can be classified into four categories:
Pressure-electrical-based flexible Sensors,
strain-electrical-based flexible sensors, flexible fi-
ber-optic sensors, and flexible gas-sensitive sensors.

1.1. Flexible pressure-electrical sensors

Flexible pressure-electrical sensors include
flexible capacitive sensors, flexible piezoresistive
sensors, flexible piezoelectric sensors, etc., which
indirectly detect changes in external pressure
through changes in capacitance, current or voltage of
the measured object under pressure. Flexible pres-
sure-electrical sensors are widely used because of
their high testing sensitivity and accuracy.

Flexible capacitive sensors generally use flexi-
ble materials (conductive films, fibers, yarns, fabrics,
etc.) as capacitor pole plates and foam, rubber, etc. as
spacer layers, and according to the principle of ca-
pacitor operation, the sensor will sense the amount
of change in pressure or shear force to the userf*],
This flexible sensor can be combined with textiles to
prepare smart textiles that can sense changes in ex-
ternal forces, have a simple structure, high sensitiv-
ity and are soft and easily deformable, and its
greatest advantage is that it can achieve the detection
of small static external forces.

8%

Compared to capacitive sensors, flexible pie-
zoresistive sensors are characterized by small size,
various forms, high resolution and easy integration
with textiles. Piezoresistive sensors are sensors
made based on the piezoresistive effect of materials
as well as integrated circuitsi*>*®1, which, when
subjected to pressure, generate electrical conductiv-
ity due to the transfer between metal particles with-
in the sensing material, and infer the magnitude of
the applied pressure by measuring the change in
resistance. This sensor usually uses a composite
material with a high sensitivity coefficient and good
piezoresistive properties, such as a carbon-based
material or graphene, as the piezoresistive material.
Combining this sensor with textiles can be used to
measure parameters such as pressure and accelera-
tion acting on the fabric. However, pressure sen-
sors based on piezoresistive and capacitive signal
mechanisms suffer from problems such as signal
crosstalk, which affects their measurement accura-

cy.

Flexible piezoelectric sensors are sensors
made by applying pressure to piezoelectric materi-
als to produce a piezoelectric effect. The piezoe-
lectric material is a special material that can gener-
ate an electrical charge under mechanical pressure,
and currently most of the conductive material com-
posite piezoelectric film with high piezoelectric co-
efficient and high sensitivity or bi-polyvinyl fluo-
ride (PVDF) film. Intelligent textiles made of
piezoelectric films can detect the pressure generat-
ed by the bending of human body parts, or detect
the stability of human foot gait, etc. They have the
advantages of high sensitivity, simple structure de-
sign and stable performance. Since the output is a
voltage signal, the flexible piezoelectric sensor is
relatively simple in circuit design and signal acqui-
sition, with high sensitivity and high signal-to-noise
ratio; however, these sensors can produce charge
leakage and poor DC responsiveness of the output.

1.2. Flexible strain-electrical sensors

Flexible strain-electrical sensor is a kind of

sensor with ‘‘strain-resistance effect”, such as
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pull-resistive sensors. Flexible tension-resistance
sensors, also known as flexible strain sensors!®,
are based on the same principle as piezoresistive
sensors, i.e., the electrical signal of the sensor itself
changes when the material or fabric is subjected to
mechanical stress, which converts the local defor-
mation of the object under test into an intuitively
measurable electrical change. These sensors have
low preparation costs, and the test principle and
acquisition method are simple, with the advantages
of good comfort and high sensitivity. In the field of
smart textiles, these sensors are usually classified
according to the preparation method and include
mainly flexible coated strain sensors and flexible
inlaid strain sensors.

The coated strain sensors are represented by
polypyrrole-coated flexible sensors!*®l, which are
made by coating the fabric surface with conductive
polymers in the form of coating process (e.g., textile
printing, collage). The coating material usually se-
lects the carbon composite coating™, and this
polymer conductive coating has good adhesion on
the fabric, as well as good sensitivity and linear
correlation; however, there are problems such as
coating process difficulties and easy to cause rough
cracking of the surface coating.

The embedded strain sensor uses conductive
fiber and yarn material as the main sensing element,
and the corresponding conductive textile can be
prepared by interweaving in woven or knitted form.
The measurement is achieved by the deformation of
the yarn coil structure under the action of the strain
force, which affects the change in resistance.
Commonly used textile conductive fiber materials
include three types: metal conductive fibers, carbon
fibers and organic conductive fibers!*®l. Among them,
the composite organic conductive fiber is the con-
ductive properties of the yarn and other yarns
through the core yarn and other composite conduc-
tive yarn, its comprehensive performance is the most
excellent. The strain sensors prepared from conduc-
tive fiber yarns have the advantages of excellent
sensitivity, easy measurement, and high wearing
comfort; however, due to the special characteristics

of the coil structure, the wash ability and repeatabil-
ity for wearable textiles still need further improve-
ment.

1.3. Flexible fiber optic sensors

The measured physical quantity is converted
into a sensor for the change of optical characteris-
tics*, Among the optical properties include char-
acteristic parameters such as the amplitude, phase,
and wavelength of the light wave. Compared with
the traditional flexible resistive sensors, flexible
optical fiber sensors have the advantages of light
weight, high accuracy, fast response, good repeata-
bility as well as high stability and low cost. The
current domestic and international literature explores
the weaving of optical fibers into textiles to consti-
tute fiber optic sensors. In addition to sensing signals
such as pressure, temperature, velocity, vibration and
angle, fiber optic sensors can be used to measure
tensile stress as well as changes in displacement.
Such embedded fiber-optic flexible sensors can be
used to measure small strain situations?”, such as
measuring bending changes in human elbows and
finger joints, or subtle strain signals associated
with breathing.

1.4. Flexible gas sensitive sensors

Flexible gas sensors, also known as flexible gas
sensorsf?!, are based on the measurement principle
that when the sensor is in a gaseous environment, the
conductivity of the sensor changes with the concen-
tration and type of the gas being measured in the air,
responding to the contact gas and converting it into
an electrical signal. This sensor is widely used in
environmental pollution detection, public safety and
other fields, but also for medical diagnosis. The new
gas-sensitive sensors currently used for wearable are
generally constructed on a flexible stretchable sub-
strate with polymer complex thin-film sensors,
which have high gas-sensitive performance, small
size, light weight, good stability, flexible and
stretchable. The integration of flexible gas-sensitive
sensors for detecting different gas types on textiles
can be used to make smart textiles, such as clothing
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and multifunctional masks.

2. Application of flexible sensors

In the future development of wearable devices,
flexible sensors will play a pivotal role. At present,
the research of flexible sensors for smart textiles
mainly focuses on the detection of human health
conditions, such as the detection of basic human
physiological parameters, pressure detection and
motion recognition. The research on flexible sen-
sors for smart textiles mainly focuses on the detec-
tion of human health conditions, such as the detec-
tion of basic physiological parameters, pressure
detection and motion recognition.

2.1. Physiological parameters testing

Respiration, heart rate and pulse are important
physiological parameters of the human body, which
play an important reference value in the daily life
monitoring of the human body. Therefore, when
selecting sensors, try to choose flexible sensors with
excellent sensitivity, high accuracy and high elastic-
ity of the substrate.

The skin surface is deformed by stretching
when the human body breathes, and physiological
data such as respiratory rate and depth can be
measured indirectly by detecting this deformation,
so the sensors that can fit the skin, are portable and
have high sensitivity and repeatability have obvious
advantages. De Jonckheere et al.l?2l made fiber-optic
sensors by crocheting optical fibers into elastic fab-
rics to compensate for the effect of metallic materials
on the detection signal in MRI in medicine. The
stretching motion of the abdomen and chest
caused by respiration leads to deformation of the
fiber optic position in the fabric, and the change of
the optical signal is measured to monitor the pa-
tient’s respiratory status. Guo et al.l®l used six dif-
ferent materials of conductive yarns to embed the
sensor into a seamless specimen in the form of par-
tial yarn addition, and simulated the skin defor-
mation caused by human respiration and heart-
beat by performing tensile recovery experiments
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with different sizes of specimens at constant elon-
gation. Huang et al.? studied three main factors
affecting the fabric sensor: Yarn structure, textile
structure, and fabric structure, and the detection of
human respiration rate can be achieved by using
single and double conductive yarns wrapped around
the core fibers and woven into the fabric. In addition,
due to the extended movement of human respiration,
it makes the mutual pressure effect between
the body surface and the intimate garment, and the
respiratory changes can be easily detected by the
pressure sensor. Kang et al.[?® used silver-plated
elastic fabric and silver-plated non-elastic fabric as
the two parallel pole plates of a capacitor, and
through the contraction and deformation of the
electrode plate under the action of external pressure,
resulting in the capacitance between the two parallel
pole plates. The change in capacitance between the
two parallel plates was caused by the contraction
and deformation of the electrode plates under ex-
ternal pressure, which indirectly monitored the hu-
man respiratory condition.

Due to the irregular and complex surface
structure of the human body, the detection of weak
heart rate and pulse signals requires sensors that are
thin, light and extremely sensitive. In recent years,
fiber optic sensors have been widely used to develop
a variety of pulse, heart rate, respiration and other
detection devices. Tian et al.”®! proposed a pulse
detection method based on fiber Bragg grating sen-
sor, which is implanted into the air layer of the fab-
ric by cross-machine weaving, and uses the change
in wavelength and amplitude of the reflection center
of the fiber grating caused by heart vibration to
achieve real-time online acquisition and analysis of
pulse signals. Yang et al.?’! designed a new fi-
ber-optic microbending sensor based on the fi-
ber-optic microbending effect, using multimode
optical fibers clamped to parallel strips to form a
microbending structure, which is sewn together on
an elastic base fabric for measuring human heartbeat
and respiration rate when standing and sitting. In
addition, fabric-based temperature sensors can al-
S0 be used to sense human temperature changes,
such as the use of wire cores in the weft direction and
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fabric integration to prepare a wearable temperature
monitoring system, temperature sensors sense tem-
perature, conductive yarn transmission data, so that
the signal of body temperature changes can be ob-
tained™,

In practical applications, in order to optimize
the sensitivity of the sensor, reduce the signal shift,
and seek a more stable sensor structure, Peng et al.[?°]
improved the sensitivity of the contact resistance by
coating silicone at the contact points between the
wire yarns to increase the signal repeatability.
However, the reliability and stability of flexible
sensors are easily affected by external mechanical
friction and water washing during the process of
providing long-term sensing and feedback on human
health conditions. Although Cai et al.B% studied the
performance stability of flexible sensors under a
certain number of washes as well as temperature,
they have not really been able to meet the perfor-
mance requirements of actual consumers in their
daily lives and work.

2.2. Pressure testing

Flexible pressure sensors have a wide range of
applications in smart clothing and other applications,
where they are mainly used to detect the pressure
distribution generated by textiles on the human body.

The sensor resistance-strain principle was used
to indirectly calculate the pressure values of various
parts of human dressing. Wang®! explored the rela-
tionship between the equivalent resistance of the
flexible sensor and the tensile strain by analyzing the
relationship between the equivalent resistance of the
flexible sensor and the tensile strain of the knitted
fabric, and integrated the correlation between the
garment pressure and the tensile strain of the knitted
fabric. According to the change of sensor resistance,
the undergarment pressure distribution in the main
parts of the human body and the influence of gar-
ment margin on the undergarment pressure were
objectively evaluated. In addition, the flexible
pressure sensor can be used to conduct static gar-
ment pressure test directly. Wang®? prepared PVDF
nanofiber membrane by electrostatic spinning
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method and designed and developed a flexible
pressure sensor that can be used for human garment
pressure testing and monitoring, and the complex
human garment pressure can be measured realisti-
cally using its piezoelectric effect. Yi et al.%l pro-
duced a conductive knitted fabric coated with car-
bon-based conductive composites with good
piezoresistive properties and high sensitivity when
the non-conductive surface is in contact with the
indenter, which can be used as a sensitive element of
the sensor for garment pressure and flexible human
platform pressure measurement. Pang et al.* used a
flexible pressure sensor to design and build a pres-
sure sock pressure test platform, and the test ob-
tained the pressure change values and pressure dis-
tribution on multiple parts of the circumference such
as ankle and calf. In addition, in the study of dy-
namic pressure contact between clothing and human
skin, Tang et al.®™ built a dynamic pressure testing
system for sportswear based on flexible piezoresis-
tive sensors, signal conditioning modules and
graphical programming language to achieve the
acquisition, processing and display of human dy-
namic pressure data.

In addition to measuring the distribution of
garment pressure on the human body as well as the
size of the intimate apparel, flexible pressure sensors
can also be used to detect the distribution of plantar
pressurel®®, Jin et al.B” developed a piezoelectric
test insole using PVDF piezoelectric film, and pro-
posed the use of a multilayer sense core structure to
improve the signal response of the sensor and im-
prove the elastic hysteresis of the flexible sensor,
which can record the distribution of plantar pressure
under different states of motion, in response to the
common frequency response problem of flexible
sensors. In other textile manufacturing fields, Lee et
al.¥l developed a textile structured fiber optic
pressure sensor for car cushions, in which polymer
optical fibers and yarns are cross-woven into a mesh
structure, and the optical fibers produce bending
deformation when the cushion is subjected to a large
pressure load.

Flexible pressure sensors can be used not only
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in textiles directly, but also in the inspection of
garment ready-to-wear. JinB% combined flexible
pressure sensors with airbags and proposed an intel-
ligent hanger as well as a mathematical model and
control method to attach the flexible pressure sensor
to the hanger, which can more directly detect the
target deformation and eventually display the degree
of fit of the clothes and the hanger, providing a fast
and accurate method for garment inspection. In re-
cent years, the research and development of flexible
robotic pressure-sensitive skin further realized the
intelligence of robots, and Tian et al.l*y integrated
carbon black conductive material with a flexible
substrate to develop a flexible robotic pressure ca-
pacitive sensor skin with a 3-layer composite struc-
ture, which can be attached to a robot hand for
grasping, lifting and gripping application operations.

2.3. Motion detection

Currently, flexible sensors combined with ex-
isting wireless transmission technologies are widely
used in the detection of human motion behavior. In
addition to detecting subtle movements of the chest
as well as the neck during breathing or speaking in
human maotion, the sensors can be used to capture a
wide range of motion, such as the bending motion of
hands, arms and legs.

Xiel*l used weft knitting technology to knit
silver-plated nylon conductive yarn into a flexible
knitted sensor, analyzed the electrical-mechanical
properties of the sensor under bi-directional
stretching and established a related theoretical model,
and applied it to the recognition and monitoring of
limb movements in a monitoring suit. Helmer et
al.[*2 tied a strain knitted sensor to the knee, and
measured various movement postures of athletes’
lower limbs when they played soccer at different
times and with different movement amplitudes and
speeds. Tognetti et al.*l developed a strain sen-
sor based on single-layer and double-layer knitted
piezoelectric fabric KPF for measuring limb
movement stretching and bending. The device
measured knee movements at rest and in motion,
respectively, and compared the measurements with

those of a standard phase indicator, and the experi-
ments confirmed the better performance of the dou-
ble-layer knitted piezoelectric sensor. Zhang et al.[*4]
prepared three types of polypyrrole conductive fab-
rics by in situ polymerization method, and used these
three conductive fabrics as sensing elements to fab-
ricate posture monitoring fabric sensors, and per-
formed quasi-static tests of upper limb motion states,
respectively. By observing the changes of tensile
resistance of polypyrrole conductive fabrics and
their directional differences, the bending, rotation
and their compound movements of the upper limbs
could be accurately reflected.

In addition to the use of strain sensors to detect
the deformation changes generated by the bending
motion of the human body, Shi et al.[*! also pro-
posed a pressure sensor-based human motion
recognition method, which placed pressure-sensitive
sensors in the insole and obtained the distance and
time of human motion as well as the number of ex-
ercises based on the changes of the collected pres-
sure data, and also extracted the motion intensity
data such as the difficulty of the motion. Yang et
al.®1 demonstrated the application of piezoelectric
thin-film flexible sensors in table tennis motion de-
tection by attaching DT1-028K piezoelectric film to
the elbow of a table tennis suit, and when the paddle
is swung, the elbow bends to make the voltage
change between the two electrodes of the piezoe-
lectric film, which can detect the number of single
hits, frequency and total number of hits in real time.

With the rapid development of hu-
man-computer interaction and emotion technology,
Su et al.[*"l first proposed the concept of expression
recognition through multi-channel analysis of pie-
zoresistive flexible wearable electronic sensors. By
attaching the flexible sensor to the human body skin,
the response of human facial expressions under dif-
ferent environmental and psychological conditions
can be monitored in real time.

At present, the data monitored by the flexible
sensors applied to human motion detection is rela-
tively single, mainly based on basic human flexion
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and extension movements, and the data analysis in
the medical or fitness field is not fully matched with
the actual needs, and the data mining, comprehen-
sive analysis and utilization needs to be continuously
improved. In addition, motion detection is a
long-time output and feedback process, especially as
a module to collect and transmit data information,
the working mode of the sensor is often con-
strained by the battery energy, insufficient energy
supply will affect the accuracy and stability of data
acquisition.

3. Conclusions

Compared with traditional wearable sensors,
flexible sensors have the characteristics of lightness
and softness, outstanding electrical performance,
good comfort and high integration, which influence
the functional design and development direction of
future wearable devices. However, the rapid devel-
opment of intelligent flexible sensors is accompa-
nied by some problems.

The current research and development of flex-
ible sensors to conductive fabrics as the main sens-
ing element, these sensors usually have a poor feel of
the coating, the lack of wash ability, complex pro-
cessing technology and processing costs and other
shortcomings, cannot meet the design goals and use
the performance requirements, it is difficult to adapt
to the future of flexible sensors, large-scale, low-cost
and high-efficiency production mode. In addition,
the energy consumption and self-drive of flexible
sensors is an important condition to ensure the sta-
bility of signal transmission, while the existing en-
ergy supply of sensors and the actual demand still
exists a large gap.

The real development and application of flexi-
ble sensors also need to rely on more advanced re-
search and development of new materials and the
development of computer technology, with the re-
cent years of printed electronics and 3D printing
technology has received widespread attention to
flexible sensors as the representative of the new
printed electronic components, with its efficient and

environmentally friendly, convenient and more
customized advantages, and gradually to the ad-
vanced manufacturing of intelligent and flexible
wearable products.

In terms of energy supply, considering the
popularity of wireless charging technology in elec-
tronic products, it is possible to use relevant tech-
nologies or accept energy from the electromagnetic
field in the environment or in the form of electro-
magnetic waves and convert it into electrical energy
as a charging source. As far as battery technology is
concerned, the development of electrochemi-
cal batteries with high energy and small size is a
topic that researchers need to focus on.

While measuring the basic physical quantities
of human daily physiology as well as activities,
flexible sensors should also broaden the scope of
their detection and combine with the data recording
and feedback functions of mobile communication
devices to meet consumers’ needs for customization
and personalization of smart textiles and adapt to
different people and occasions. The integration of
nanotechnology can integrate flexible sensors with
different functions as well as other sensors in
wearable textiles to realize highly integrated, tiny
and diversified measurement functions of smart
textiles.
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ABSTRACT

With the rapid popularization of 10T applications, wearable devices have been widely used in many fields such as
sports and health, entertainment and medical assistance. In addition to the early wearable form, more attachment and
implantable wearable devices are constantly developed, and the development of these new wearable devices is largely
due to the development of miniaturization antenna technology. This paper discusses the different realization methods
and performance index requirements of wearable antenna, introduces the research situation of wearable antenna at home
and abroad in recent years, and analyzes the development trend of wearable antenna.
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technology, various wearable products pour into
ordinary lives on a large scale. Wearable devices
refer to the application of wearable technology to
intelligently configure people’s daily wear, and im-
planted various sensing, recognition, connection and
cloud services into people’s glasses, watch-
es, bracelets, clothing, shoes and socks and other
daily wear. Wearable devices are not only a tradi-
tional manufacturing hardware device, but also a

1. Introduction

In recent years, the market for wearable devices
has grown rapidly, and various forms of wearable
devices continue to emerge, which has been widely
used in entertainment and leisure, positioning and
trajectory tracking, health management, medical
assistance, and military fields™. Body area network

communication and wearable devices have become
one of the research hotspots in the field of scientific
research. Figure 1 shows the trend curve of the
search quantity keyword “Wearable Technology”
with Google search engine since 2013. It can be seen
that from 2013 to 2015, the search popularity of
wearable technology showed a nearly linear upward
trend. With the increasing maturity of wearable
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kind of cross-border equipment that realizes data
interaction and cloud interaction through mobile
Internet. Its emergence will bring great changes to
people’s life and cognition.
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Figure 1. Search volume distribution map of “Wearable Tech-
nology” on Google since 2013.

In wearable devices, the wearable antenna
plays a crucial role. Wearable antenna plays a role
of data transmission, and the performance of the
antenna directly affects the performance of the
whole system. Wearable antennas originated from
military applications, and the earliest individual
soldier equipped antenna was the whip antenna.
This antenna was exposed to soldiers’ head, which
could easily reveal the position of soldiers and was
not conducive to combat. Subsequently, some an-
tennas hidden in clothes or helmets are gradually
removed whip antenna was replaced. Wearable an-
tennas are antennas worn on the human body as the
main component of wearable devices, it can be in-
tegrated into clothes, shoes, watches and other at-
tachments. In addition to realizing the basic func-
tions of transmitting and receiving electromagnetic
waves, the wearable antenna needs to meet the
comfort of the wearer to the greatest extent, and
ensure the safety of the wearerfl,

This paper investigates the antenna perfor-
mance, classification of wearable antennas, and fu-
ture development trend of wearable antenna.

2. Wearable antenna performance

Compared with traditional antennas, wearable
antennas have more special requirements in shape
and size. When a wearable antenna is worn on the
chest or back, it can be a little larger and not limited
in shape. However, according to the appearance
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requirements, the thickness of such antennas should
not be too thick. When the wearable antenna is
worn at the back of the neck, arm and waist, the
appearance can be designed in the form of belt and
watch according to the different locations. At this
time, due to the activities of the human body, high
requirements are put forward for the bending char-
acteristics of the antenna. When wearable antennas
are applied in the motion field, the quality
and bending characteristics of antennas are rela-
tively higher. For applications in the medical field,
wearable antennas require a more sophisticated de-
sign in the sensitivity of security and data transmis-
sion.

2.1. Antenna efficiency

Communication efficiency is seen as an im-
portant component in green radio and mobile com-
munication environments, especially in telemedi-
cine systems, and improving wearable antenna
efficiency is expected to be a future research con-
tent. Firstly, the wearable device is equipped with
light and small batteries to last for a long time.
Secondly, when the wearable antenna is installed on
the human body, the reflection coefficient and effi-
ciency of the antenna will be affected due to the
destructive nature of the human body. Improving
the working efficiency of wearable antennas can be
used to solve the above problems. Improving the
efficiency of the wearable antenna is to reduce the
loss caused by the antenna radiation. Choosing the
substrate material with the appropriate dielectric
constant will help to reduce the loss brought by the
antenna material.

2.2. Robustness

Because wearable devices are worn on the
human body, human activities will bend the antenna,
which will cause the working frequency of the an-
tenna deviation. Then in the design process, we need
to consider the robust of wearable antenna nature.
The robustness of the antenna is the property of
maintaining certain performance when parameters
such as structure and size are changed. Increasing
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the bandwidth of wearable antenna and compensat-
ing the frequency through reconfigurable design are
the methods used in most studies now.

2.3. Specific absorption rate, SAR

In the process of body domain network com-
munication, on the one hand, because the activities
and posture of the human body will change, on the
other hand, the position of the communication
gateway relative to the device node is not fixed®,
therefore, the antenna is required to have a wide
electromagnetic wave radiation angle. However, the
radiation of electromagnetic waves is harmful to the
human body, and the back radiation of its antenna is
not the desired direction. Especially when wearable
devices are worn on the human head, health con-
siderations become more important. In the process
of energy transmission of wireless communication,
part of the energy of electromagnetic field in the
transmission process will be absorbed by human
tissue, producing a heating effect on the hu-
man body. Therefore, semi-omnidirectional radia-
tion is a property pursued by wearable antennas.
Wireless communication devices define the specific
absorption rate to characterize how much of the ra-
diation dose generated by the antenna is ab-
sorbed by the human body. At present, there are two
international standards, one is the standard of 1.6
W/kg for 1 g of human tissue designated by IEEE,
and the standard of 2 W/kg established by the In-
ternational Commission on Non-lonizing Radiation
Protection (ICNIRP)¥. Its specific meaning is to
take 6 minutes as the timing unit, per kilogram of
human tissue absorption of electromagnetic radia-
tion energy should not exceed 2 watts. In most cur-
rent studies, good conductor ground or metamateri-
al structure is often used to reduce the back
radiation of antenna, improve the main lobe gain of
antenna radiation, and reduce SAR.

3. Wearable antenna classification

In recent years, in addition to traditional an-
tennas, three new types of wearable antennas have
emerged: Fabric antennas, button antennas, and
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flexible antennas.

3.1. Fabric antenna

Fabric antenna refers to a wearable antenna
composed of fabric material, conductive patch and
ground as the substrate plane. It has a planar struc-
ture and good integration, and it is a wearable an-
tenna type with great potential. Fabric antennas
can be integrated into clothing, furniture, or other
fabric materials. Compared with conventional an-
tennas, fabric antennas need to meet the additional
requirements of drapability. Drapability means that
it can be bent in any direction. Since the flexible
substrate has only one specific bending direction, so
that this characteristic of the fabric antenna is ex-
actly in contrast with a standard flexible substrate.
In addition, in wearable applications, the fabric an-
tenna must be planar without affecting the wearer.
Common fabric substrate materials include denim,
wool, felt, etc. This material is light in quality,
can be bent, similar to the material of clothes, and
easy to integrate into clothes. Different types of
fabric antenna characteristics are described in the
literature®. In the wearable fabric antennas, the
conductive materials are mainly woven, sewing,
printed and copper-coated fabric clothf!,

Joler et al. proposed an armband polarized
wearable fabric antenna with a frequency band of
2.45 GHz, as shown in Figure 2. The antenna
consists of pure fabric material, which is small and
thin enough to facilitate integration into standard
armbands. The fabric antenna can reach 5.6% im-
pedance bandwidth, gain 5.04 dBi at 2.5 GHz, and
have a radiation efficiency of 55.3%!®, which can
well meet the needs of wearable devices.

Figure 2. Plane diagram of sleeve antenna.
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Typically, dual-frequency, dual-mode antennas
are achieved by integrating two radiators, these ra-
diators are powered by either single-port or two-port
systems. Each radiator is operated at a different
frequency and provides different radiation modes.
Roy B. V. B. Simorangkir proposed a dual-frequency
2.45 GHz and 5.8 GHz dual-mode wearable antenna
with the structure shown in Figure 3. Two kinds of
radiation characteristics are realized by using the
inherent TM11 mode and TMO02 mode of the circu-
larly polarized patch antenna, namely, patch-like
radiation for the external link and unipolar radiation
for the internal link. The short pins and two arc
grooves are used to tune the two modes to the desired
operating frequency. This method can be used to
implement a simple structured dual-frequency du-
al-mode antenna. Another advantage of the proposed
antenna is that it uses a silver fabric integrated into a
flexible polydimethylsiloxane substrate, making it
more suitable for the wearable application”. Liter-
aturell simulated the performance of the antenna
when attached to the human surface and showed that
the human medium has little influence on the per-
formance of the antenna. When placed on the man-
nequin, the 84 MHz and 247 MHz bandwidth were
measured at the 2.45 GHz and 5.8 GHz frequen-
cy bands, respectively, and achieved gains of 4.16
dBi and 4.34 dBi, respectively, indicating their
promising applicability to body area network com-
munications.

Figure 3. Wearable dual-frequency dual-mode fabric antenna.

Existing literature has disclosed a variety of
design forms for wearable antennas, it mainly in-
cludes the dorsal cavity typel® , microband® , fall F,
flat surfacel!”, and with a vertical monopole anten-
nal't12, These antennas have narrow bandwidth,

large area and high front-rear ratio (FBR), and are
strictly affected by the body tissue repeat. Docu-
ments 3161 propose using the electromagnetic band
gap EBG structure in a 2.4 GHz metamaterial textile
antenna. The introduction of an EBG structure in the
wearable antenna design reduces the back-direction
radiation, improves the front-rear ratio, and reduces
the SAR in the tissue. However, such a structure has
the obvious drawback that most EBG-based design
sizes are relatively largel!”. Based on these features,
Adel Y. I. Ashyap et al. proposed a 2.4GHz compact
wearable antenna with a new miniaturized electro-
magnetic band gap structure, as shown in Figure
4181 The EBG structure reduces the dorsal radiation,
increases the front and rear ratio by 15.5 dB, and
separates the impact of the antenna on the hu-
man body. When the antenna is attached to the hu-
man surface, the antenna resonance characteristics
are basically unaffected. The proposed antenna has a
27% (2.17 GHz-2.83 GHz) impedance bandwidth,
with the gain increased to 7.8 dBi and a SAR reduc-
tion by more than 95%8l. The resonant frequency
and bandwidth are also largely constant in
the bending test.

Figure 4. Antenna and EBG structure.

David Ferreira et al. introduced the influence
of the bending of a rectangular textile patch antenna
working at 2.4 GHz industrial, scientific and medi-
cal (ISM) frequency band on the performance. The
substrate of the antenna is made of denim textile
and conductive layers made of copper and nick-
el-coated polyester fabric. The substrate of the an-
tenna is made of denim fabric, and the conductive
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layer is made of polyester fabric coated with copper
and nickel. The antenna provides a maximum gain
of about 4 dBi and a 70<half power beam width
(HPBW) at the plane position. When subjected to
wrist equivalent bending, the gain decreased by 2
dB, HPBW increased by approximately 25< and the
anterior-posterior radiation ratio decreased. On the
other hand, the antenna shown in Figure 5 bends in
different directions, and the resonant frequency de-
viates to different degrees according to whether the
antenna bends around its width direction or its
length direction. When turning the antenna around
its width in the bending of the direction, a shift to-
wards low frequency is observed, while bending in
the direction of the antenna length results in a fre-
quency offset towards high frequency*°l. Therefore,
when designing textile patch antennas for WBAN
applications, research should be conducted accord-
ing to the possible bending degree in the application
scenario, as the resonant frequency offset relative to
the curvature angle of the antenna may seriously
affect the performance of the antenna.

Figure 5. Fabric antenna bending scenario.

It can be seen from the above examples that
the research on fabric antenna is particularly im-
portant in the selection of substrate materials, and
substrate materials have a great impact on antenna
efficiency. At the same time, the influence of bend-
ing effect on antenna performance will also cause
different degrees according to the change of direc-
tion. In terms of considering the impact of the an-
tenna on the human body radiation, most studies
choose a slightly larger bottom surface or EBG
structure to reduce the back direction radiation of
the antenna, so as to ensure the safety of the hu-
man body. Fabric antenna is a great type of antenna
for wearable applications.
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3.2. Button antenna

The button antenna is very practical. A hard,
wearable antenna with a button-like shape that
can be easily integrated into the wearer’s clothing.
Common button antennas include circular patch
antenna and monopole antenna. By designing dif-
ferent sizes of radiation patch, the resonant fre-
guency of the antenna can be adjusted, and mul-
ti-frequency characteristics can be obtained when
multiple resonant structures are loaded.

Zhang proposes a dual-frequency du-
al-mode button antenna for human center commu-
nication with the structure shown in Figure 62,
The button antenna in literature?>2®l has only one
omnidirectional radiation mode. Zhang designs a
dual-mode omnidirectional radiation antenna struc-
ture consisting of spiral inverted F antenna and
metal reflector. In the low frequency band, the in-
verted F antenna forms a radiation direction map
parallel to the body surface, which can realize the
communication between multiple wearable devices
on the body surface. In the high-frequency band, the
high-order mode forms the radiation direction map
of the vertical antenna surface, thus realizing the
communication between the wearable device and
the in vitro device. At the low and high frequencies,
the phantom-measured peak gain was 0.6 dBi and
4.3 dBi, respectively. The antenna has an efficiency
of 46.3% in low frequency band and 69.3% in high
frequency band. With the overall miniaturization,
such button antennas can be integrated into the
clothing, so it is expected to become the main form
of wearable device antenna design in the future?°l,

Figure 6. Button antenna figure.

Compared to the button antenna in the litera-
turel?281 Hu introduces a new wearable button an-
tenna for wireless LAN. The antenna consists
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of buttons approximately 16 mm in diameter with
patches mounted on the top of the dielectric sub-
strate. The button is located on top of the textile
substrate and conductive textile floor and will be
integrated into the garment, structured as shown in
Figure 72°1. The main feature of this antenna is that
it has two different types of radiation direction
maps: Monpolar radiation for 2.4 GHz band
for bulk communication and broadband radiation
for 5 GHz band for in vitro communication. It
achieves a radiation efficiency of about 90%, a re-
sult higher than the performance of other textile
antennas in the literature(?%,

Figure 7. Structure diagram of button antenna.

Chen uses the antenna design concept of re-
movable radiation units to provide the geometric
refactoring of modules for wearable applicationst%.
Different modular interchangeable microband patch
units with snap buttons, whether as RF connections
or mechanical fixing mechanisms, obtain specific
operating frequency and radiation characteristics. A
unique source of the design sharing a common feed
structure for all configurations, the feed structure
consists of a snap button, a ground plane and a dou-
ble substrate coupled with the feed. Firstly, a re-
movable patch is proposed that provides an inter-
changeable right-handed circular  polarization
(RHCP) and left-handed circular polarization
(LHCP) at 5 GHz. Secondly, a planar inverted F
antenna (PIFA) with an interchangeable resonance
frequency of the 2.4 GHz and 5.3 GHz frequen-
cy bands used for the wireless LAN is presented.
Finally, a patch module was designed for the 8GHz
operation to show the versatility of frequency mod-
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ularity. This antenna design has the advantage of
low manufacturing and maintenance cost, realizing
the dynamic configurable feature of multifunctional
wearable systems in a passive way®],

3.3. Flexible antenna

One of the main challenges for wearable elec-
tronic devices is to achieve flexible, ubiquitous,
robust and low-cost wearable antennas, while ex-
hibiting RF properties similar to rigid copper. With
this in mind, flexible wearable antennas can address
this challenge very well.

Roy BVB. Simorangkir proposed a new ap-
proach in 2018 to achieve a robust, flexible, and
electronically tunable flexible wearable antenna.
The conductive fabric forms a conductive part of
the antenna on a polydimethylsiloxane (PDMS)
substrate. The aggregate (active and passive) ele-
ments required for the antenna, electronic tuning,
and RF choke control will be fully enclosed in the
additional layer PDMS, as shown in Figure 8G1,
Close to the human model, continuous frequency
tuning from 2.3 GHz to 2.68 GHz had an aver-
age bandwidth of 3.3% and an average peak gain of
2.6 dBi. After extreme bending (bending radius of
28 mm) and washing, the antenna can still maintain
the overall antenna performance, including a good
frequency refactoring from 2.3 GHz to 2.68 GHzP.

Figure 8. Reconfigurable antenna diagram.

Zahir Hamouda introduces an elliptic mono-
pole flexible antenna fed by a coplanar waveguide
that uses a kapton substrate and optimizes for fre-
quencies from 1 GHz to 8 GHz®4 . Maximum gain
as measured at 5.8 GHz is 1.86 dBi (without bend-
ing) and 3.1 dBi (under bending). Moreover, the
conductivity of the polymer is changed by changing
the MWNCTSs concentration in the PANI matrix to
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adjust the gain of the proposed organoflexible an-
tenna (PANI / MWCNTSs)®#2,

4. Future development trend of
wearable antenna

The wearable antenna in the bud has large size,
poor bending performance and other aspects. In re-
cent years, the wearable antennas appearing in the
market have been significantly improved in terms of
wearability, intelligence and security, and have their
own distinctive characteristics. “Wearable” indicate
the need to have very efficient portability and com-
fort, as well as a stylish look that appeals to users. In
the future, the following performance of wearable
antenna still need to be studied and improved.

4.1. Small in size, light and convenient

The ideal state for wearable antennas is not
to be perceived. When used for wearing occasions,
the wearable antenna should be as small as possible,
light and easy to carry. When integrating the antenna
into clothes, the consideration needs the comfort of
the original item and not destroy the comfort expe-
rience of the wearer. In particular, the implantable
antenna, which has been studied more recently, has
put forward new and higher requirements for its
safety, digestibility and miniaturization.

4.2. Multi-frequency ultra-broadband

Because the wearable antenna is worn on the
human body, the influence of human activities or
external environment will affect the working fre-
guency of the wearable antenna, and bending or
distortion will shift the working frequency of the
antenna, and cannot work normally. In order not to
affect the comfort of the wearer, the position of the
wearable antenna should be more reasonable, which
should not affect the working performance of the
system. Especially when the wearable antenna is
conformal with the human body, which need the
normal connection to the mobile terminal device
despite bending to communicate with the data.
Therefore, expanding the bandwidth of the antenna
and designing wearable antennas that can work in
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multiple frequency bands are also a direction of
concern for researchers.

4.3. Strong anti-interference ability

Wearable antennas are a medium for data
transmission and exchange, whose workplace is
anytime, anywhere. However, the interference of
other radio waves, changeable weather, accidents in
the use of waves, will affect the reception and
transmission of electromagnetic waves; this requires
a wearable antenna with a higher anti-interference
capability. For example, waterproof and dust-proof,
and not afraid about the interference of electro-
magnetic are the characteristics of the future weara-
ble antenna pursuit.

4.4. Low SAR

Because the wearable antenna is close to the
human body, the radiation of its electromagnetic
waves will have a potential impact on the human
health. How to reduce the back radiation character-
istics of the wearable antenna as much as possible is
an important indicator to be considered in the design
of the wearable antenna. How to balance the con-
tradiction between enhancing the communication
ability of equipment and reducing the radiation to
human body needs designers to study and optimize
the design.

5. Conclusions

Wearable devices will still grow at a relatively
high rate in the next few years, the research on
wearable antennas will also continue to deepen and
expand. The traditional communication antenna is
further planar, miniaturization, and multi-frequency
multi-mode design to make it more suitable for
wearable devices and body sensor network applica-
tions. Combined with new metamaterials technolo-
gies, such as electric, magnetic and left-hand mate-
rials, you can obtain higher efficiency, better front
and rear ratio of wearable antenna. And with the
further research of electronic skin and implantable
devices, the research of flexible antenna, fabric an-
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tenna and digestible antenna will be expected
to become the hot spot of wearable antenna research
in the future.
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ABSTRACT

Following the principle of “people-oriented”, we explore the user needs of smart clothing for the elderly and pro-
vide reference for the development of such clothing. The target consumers of smart clothing for the elderly are divided
into two categories: The elderly and the young, and the needs of elderly users are investigated by means of literature
analysis and interviews. The study showed that the needs of elderly users for senior smart clothing can be divided into
five areas: Physiological, psychological, aesthetic, functional and consumer; the younger group is generally willing
to buy senior smart clothing for the elderly and wants functional design to focus on physiological monitoring technolo-
gy and aesthetic design to focus on loose fit design and dark shades of colour matching. The findings of the study will
help companies to improve their design solutions and promote the healthy development of the senior clothing market.
Keywords: smart clothing for the elderly; demand analysis; consumer willingness; research methods

1. Introduction

China refers to people over 60 years of age as
elderly people. According to statistics, at the end of
2019, China’s elderly population had reached 254
million, accounting for 18.1% of the total popula-
tion, far exceeding the standard value for judging
the ageing of the population (10% of the total pop-
ulation aged 60 or above), and therefore, the Fifth
Plenary Session of the 19" Party Central Committee
for the first time elevated actively coping with the
ageing of the population to a national strategy!*!.
The elderly in this new era have undergone new
changes: Such as longer life expectancy, better
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health, more income, greater ability, higher psy-
chological expectations and richer needs!?, and are
an important part of China’s mega consumption
potential®. The Guidance on Promoting the Devel-
opment of the Elderly Products Industry states
that by 2025, the overall scale of the elderly prod-
ucts industry will exceed 5 trillion yuan, and that
the elderly clothing, which is the first of “clothing,
food, housing and transport”, is bound to occupy a
larger market share.

However, the existing elderly clothing has
fewer varieties and specifications, outdated styles,
low fabric, lack of design and comfort™, ignoring
the actual needs and consumption characteristics of
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the elderly groups®, making the supply and update
of the elderly clothing market more lagging be-
hind®l. In particular, the smart clothing for the el-
derly, which is still in its infancy, still has many
problems, although it gives the clothing intelligent
functions to prevent potential risk factors in life
from causing harm to the health of the elderly[™. In
addition, more and more young people, out of filial
piety, will help their elderly family members to buy
high-quality and high-priced medium-and high-end
clothing!®, and the phenomenon of “buy and use”
consumption has emerged, so as one of the target
consumer groups, the children of the elderly, their
demand for smart clothing for the elderly also de-
serves attention. Therefore, this study will analyse
the real needs of elderly smart clothing consumers
and make reasonable research and development
suggestions to promote the healthy development of
the elderly clothing market in China.

2. Overview of smart clothing for
seniors

Smart clothing for the elderly refers to clothing
designed specifically for the elderly group, under
the condition of ensuring wearing comfort!®l, solv-
ing the inconvenience of the elderly in their daily
lives™, sensing and responding to changes in the
external environment and internal state in real
timel'™, and realizing the information interac-
tion between the elderly, the clothing system and
the mobile terminal, generally applying advanced
textile and electronic information technology, and
embedding miniature wearable electronic devices
into the clothing to achieve this™,

Scholars at home and abroad have rich re-
search results on the two major directions of senior
clothing and smart clothing, however, there is a
considerable lack of research on smart clothing
specifically for senior groups. In recent years, with
the development of smart wearable technology,
some design prototypes have started to appear in the
field of smart clothing for the elderly, such as mon-
itoring clothing for the elderly living alone*?, smart
clothing for the elderly against wandering™!, and

sleep monitoring clothing for the elderly™4l. How-
ever, most of these achievements remain in the la-
boratory research stage, and it is difficult to pro-
mote them on a large scale. The fundamental reason
is that they fail to balance the technical and design
aspectst, resulting in the final results failing to
meet the practical needs of the target group, and it is
difficult to stimulate consumers’ desire to buy.

3. Analysis of the needs of elderly
users

As a new product combining traditional senior
clothing and smart wearable devices, smart clothing
for seniors is difficult to develop, as it has to meet
the wearability of everyday clothing while achiev-
ing the usability and safety of the target functions.
In order to avoid useless development, it is neces-
sary to first find out where the needs of elderly us-
ers lie in order to design well and create value. This
paper uses literature analysis and interviews with
four local elderly people in Suzhou to understand
the physiological needs, functional needs, aesthetic
needs, psychological needs and consumer needs of
elderly users of smart clothing.

3.1. Physiological needs

Due to changes in body shape, most elderly
people experience varying degrees of hunch-
backedness, a significant increase in back waist
knot length and a significant shortening of front
waist knot lengthl**], as well as an imbalance in the
waist-to-hip ratio, making it easy to form a convex
abdominal body and hip convex body™®l, making it
difficult for the elderly to buy clothes that fit well
and restricting their daily activities. Therefore,
when designing garment construction, the regular
size should not be used only as a design reference,
and a revised fit can be achieved by increasing the
amount of slack in specific body parts and using
elastic fabrics. In addition, the elderly in the inter-
views indicated that they would prefer natural fibre
fabrics because in their consciousness chemical fi-
bre fabrics are not breathable enough and are not
good for the skin, so when new fabrics are used in
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smart clothing for the elderly, they may be accept-
ed by the elderly as long as they are moisture ab-
sorbing and breathable and the electronic compo-
nents integrated into the fabric do not produce an
obvious foreign body feeling[*l.

3.2. Functional needs

Functional needs refer to the requirement for
smart services beyond the traditional function of
keeping the body warm and sheltered. Compared to
acute diseases, the health of older people is more
vulnerable to chronic non-communicable diseases
such as hypertension, diabetes and cardiovascular
diseases!’® most of which can be monitored and
prevented by wearable devices. Smart clothing can
embed more sensors to achieve accurate positioning,
extensive monitoring of daily activities, and timely
collection of physiological signals for older people
as it has more contact with the human body than
other wearable devices®*®. Older people in the in-
terviews expressed a willingness to try out health
monitoring-type functions, especially finding the
fall warning function valuable for promptly notify-
ing family members or medical personnel, but also
noted that they would be concerned about the oc-
currence of inaccurate test results and unsafe cir-
cuitry.  Therefore, while implementing the
pre-defined functions, smart clothing for the elderly
should also focus on the accuracy of the test results
as well as the safety and reliability of the system.

3.3. Aesthetic needs

Meeting the aesthetic needs of elderly users is
crucial for elderly smart clothing, as the beauty of
the garment can attract consumers’ attention and
make it easier for the elderly to accept smart cloth-
ing!?°l. Although the elderly group pays less atten-
tion to fashion trends in clothing, it does not mean
that there is no pursuit of beauty®!, and their needs
for clothing aesthetics include the colour, style and
pattern design of clothing. Older people interviewed
said they did not like bright colours, preferred neu-
tral colours, tended to favour casual and loose styles,
and would be attracted to pattern designs that in-

corporated traditional elements. Therefore, in the
process of using e-textile technology, the aesthetics
of the garment should also be taken into account,
through the use of conductive yarn blends, embroi-
dery and weaving!??, so that the electronics are in-
tegrated into the garment, rather than the simple
embedded combinations that currently exist.

3.4. Psychological needs

When faced with negative events such as an
empty nest, the death of a spouse, or illness, older
people can gradually change from being the inde-
pendent, self-reliant, caring party to the cared-for
party who needs to be accompanied and given
carel. In reality, however, most older people are
reluctant to rely on their children out of excessive
self-esteem and a reluctance to be in a vulnerable
position. The functions of smart clothing for the
elderly, such as reminding medication and fall pro-
tection, can help the elderly to take care of them-
selves and meet their self-esteem needs. At the
same time, the terminal of the smart clothing for the
elderly can also be connected to the smart phones of
the children of the elderly, so that the children can
understand the health status of the elderly through
the interactive interface and give them timely emo-
tional care. Therefore, the application interface de-
sign of the smart clothing system for the elderly
can be divided into two categories: For the elderly,
the interactive interface should focus on simplicity
and high visibility to minimise cognitive barriers;
for the children, the user interface should facilitate
the exchange of health monitoring information and
give timely reminders and suggestions.

3.5. Consumer demand

The consumption level of the elderly in the
new era is not low, the consumption concept is
young, for the fashionable new products often with
a review component, consumption is more rational,
due to the usual exposure to a single information
channel, they are more willing to experience in
person than advertising and other publicity®. Alt-
hough older people have a lower level of education,
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their enthusiasm for the pursuit of new things is
undiminished!. After learning about smart cloth-
ing for the elderly, the interviewees said they were
willing to try the products as long as they were
good enough. In addition, when it comes to clothing
consumption, older people attach great importance
to offline service experience and have low trust in
advertisements, especially for smart clothing, and
only when older users can actually feel the benefi-
cial effects of the product will they be inclined
to buy it.

4. Analysis of the needs of young
people

Consumer behaviour suggests that the decision
maker, purchaser and user of a product can be dif-
ferent people. In addition to the elderly themselves,
the children and relatives of the elderly will account
for a large proportion of the purchasers of smart
clothing for the elderly. This paper uses a random
sampling method to distribute a web-based ques-
tionnaire to young people with older people in their
homes. The questionnaire is divided into four sec-
tions: Basic information about older people in their
homes, consumption behaviour of existing older
people’s clothing, preferences for design factors of
older people’s smart clothing, and knowledge of
and willingness to consume older people’s smart
clothing. When investigating the younger group’s
satisfaction with existing senior clothing, a
four-point scale was used, with scores from 1 to 4

LIS

corresponding to “dissatisfied", “average”, “more
satisfied” and “very satisfied” respectively. “The
higher the score, the higher the satisfaction level. A
total of 224 questionnaires were returned, of which

220 were valid, with an effective rate of 98.2%.

4.1. Basic information for older people in
young group homes

The results of the study show that the age of
older people in the younger households is main-
ly between 66 and 80 years old, accounting for
67.27% of the total number of older people. The
majority of older people live with their children or

partners, but 13.64% of older people live alone. In
modern society, older people have more and more
leisure activities, with the most popular form of
leisure being walking, accounting for 89.09% of the
total.

4.2. Analysis of consumer behaviour of ex-
isting senior clothing

As their standard of living improves, young
people often help their elderly family members
to buy clothes as a sign of filial piety. The frequen-
cy and satisfaction ratings of the younger group in
helping the elderly buy clothing are shown in Table
1. More than half of those surveyed would help the
elderly buy clothing one to two times a year, and
even 26.62% of the younger group said they
would buy more than two times a year. This shows
that the younger group is a major consumer group
in the senior clothing market that should not be
taken lightly. Understanding their purchasing expe-
rience and consumption behaviour towards existing
senior clothing can provide a valuable reference for
the future senior smart clothing consumer market.
As satisfaction ratings are mainly concentrated in
the 2-point scale, i.e. “average”, it is clear that
young consumers are not quite satisfied with the
current senior clothing market.

Table 1. Frequency and satisfaction of younger age groups in
helping older people to buy clothing

Purchase Number of Ratio/% Satisfaction
frequency peo- rating/score
ple/person
More than 2 28 12.73 214
years 1 time
1to2 133 60.45 2.03
times/year
3to5 42 19.09 2.05
times/year
More than 5 17 7.73 241
times/year

The price point and satisfaction of the younger
group in helping the elderly purchase clothing is
shown in Table 2. 39.55% would choose clothing
priced between $200 and $500, which shows that
the younger group has better spending power and is
willing to spend money on mid to high end clothing
for the elderly. Analysing the data from this re-
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search, 89.55% of the younger group said that the
first factor in deciding to buy clothes for the elderly
was comfort level, and that cheap prices did not
drive them to spend. In terms of satisfaction scores,
it is not the case that the higher the price of the
garment, the more satisfying it is, suggesting that
the mid-end to high-end senior clothing on the
market is not well received by younger consumers
and that there is room for improvement.

Table 2. Price points and satisfaction of younger groups help-
ing older people to buy clothing

Clothing Number of peo- Ratio/%  Satisfaction
price point/$ ple/person rating/score
<100 33 15.00 2.00
100-200 83 37.73 2.16
200-500 87 39.55 2.05

>500 17 7.73 2.00

4.3. Design factor preferences for smart
clothing for older people

Functional design preferences for smart
clothing for the elderly

It is understood that 54.55% of the younger
group said that the elderly in their family had expe-
rienced falls, more than half of them said that the
elderly had common chronic diseases such as
high blood pressure, and about 75% of the younger
group surveyed would express concern about the
decline in the physical functions of the elderly.
Therefore, smart clothing for the elderly with spe-
cial features can not only help the elderly to age
healthily, but also relieve the pressure of caring for
the elderly from younger groups. As shown in Fig-
ure 1, when it comes to the functional design of
smart clothing for the elderly, the younger group is
most interested in real-time monitoring of physio-
logical indicators such as blood pressure, blood
sugar and heart rate, as well as early warning of
falls and wandering that can often occur in the el-
derly, while not being too interested in the function
of recording exercise. It can be seen that when de-
signing the functions of smart clothing for the el-
derly, the immediate needs of the users should be
identified to avoid homogenisation of design, and

only really good functional design can impress
young consumers.

Figure 1. Functional design preferences for smart clothing for
the elderly.

Aesthetic design preferences for smart cloth-
ing for the elderly

When helping older people to choose clothes,
the younger group generally thought that how good
the clothes looked depended on how well the fit
was designed and how well the colours matched. As
shown in Figure 2, 58.18% and 40% of the younger
group thought that the fit of smart clothing for the
elderly should be loose and fitted respectively,
which shows that the younger group noticed the
changes in the body shape of the elderly and their
preference for the fit of clothing is basically the
same as that of the elderly. Smart clothing for the
elderly is used in their daily lives and has a casual,
sporty style, so a loose fit, such as an H-shape,
would be more appropriate.

Figure 2. Percentage of pattern design preferences for smart
clothing for older people.

As shown in Figure 3, 39.55% of the re-
spondents thought that the colour scheme of smart
clothing for the elderly was darker and more in line
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with what the general public would like, while
24.09% of the younger group thought that the col-
ours of the clothing could be in brighter shades,
indicating that young people want the elderly to try
new colour schemes and break the stereotypes. This
requires designers of smart clothing for seniors to
cater to the aesthetic habits of the general public,
while at the same time adding a sense of modernity
and technology to the clothing through a small
range of bold colour schemes to bring seniors closer
to their children.

Figure 3. Percentage of colour design preferences for smart
clothing for older people.

4.4. Analysis of knowledge and willingness to
consume.

The level of understanding of smart clothing
for the elderly among young people is shown in
Figure 4. 57.73% of young consumers said they did
not know about smart clothing for the elderly, and
most of those who did know about it were still at
the stage of having heard about it. This shows that
smart clothing is still in the development stage and
has not yet been industrialised, so its presence in the
clothing consumer market is very low, inferior to
other wearable devices, such as smart bracelets and
smart watches.

Figure 4. Percentage of people in younger age groups who are

aware of the extent of smart clothing for older people.

According to the research data, it can be seen
that the younger group’s knowledge of senior smart
clothing will have an impact on their willingness to
consume. As shown in Figure 5, the proportion of
younger groups willing to buy senior smart clothing
does not become larger as their knowledge deep-
ens, but rather young people who have heard of
senior smart clothing will be more willing to buy it.
This suggests that although young consumers’
knowledge of smart clothing remains at a superficial
level, their curiosity about new things will drive
them to try new products. On the contrary, consum-
ers who have had in-depth knowledge may have
already used wearable products that are not yet ma-
ture in the current market and will be less willing to
spend on smart clothing for the elderly as many as-
pects of them are not perfect and leave consumers
with a bad user experience.

Figure 5. Comparison of the willingness to spend on smart
clothing for older people among younger groups with different
levels of understanding.

In this research, more than half of the survey
respondents said they were willing to buy or use
smart clothing for the elderly, with only 46 saying
they were not, for the reasons shown in Figure 6,
mainly because they were concerned about the in-
accurate test results, overpricing and low safety of
the clothing. There is a plethora of smart wearable
devices on the market, especially in the
smart bracelet category, but many users will find
that the data from these devices is not accurate and
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does not give clear recommendations for treatment,
and therefore does not provide substantial help to
consumers. This may lead to the same concerns of
the younger generation about smart clothing for
older people, and places a higher demand on de-
velopers to develop products that can only be im-
proved in order to allay the concerns of the younger
generation and increase consumer willingness
to buy.

Figure 6. A comparison of the reasons for reluctance to buy
smart clothing for older people among the younger age groups.

5. Conclusions

With the continuous advancement of technol-
ogy, the development of smart clothing for the el-
derly is a development trend. In order to truly
achieve “people-oriented” and demand-driven de-
sign, this paper conducts research and analysis on
the needs of two major consumer groups. The re-
sults of the research show that: The elderly have
high requirements for the comfort of clothing and
the breathability of fabrics, and are more receptive
to smart clothing that can play a safety and protec-
tion function and achieve self-care, in addition,
smart clothing for the elderly should have a more
exquisite appearance design and provide a good
fitting experience in order to impress elderly users;
most young people will help the elderly in their
families to buy clothing, and the price is not low,
and they have a basic understanding of the shape
and colour design preferences of elderly clothing.
Most young people will help their elderly family

members to buy clothes, and the price is not low,
and they have a basic understanding of the shape
and colour design preferences of elderly cloth-
ing, but the elderly clothing currently on the market
does not meet their consumption needs well.
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ABSTRACT

Flexible wearable pressure sensors are widely used in health diagnosis, sports monitoring, rehabilitation medicine,
entertainment, and other fields due to some factors such as the stretch ability, bendability, light weight, portability, and
excellent electrical properties. In recent years, significant progress has been made in flexible pressure sensors, and a
variety of flexible pressure sensors that able to measure health status have been applied to the pulse wave, movement,
respiration, and electrocardiogram (ECG) detection. However, there are still many problems to be solved in the devel-
opment of flexible pressure sensors. This article summarizes the development of flexible pressure sensors in recent
years, from the working principle to the structural design of the flexible pressure sensors; designs to build a
high-performance flexible pressure sensors; discusses the problems existing in current flexible pressure sensors and
envisions the development trend of flexible pressure sensors in the future. Flexible pressure sensors with excellent flex-
ibility, good biocompatibility, rapid response, high sensitivity, and multifunctional integration have shown a broad ap-
plication prospect.

Keywords: wearable; pressure sensor; flexible; sensor; health monitoring

to become an important strategic emerging industry

1. Introduction of the country.
Monitoring of physiological health parameters
In recent years, the development of flexible s key to the prevention and diagnosis of disease. At
electronics has made significant progress and has  present, the conventional rigid sensors are still being
a broad market in personalized healthcare, move- used in the monitoring of physiological signals
ment monitoring, robotics, and human-machine in- clinically. Due to the poor strain sensing ability of

terfaces. According to the authoritative view and  conventional rigid sensors, it only suitable for flat

statistical analysis of IDTechEx in the industry, the  syrface measurement and unable to adapt to the
market share of flexible electronics will increase curved surface of human Skin’ resu'ting in |arge

from USD 41.2 hillion in 2020 to USDD 74 billion errors during the measurement of human phys|0_

in 2030[1] With the rapid eXpanSion of the flexible |Ogica| signa's and can be uncomfortable when
electronics market, flexible electronics is expected wearing it for a long period of time. In addition,
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the bulk and weight of conventional rigid sensors
limit the position and method for the measurement of
physiological signals. Flexible pressure sensors have
the characteristics of good flexibility, ductility, light,
portability, able to be bent or even folded arbitrarily,
and can adapt to complex curved surfaces during the
measurement of physiological signals?.. The light,
portable, and flexible sensors are more convenient
for people to monitor health, exercise, and other
information at anytime and anywhere, and are con-
ducive to the timely detection, prevention, or re-
covery of diseases.

At present, flexible wearable sensor technolo-
gy has made significant progress, and a variety of
flexible sensors have been widely used in the detec-
tion of pulse wave, movement, temperature,
and biochemical parameters (such as glucose)® 1,
However, there are still many problems to be solved
for the development of flexible sensors. The con-
ductive functional materials of flexible sensors
can be divided into carbon-based nanomaterials,
metal nanomaterials, liquid metals, conductive
polymers, etc.**! The preparation process of most
conductive nanomaterials is complex, which in-
creased the manufacturing cost of the sensors. Other
than that, the production of high-performance sen-
sors often involves complex and high-cost manu-
facturing processes, such as 3D printing, plasma
metal deposition, silicon etching and other technol-
ogies, which made it difficult to achieve a produc-
tion of large-scale, low-cost, and high-performance
flexible sensors?. It is still an urgent problem to
develop flexible pressure sensors with good me-
chanical compliance, light in weight, long life, high
reliability, high sensitivity, rapid response, and low
hysteresis that able to adapt to different applications.

The development of flexible pressure sensors in
recent years is summarized from the working prin-
ciple till the structural design of flexible stress sen-
sors. The designation to build a high-performance
flexible pressure sensors and the problems existing
in current flexible pressure sensors are discussed,
and the future development trend of flexible pressure
sensors is prospected.

2. Classification of flexible pressure
Sensors

Generally, the working principle of flexible
pressure sensors can be divided into flexible resis-
tive sensors, flexible capacitive sensors, flexible
piezoresistive sensors, and flexible field-effect tran-
sistors (FET) sensors.

2.1. Flexible resistive sensors

Flexible resistive sensors are flexible sensor
which can convert the measurement into a meas-
ured resistive signal. Usually, the sensitivity of the
sensors can be improved by changing the micro-
structure of the conductive layer. Through the des-
ignation of microstructure of the conductive layer,
the changes in pressure to be measured causes the
changes in the resistance of the sensor, thereby to
achieve the design of high-sensitivity resistive sen-
sor®®l, Zhang et al.' used a polystyrene (PS) mi-
crosphere-based template method to fabricate a
double-layer resistive sensor with a microsphere
array.

As shown in Figure 1, when the external
pressure caused deformation to the sensor, it will
change the structure of electrical conductors with
microsphere then changed the contact area, which
convert the pressure into a change in electrical re-
sistance. The sensitivity of the sensor can be ad-
justed by changing the size of the PS microspheres
and the sensor able to detect the pulse waves at our
neck. Pu et al.' developed an electronic skin with
pressure sensing and electromagnetic shielding ca-
pabilities by mimicking the epidermal and dermal
layers of human skin. They used sandpaper as a
template to form a polydimethylsiloxane (PDMS)
film with rough surfaces, then the silver nanowires
were spin coated on the rough surface of PDSM
film, a silver nanowire conductive sensing layer
with micro/nanostructure was obtained by anneal-
ing. At the same time, they used the smooth surface
of conductive PDMS film with the silver nanowires
that prepared via transfer method will act as the
protective layer. The multifunctional resistive sen-
sor was composed of a silver nanowire sensing lay-
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er and a silver nanowire protective layer relatively
encapsulated. The sensor can accurately detect the
pressure, and notably that the sensor can also act as
an electromagnetic shield. Designing the micro-
structure resistive sensing unit on conductive layer
can improve the sensitivity of the sensor, but there
are also some disadvantages. The pressure will
cause direct contact with the microstructure of the
sensing unit, and repeats contact friction will easily
cause the instability of the device and lower the
sensing performance, thereby reduced the service
life of the sensor. Nie et al.l'®! prepared a PDMS
with micro-grid and filled the carbon nanotubes in
the microgrids to produce flexible resistive strain
sensors. The optical transparency of this strain sen-
sor was as high as 87%, and the gauge factor (GF)
can be up to 1,140, but the measurable strain range
was only 8.75%. Currently, most flexible resistive
sensors lack sufficient stretchability and exhibit a
large hysteresis effect. During the measurement
process, the hysteresis effect can cause large errors,
which lead to inaccurate pressure measurement re-
sults. Chen et al.!”l produced a flexible pressure
sensor by embedding the liquid metal eutectic Gal-
lium-Indium (EGaln) into a wave-shaped micro-
channel elastomeric matrix. The microfluidic sensor
can withstand strains up to 320%, and its hysteresis

performance is also improved from 6.79% to 1.02%.

Sophisticated structural tuning can improve the
elastic range while increasing the fabrication com-
plexity. Another strategy to increase the detection
range of the sensor was synthesizing novel conduc-
tive materials and tuning their microstructure to
improve the detection performance of the sensor. Yu
et all® constructed a MXene nanoparti-
cle-nanosheet hybrid conductive network with
unique Ti3C2Tx, and the sensitivity in the whole
wide range (53%) can reach GF>178.4. They in-
geniously designed the structures of nanoparticles
and nanosheets to form a synergistic conductive
network that allowed the continuity of the conduc-
tive paths to be maintained in larger strained re-
gions. Wang et al.% reported the combination of
vertically aligned gold nanowire films and elasto-
mers to construct a bilayer pressure sensor that

111

can be stretched to about 800% deformation and
able to maintain stable electrical conductivity at the
same time. 1Dconductive materials such as silver
nanowires (AgNW), gold nanowires (AuNW), car-
bon nanotubes (CNTSs) or 2D nanomaterials such as
graphene and other electroactive materials are em-
bedded in elastic polymers to construct resistive
sensors, but high contact resistance and relatively
high hysteresis effects limit the application of resis-
tive sensors.

AR is resistance variation; Rois initial resistance; S is sensitivity

Figure 1. Response of the pressure sensor[*4],

2.2. Flexible capacitive sensors

Capacitive sensors usually consist of a
three-dimensional multilayer structure formed by a
dielectric layer and two parallel electrode plates.
When the sensor is subjected to pressure, the pa-
rameters of the capacitive sensor changed, such as
the distance between the electrode plates, the die-
lectric layer, or the relative area of the electrode
plates, which caused the capacitance of the sensor
to change. The sensitivity of capacitive sensors is
mainly determined by two key factors: (1) Com-
pressible patterned and micro-structured dielectric
layers; (2) Conductive material used in electrode
plates. At present, changing the microstructure of
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the dielectric layer is the main strategy to improve
the sensitivity of the sensor. Many complex dielec-
tric layer models, such as micro-scale pyramids,
micro-porous structures, micro-domes, micro-pillar
arrays, rough surface structures, can improve the
sensitivity of flexible capacitive sensors?, He et
al.?! fabricated a capacitive pressure sensor using
low-cost elastic nylon mesh as dielectric layer
(Figure 2) and formed a single electrode plate with
a flexible sandwich structure of dielectric lay-
er/conductive layer/base through nylon
mesh/graphene thin layer/ PDMS. The sensitivity of
the flexible capacitive sensors can be adjusted by
changing the number of the nylon mesh which can
change the thickness of the dielectric layer. The
sensor can manage to perform a high-sensitivity

detection to tiny pressure, with a simple, fast, and
low-cost production. Kang et al.?? developed a ca-
pacitive pressure sensor based on a biomimetic po-
rous structure. PDMS thin films with regular and
uniform porous structure were prepared using poly-
styrene (PS) as a template and used as a dielectric
layer. A highly sensitive porous structure capacitive
sensor was constructed by a porous PDMS lay-
er/indium tin oxide (ITO) (electrode)/ polyethylene
terephthalate (PET). The pore size of the porous
structure affects the sensitivity of the sensor and the
compressible thickness of the dielectric layer. Ca-
pacitive sensors have a simple structure and are
easy to implement, but the signal output of capaci-
tive sensing devices often requires complex signal
conversion circuits.

Figure 2. Fabrication steps of the sandwich-like pressure sensor based on low-cost nylon netting with numerous micro-sized square

holesf?1].

2.3. Flexible piezoresistive sensors

Piezoelectric sensor is a device that uses the
piezoelectric effect of materials to convert the
physical quantity to be measured into electric
charge. Piezoelectric materials can directly convert
the mechanical energy into electrical energy. When

deformation occurred due to an external force, the
surface of the piezoelectric material will generate
an amount of charge that proportional to the mag-
nitude of the external force, and the change in elec-
trical polarization inside the dielectric layer will
cause the potential of the upper and lower surfaces
of the piezoelectric material to change. The charges
on the two electrodes that contact with the surface
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of the piezoelectric material will be readjusted
to balance the surface potential of the piezoelectric
material, lead to a flow of charge in the circuit. The
piezoelectric materials that commonly used include
inorganic piezoelectric materials [such as lead zir-
conate titanate (PZT), aluminum nitride (AIN), zinc
oxide (Zn0), quartz, and the like], and organic pie-
zoelectric materials (organic polymers), composite
piezoelectric materials, etc. In inorganic piezoelec-
tric crystals, the internal polarization of the material
changed with the applied stress, resulting in an
electric field at the material boundary. There are
some disadvantages on inorganic piezoelectric ce-
ramic materials, such as high temperature is needed
to reorient the polarity of the material, high fabrica-
tion cost, and poor flexibility. In organic piezoelec-
tric polymers, the piezoelectric effect is caused by
the molecular structure and orientation of the poly-
mer®l, Piezoelectric polymer materials have excel-
lent mechanical flexibility, good formability, bio-
compatibility, and environmental friendliness.
Therefore, piezoelectric polymer materials are
widely used in piezoelectric sensors. Polymer na-
nomaterials, especially polyvinylidene fluoride
(PVDF), PVDF copolymers and PVDF nanocom-
posites, are currently the most promising piezoelec-
tric materialsi?4, which can meet the demands of
dynamic sensing in flexible wearable electronic
devices. PVDF nanofibers offer good flexibility as
well as piezoelectric properties. Park et al.?! used
the electrospun nanofibers [copolymer polyvinyli-
dene fluoride-trifluoroethylene (PVDF-TrFE)] were
sandwiched between two elastomer sheets with
sputtered electrodes as the piezoelectric active layer,
as shown in Figure 3. This piezoelectric sensor has
the sensing ability to detect tiny stimuli (including
deformations as small as 1 um), enabling the detec-
tion of radial artery pulse waves. When the ar-
rangement and orientation of PVDF fibers are more
ordered, the piezoelectric properties of the material
can be improved. PVDF nanocomposites pre-
pared by electrospinning (such as PVDF/Ag?,
PVDF/carbon nanotubes®?”l, PVDF-TrFER®) have
significantly improved piezoelectric properties. In
addition, organic-inorganic composite materials

can be used to improve the electromechanical prop-
erties of strain sensors, to overcome the brittleness
of inorganic materials and the structural instability
when compounded with organic materials, and the
flexibility and conductivity of the device can be
improved at the same time. Chen et al.!*! produced
a flexible piezoelectric sensor (PVDF@2ZnO) based
on PVDF-TrFE fibers and ZnO nanowires. This
device can withstand ultimate stretching with a
stretch ratio up to 30% and exhibits excellent per-
formance with high sensitivity (gauge factor of 4.59)
and 150<change in bending.

Figure 3. Structure and physiological signal measurement of
the piezoelectric sensorl?3,

Piezoelectric sensors have good stability, bio-
compatibility, low power consumption, fast re-
sponse speed, simple device structure, and low-cost
manufacturing process, and can directly convert
mechanical energy into electrical energy without
external circuit components. However, the limited
stretchability constraints the application range.

2.4. Flexible FET sensors

FET-based pressure sensors have received ex-
tensive attention in recent years due to their excel-
lent signal amplification, high array uniformity, ex-
cellent stress monitoring, high spatial contrast, and
convenience. FET is a voltage-controlled semicon-
ductor device, metal oxide semiconductor field ef-
fect transistors (MOS-FETSs) and organic field effect
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transistors (OFETs) are commonly seen in the field
of FET sensors. There are several advantages of
organic semiconductors properties, such as diversity
in molecular design, low cost, light in weight, good
flexibility, low operating voltage, and can be mass
produced through low temperature inkjet printing.
Due to its unique three-terminal structure, optimiz-
ing any single component of FET (e.g. gate elec-
trodes, source and drain electrodes, dielectric layers,
or semiconductor active layers) can significantly
improve the sensing performance of FET devices.
Liu et al.*® proposed a new concept of the piezoe-
lectric effect by replacing the gate voltage of FET
with the piezoelectric potential energy generated by
the mechanical response of the piezoelectric mate-
rial, and the piezoelectric sensor perfectly combines
the piezoelectric effect with the FET device. Wang
et al.®Y developed a flexible piezoelectric sensor
that can convert external mechanical force into
voltage through PVDF nanowire arrays to drive
OFET devices, which in turn can amplify the pie-
zoelectric voltages, thereby can significantly im-
prove the performance of piezoelectric sensors.
Generally, FET-type flexible pressure/strain sensors
are more sensitive than resistive and capacitive-type
sensors due to their ability to adjust the conductance
of the semiconductor channel material by control-
ling the gate voltage. Dai et al.*? used the hydrogel
“stamp” as a biometric module and graphene FET
as a sensor module to form a module of FET bio-
sensor. The sensor enables real-time, label-free de-
tection of penicillin and urea using penicillinase and
urease-encoded PEG hydrogels as biometric mod-
ules respectively. FET devices are widely used in
the field of biosensing. At present, FET biosen-
sors®] have made progress in the detection of dif-
ferent biomolecules such as glucose, cholesterol,
uric acid, urea, hormones, proteins, nucleotides,
and biomarkers. In addition, related papers also re-
ported its application in the detection of weak neu-
ronal action potential®l. However, high operating
gate voltages limit their application in wearable
electrical systems. Moreover, the toxicological
properties of organic semiconductors restrict their
application in invasive medical examinations.

3. Typical structure of a flexible
pressure sensor

Scientific research on flexible sensors has
shown that wide detection range, high sensitivity,
rapid response, good durability, flexibility, and ex-
cellent stability are necessary conditions for
high-performance flexible sensors. When the flexi-
ble sensor deformed by an external force, its con-
ductive mesh structure also forced to deform at the
same time, thereby generating an electrical signal
output. Other than using advanced sensing materials
with excellent intrinsic electromechanical properties,
unique microstructures are also an effective strategy
to fabricate high-performance flexible wearable
sensorst®38l, The conductive network can enhance
the ductility and stability of the sensor, and effec-
tively improve the sensitivity, response speed and
detection range of the flexible sensor®7,

Table 16841 summarizes several sensors with
different conductive network structures. Commonly
used conductive network structures including ser-
pentine structures, porous structures, microcrack
structures, and wrinkled structures. Various conduc-
tive network structures are used to improve the
performance of flexible sensorsi“l. Different con-
ductive network structures produce different sensor
performances®6l, The idea of the microcrack
structure comes from the slit organ of spiders®,
Yang et al.*"1 fabricated a gold thin film flexible
sensor with channel cracks for ultrasensitive strain
sensing. The sensor has high sensitivity, good cy-
clicity and rapid dynamic response. Introducing
weak interfacial interactions between metals and
polymers can simultaneously achieve fracture ge-
ometry and reversible electrical responses. The
sensor can reach a GF of 2 000 for 2% strain and
can detect an amplitude of about 10 nm. However,
due to the microstructure of sensor is easily dam-
aged when a large deformation occurs, therefore
problems such as limited detection range and easy
peeling of the conductive layer on the surface
can be occurred.
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Table 1. Sensors with different conductive networks and their performancel38-43]

Structure Structure Image Performance Reference
Mixture of polyimide Can measure up to 80% of the
. and deformation,
Serpentine structure o ) [38]
1-methyl-2-pyrrolidino Electrocardiogram (ECG) and
ne/Metal nanowires Electromyography (EMG)
GF =2 000 (deformation €
Polyurethaneacrylate <2%)
Crack structure . ) . . [39]
(PUA)/ Platinum film Can detects tiny deformations
up to 10 nm
. Ecoflex/Platinum/Gold )
Wrinkle structure fil GF =42 (deformation & <185%) [40]
ilm
Silver nan- 0 to 400% tensile strain range,
o owires/Ultrathin color- optical transparency greater
Kirigami structure _ [41]
less transparent polyi- than 80%, can measures EMG,
mide (PI) ECG and EOG signals
Metal carbodes and
nitrides (MXenes) 147 kPa* (pressure p <5.37
sponge/Polyvinyl al- kPa)
Porous structure cohol Porous structure 442 kPa! (5. 37 <p <18.56 [42]
(PVA) nan- kPa)
owires/Interdigitated
electrodes
PDMS/Electrically
) conductiveMul- GF = 142 (deformation & <30%)
Isolation structure [43]

ti-walled carbon nano-

tubes

Liu et al.® fabricated a highly adhesive
stretchable electrode using a novel nanostacks in-
terlocking strategy. Nanofibers can significantly

enhance the adhesion and redistribute strain in the
film, enabling high stretchability. Nanostack elec-
trodes can simultaneously monitor EMG signals
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and mechanical deformation. The wrinkle structure
has a relatively broad detection range by using a
pre-stretched flexible substrate, but the detection
sensitivity was not as high as the microcrack struc-
ture. Other microstructures, such as
three-dimensional porous structures and isolation
structures enhanced the ductility of the conductive
layer to a certain extent and expanded the detection
range. However, its transparency and conductivity
are limited. The design of these conductive struc-
tures enables the sensor to exhibit a dependence of
external resistance force, which is mainly due to the
change in the geometry of the sensitive element
upon the application of external force. The kirigami
structure shows good resistance to huge defor-
mation[*l, Referencel*® proposed a novel fabrica-
tion method by using the art of kirigami to obtain
highly stretchable electronic devices for various
shapes, which have high electrical conductivity and
high optical transparency (80%) and can be adapted
to different curved surfaces of human body. The
kirigami structure endows the electrode with ad-
justable elasticity, which can be adjusted in the
range of 0-400% tensile strain and possess constant
electrical properties.The design of the structure of
highly conductive network is crucial to produce a
sensor with high ductile and high-sensitivity.In
practical applications, more suitable conductive
structures can be designed according to the re-
quirements of different application.

4. Challenges and development
trends

4.1. Self-powered sensors

Suitable energy devices are important for the
normal operation of flexible sensors. Conventional
power supply modules are usually bulky and rigid,
which are not compatible with emerging multifunc-
tional  electronic  skin  systems.  Flexible
self-powered systems are a promising alternative
strategy, enabling self-driven sensor systems by
harvesting ubiquitous energy from the environment
or human movement!®-5U, With the continuous de-
velopment of stretchable energy-harvesting active

materials (carbon nanotubes, AQNWSs, and graphene,
etc.), and the emergence of various stretchable
strategies (serpentine or self-similar), piezoelectric,
triboelectric, and pyroelectric effects of dielectric
elastomer-based energy harvesting devices have
made some progress in wearable and stretchable
electronics®. Frictional Electron Nanogenerator
(TENG) have been shown to be a cost-effective and
reliable method for the harvesting of environmental
mechanical energy. The working principle of TENG
is based on the periodic contact and separation of
two materials with opposite triboelectric polarities.
During the motion of contact and separation, a po-
tential difference is created, which will help elec-
trons to flow between the conductive electrodes and
produce an electrical output. Although the operating
principle of TENG is simple, but there are still
some challenges exist in the development of TENG.
Conventional TENGs usually work in contact or
sliding mode, which mainly rely on unidirectional
triggering. This would limit the application of
TENGs in harvesting energy only from specific di-
rections. Yang et al.’¥1 proposed a TENG device
composed of paper-based substrate, polytetrafluo-
roethylene (PTFE) film and aluminum foil. The de-
vice fully utilizes the origami 3D structures to har-
vest mechanical energy generated by various human
movement, such as stretching, lifting, and twisting.
Ma et al.b4l reported a triboelectric pressure sensor
composed of PDMS layers and carbon fiber elec-
trodes (Figure 4). The device can be mounted on a
finger or beetle and can achieve self-powered pres-
sure sensing without an external power source, with
a sensitivity of 0.055 nA/kPa and a strain detection
limit of the sensor of 0.8 kPa. It had been reported
that there are still some problems in the assembly
and integration of the energy collection device cur-
rently, and the consistency, scalability, flexibility,
long-term stability, comfort and energy conversion
efficiency of the whole system still need to be im-
proved.
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Figure 4. Working principle of triboelectric pressure sensorf4,

4.2. Biocompatibility

The good biocompatibility of wearable sensors
to human body is thekey to prevent any adverse
reactions®l. Issues of safety and long-term stability
must be considered during the designation of im-
plantable flexible devices. Reference™! designed
and fabricated an implantable pressure and strain
sensor that completely made of biodegradable ma-
terials, which showed excellent biocompatibility
and good pressure and strain detection in a rat mod-
el, in which the healing in tendon can be monitored
under real time condition.

Biocompatibility of flexible wearable devices
requires consideration not only of the sensing ele-
ments but also other modules of the device.
High-performance flexible nanogenerator with bio-
compatibility is an important part for flexible
wearable devices, which can supply the required
energy for the operation of wearable devices. Zhu et
al.b proposed a flexible and biocompatible triboe-

lectric nanogenerator with simple fabrication pro-
cess and adjustable internal resistance. This nano-
generator exhibits good flexibility and biocompati-
bility for the applications of wearable devices. Li et
al.® fabricated a nanogenerators based on poly-
propylene ferroelectrics (FENG), which is light in
weight, flexible, foldable, and biocompatible as a
power source for flexible wearable devices. FENG
require some advantages such as of light in weight,
flexibility, foldable, biocompatibility, scalability,
low in cost, and strong flexibility, which make
FENG as a promising alternative in the field of
mechanical energy harvesting for various autono-
mous electronic devices. Due to the high impedance
of FENG, the short-circuit current of the devices
limits their applications.

Although scientists have now developed a va-
riety of biocompatible and degradable sensors®®-¢%,
they are still facing various problems. For example,
there are some sensors without good sensing per-
formance, or used materials with unproven bio-
compatibility.

4.3. Integration and multi-functionalization
of devices

The human body is a complex living body, and
it is difficult to determine the pathology by relying
on only one or two physiological parameters. It is
necessary to systematically and comprehensively
collect a number of relevant physiological indica-
tors of human body, such as blood pressure, blood
sugar, blood oxygen, pulse, body temperature, ECG,
etc. for accurate diagnosis. The development of
multi-parameter and multi-function sensing tech-
nology has created favorable conditions for smart
wearable medical devices. Sensor arrays or inte-
grated platforms that simultaneously detect multiple
physical signals are of great significance for per-
sonalized medicine. Referencel®l developed and
designed a wireless, battery-free vital signs moni-
toring system for neonatal vital signs monitoring
(Figure 5). The system consists of ultra-thin, lower
modulus measurement modules, ECG, photople-
thysmography (PPG), skin temperature, and wire-
less battery-free modules, which can accurately and
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non-invasively measure neonatal vital signs, such as
heart rate, blood oxygen, temperature, respiratory
rate and pulse wave. However, there are some
problems occurred in the system, such as short
wireless communication distance and brittle con-
nection between modules. Referencel®? further im-
proved and optimized the system to measure not
only the physiological parameters such as heart rate,
respiration rate, temperature, and blood oxygen, but
also able to monitor the variability in heart rate,
which can be used to predict changes in the clinical
condition of infants before the apparent signs of
disease. Wang et al.[5¥ fabricated a flexible temper-
ature-pressure electronic skin sensor, using flexible
and transparent silk nanofiber-derived carbon fiber
membranes as electroactive materials, and integrat-
ed silk-based temperature and pressure Sensors
through a lamination strategy, to produce a sensor
with high temperature sensitivity of 0.81%. The
strain sensor shows extremely high sensitivity with
a gage factor of 8,350 at 50% strain. The tempera-
ture and pressure sensors do not interfere with each
other. Gui et al.® developed a sandwich-like sens-
ing system capable of simultaneously monitoring
temperature, light, and pressure signals without
mutual interference of signals. The system employs
skin-like epidermis, dermis, and subcutaneous
structures to achieve multi-signal sensing properties,
including ambient temperature, body temperature,
pressure, and near-infrared light. Yamamoto et al.l®®
integrated a skin temperature sensor, an ECG sensor,
and an ambient ultraviolet (UV) light sensor with a
printed triaxial accelerometer to demonstrate a mul-
tifunctional wearable health monitor. For sure there
will be challenges in the future, and the reliability
and overall performance of the functional circuit
structure still need to be improved®. A complete
wearable sensing system includes sensing unit,
power supply unit, signal transmission, etc. How to
integrate these excellent functional circuits into a
single flexible system for flexible, high-sensitivity,
multi-parameter, high-stability, real-time, and dura-
ble detection are the problems that needed to be
solved.

Figure 5. Flexible sensor for neonatal multi-sign monitoring[®4.

5. Conclusions

The research progress of flexible wearable
stress sensors in recent years is summarized in this
review paper. According to the classification of
working principles, the progress of resistive, capac-
itive, piezoelectric, and FET flexible sensors is an-
alyzed and discussed, and the strategies for con-
structing corresponding types of sensors are
discussed. In addition, a detailed analysis is made
on how to improve the performance of the sensor
from the aspect of structural design. Building highly
integrated, high-performance, and muti-functionally
flexible sensors is still the direction for future de-
velopment. Although there are still many challenges
in this field currently, flexible wearable stress sen-
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sors have shown excellent development potential
and application prospects in the fields of biomedi-
cine, robotics and entertainment technology.
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