Pre prints.org

Article Not peer-reviewed version

Flexible Strain Sensors Based on
Bionic Parallel Vein-Like
Structures for Human Motion
Monitoring

Boshuo Yin, Furong_Liu . Qingyuan Chen, Ming Liu, Feiying Wang
Posted Date: 20 November 2023
doi: 10.20944/preprints202311.1234.v1

Keywords: microstructure; flexible strain sensors; stretching; human motion; pressure-sensitive sensors

E E Preprints.org is a free multidiscipline platform providing preprint service that
EE- ; is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1329522

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 November 2023 doi:10.20944/preprints202311.1234.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Flexible Strain Sensors Based on Bionic Parallel
Vein-Like Structures for Human Motion Monitoring

BoshuoYin 2, Furong Liu 2%, Qingyuan Chen '?, Ming Liu and 2 Feiying Wang 12

1 Key Laboratory of Trans-scale Laser Manufacturing (Beijing University of Technology), Ministry of
Education, Beijing 100124 and People’s Republic of China

2 Beijing Engineering Research Center of Laser Technology, Beijing University of Technology, Beijing
100124, People’s Republic of China

* Correspondence: E-mail: Liufr@bjut.edu.cn (Furong Liu); orcid.org/0000-0001-8745-2883.

Abstract: In recent years, strain sensors have penetrated various fields. The capability of sensors to convert
physical signals into electrical signals is of great importance in healthcare. However, it is still challenging to
obtain sensors with high sensitivity, large operating range and low cost. In this paper, a stretchable strain
sensor made of a double-layer conductive network, including a biomimetic multilayer graphene-Ecoflex
(MLG-Ecoflex) substrate and a multilayer graphene-carbon nanotubes (MLG-CNTs) composite up-layer was
developed. The combined action of the two layers led to an excellent performance with an operating range of
up to 580% as well as a high sensitivity (gauge factor (GFmax) of 1517.94). In addition, a pressure sensor was
further designed using the bionic vein-like structure with a multi-layer stacking of MLG-Ecoflex/MLG-
CNTs/MLG-Ecoflex to obtain a relatively high deformation along the direction of thickness. The device
presented a high sensing performance (up to sensitivity of 0.433 kPa!), capable of monitoring small movements
of the human body such as vocalisations and gestures. The good performance of the sensors together with a
simple fabrication procedure (flip-molding) make it potential for some applications, for example, human health

monitoring and other areas of human interaction.

Keyeord: microstructure; flexible strain sensors; stretching; human motion; pressure-sensitive
Sensors

INTRODUCTION

With the growing focus on human health, it is increasingly vital to monitor movement,
breathing, and other physiological characteristics. By tracking and recording the movement
information of human joints, it is possible to determine the amplitude and orientation of human
movements, and furthermore to diagnose the health status of joints or muscle groups, which is of
great significance in the medical field. [1-4] On the other hand, if various physiological signals such
as micro-expressions, breathing, or vocalizations can be accurately captured, in addition to effectively
diagnosing humen’s physical condition, devices such as electronic prostheses can be prepared by
combining them with robotics technology to bring some convenience to people with disabilities. [5-
7] The stated requirements necessitate the utilization of sensors with fast response rates, high
sensitivity, and great flexibility to accurately detect instantaneous large deformations of the human
body and capture subtle movements. However, the majority of conventional strain sensing elements
employ semiconductors and metallic materials, which fail to adhere to the latest trend of strain
sensors and the requirements of health detection devices for humans due to their poor
biocompatibility, inflexibility, inconvenience, and limited sensing range (commonly <5%). [8]
Therefore, researchers have used silicone-based elastomers (e.g., polydimethylsiloxane, ECOFLEX)
[9-13]and polymer elastomers (e.g., hydrogels and polyurethane (PU)) [14-16] and one-dimensional
nanomaterials, such as metal nanowires [17, 18], carbon nanotubes [19, 20]and flaky two-dimensional
materials, such as graphene nanosheets [21-23], and MXene [24, 25] to constitute conductive films, to
design and fabricate stretchable and highly sensitive flexible strain sensors. Lee et al. [18] fabricated
a crack sensor based on AgNW/PDMS by depositing AgNWs on PDMS with a maximum stretch of
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up to 100% and a sensitivity of 30. Wang et al. [23] reported a flexible sensor based on overlapping
reduced graphene oxide flakes with a sensing range five times greater than that of a strain sensor
based on a single graphene flake. In addition, the conductive film can be structurally designed to
have a certain microstructure, and the deformation of the microstructure and the change of the
contact area can be utilised for strain sensing. Huang et al. [26]covered carbon nanotubes on PDMS
with pyramid microstructure and assembled a micro-pressure sensor with ultrahigh sensitivity and
flexibility. Park et al. [27] designed and fabricated CNT-PDMS arrays with interlocking structure of
CNT-PDMS arrays, when two conductive interlocking microdome arrays were placed in a stack
relative to each other, the contact area between the microdomes was drastically reduced during
stretching, resulting in a significant increase in resistance, which in turn improved the sensitivity of
this sensor.

However, the microstructured films mentioned above were fabricated by replicating the
structure of patterned silicon templates produced by a photolithographic technique, which is costly
and time-consuming. Instead, we found that a regular, parallel vein-like structure exists naturally in
the banana leaves, and we incorporated this microstructure into the sensor. A flexible substrate was
prepared by flip-molding a naturally occurring plantain leaf, which formed the lower conductive
structure. The substrate is capable of adapting to strain through stretching and recovery of its parallel
vein-like microstructure. [28]An upper conductive structure layer was produced by multilayer
graphene (MLG) and carbon nanotubes (CNTs) composites. Consequently, we fabricated a flexible
strain sensor with a double-layer conductive network with a bionic parallel vein-like structure. The
sensor has a wide sensing range of up to 580%, as well as ultra-high sensitivity and fast response
characteristics.

EXPERIMENTAL SECTION

Fabrication of conductive films with bionic parallel vein-like structures. First of all, the intact
relatively flat banana leaves piece was chosen, and cut into a size of 2cm x 2cm standard rectangular
blade; the surface of the blade was rinsed with deionized water, and then rinsed with ethanol, and
then blown dry with a hairdryer to obtain the template piece of banana leaf. The leaf blade was then
pasted flat into the rectangular silicone mold using double-sided adhesive tape. Next, Ecoflex silica
gel (Smooth On Ecoflex 00-30) was mixed in a 1:1 weight ratio of part A to part B. A measured amount
of MLG (multi-layer graphene) was added to the gel mixture and thoroughly stirred. The mixture
was then vacuum processed to remove any trapped air bubbles. It was poured into the rectangular
silicone mold. To ensure the integrity of the microstructure replica, any air bubbles between the mold
and the silica gel were removed in a vacuum drying oven. The MLG-Ecoflex layer was peeled off
from the blade after curing at a constant temperature of 75 °C for 30 minutes. This resulted in the
MLG-Ecoflex substrate layer with parallel-vein microstructures, serving as the lower conductive
layer. In the third step, CNTs (carbon nanotubes) were immersed in anhydrous ethanol and
ultrasonicated for 1 hour. MLG was then added to the solution containing CNTs and ultrasonicated
for 2 hours. The mass ratio of MLG to CNTs was chosen based on the desired standard, ranging from
1 to 9:1. After stirring for 30 minutes, the mixture was placed in a drying oven at 70 °C for 24 hours,
resulting in the MLG-CNTs composite material. Finally, the substrate layer obtained in the second
step was pre-stretched. The MLG-CNTs composite material obtained in the third step was coated
onto the pre-stretched substrate. This process yielded a conductive structure with a surface
microstructure resembling parallel veins.

Fabrication of strain sensors. Firstly, after mixing part A and part B, Ecoflex was poured on a
clean glass sheet. The spin coater was used to coat it uniformly, and it was cured at a constant
temperature of 75 °C. The cured film was then cut into a size of 2cm x 2cm to obtain the upper
encapsulation layer of the sensor. Secondly, the conductive silver glue was used to paste the wires
on the left and right ends of the upper conductive layer, and it was dried at room temperature for 1
hour. Finally, the upper encapsulation layer was overlapped with the conductive film layer to obtain
a flexible stretching strain sensor.
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Experimental characterization. The surface micro-morphology of the upper and lower
conductive layers as well as the surface morphology of the conductive layer under different degrees
of strain were characterized by field emission electron scanning electron microscopy (SEM) (Quanta
650 FEG).

An electrochemical workstation (PMC CHS08A+WAVEDRIVE20) and a motorized stepper were
used to build a sensor performance test platform to measure the I-t curves of the strain sensors in real
time. The motorized displacement stage was connected to both ends of the samples, and uniformly
increasing strains as well as stretch-release cycles were applied to the samples to test the strain
sensing properties and capabilities of the samples.

RESULTS AND DISCUSSION

Surface microstructure characterisation

The process of preparing this strain sensor is illustrated in Figure 1. The MLG-Ecoflex flexible
substrate with bionic parallel veins was prepared as a template for the lower conductive layer using
washed banana leaves, and its microscopic morphology is shown in Figure 2ab. On the flexible
substrate, the MLG-CNTSs composites were coated on the microstructures by the experimental means
of pre-stretching, so that the MLG-CNTs composites were uniformly coated on the surface of the
substrate, which was prepared as a flexible conductive film. It exhibits the microstructure
morphology of the surface prior and subsequent to coating, which clearly illustrate the coverage of
the parallel vein-like microstructures by MLG-CNTs composites (Figure 2cd). In addition, the minute
ridge-and-groove-like structure on the surface of the flexible substrate functions as a pinning effect
on the upper conductive layer powder, improving the bonding between the two. The
histomorphology of the upper conductive layer composite of MLG-CNTs was analyzed under a high
magnification microscope, as presented in Figure 2ef. It can be inferred that the CNTs have adhered
to the surface of the graphene sheet to wrap it.

\
—
’\ ) Banana leaves

Micro-patterned Ecoflex substrate

conductive film Pre-stretch coating conductive material

Figure 1. Schematic diagram of the fabrication process of flexible strain sensors.
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Figure 2. Microscopic morphology of the upper and lower conductive layers.a) Low and high-
magnification scanning electron microscopy (SEM). c) and d) Surfaces of the double-layer conductive
structure before and after coating with conductive powder. (e) and f) High magnification SEM of
MLG-CNTS.

Sensing performance analysis

The study investigated and analysed the electromechanical properties systematically of flexible
strain sensors with bionic parallel vein-like structure based on a double-layer conductive network.
The relative resistance of the sensor varies with the amount of stretch strain (Figure 3a-e), and the
sensitivity (GF) of the sensor is determined by the slope of the curve of the relative resistance with

R—-R R—-R . .
- £°, where R—° represents the value of the relative resistance, RO
0 0

represents the initial resistance, R is the resistance under stretching, and ¢ is the the change of
stretching. The strain-resistance curves of the flexible strain sensors are divided into three linear
regions within the sensing range (Figure 3a), which are related to the changes in the microstructure
of the surface of the double-layer conductive network during stretching as well as the underlying
mechanisms.

As shown in Figure 3b, the effect of different graphene concentrations in the substrate layer
(MLG-Ecoflex) on the relative resistive-strain variation curves of the sensors was investigated. The
sensing curves exhibit noticeable distinctions across different graphene concentrations in the
substrate layer. As the MLG concentration increases, the strain range of the sensor widens. However,
when the concentration surpasses an optimum level, the sensor’s sensitivity decreases at the same
strain due to the excessive number of parallel conductive channels that hinder conductivity change.
The sensor having a substrate MLG concentration of 1 wt% exhibits the least relative resistance
alteration within the range of 250% sensing. This can be attributed to the increase in conductive
channels. However, at this stage, the nanomaterials within the lower conductive layer start to
disconnect, causing a rise in tunnel resistance between neighboring MLG sheets. The upper
conductive layer is also disconnected as a result of stretch strains, resulting in partial composite
material slips, which significantly decreases the conductive channels. This results in a significant rise
in the relative resistance change at large strains after 300%. Furthermore, the sensing range of the
sensor was narrowest without MLG filling inside the flexible substrate, suggesting that the MLG-
Ecoflex flexible substrate improved the sensing range. Nevertheless, the sensing range of the sensor
with a concentration of 5 wt% did not demonstrate a noteworthy increase in comparison to the 3 wt%.
This phenomenon resulted from the excessive filling of MLG, which heightened the stiffness of the

the strain. Accordingly, GF =
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flexible substrate, reducing its mechanical properties. The study in Figure 3c examined how
variations in the mass ratios of the upper conducting layer MLG to CNTs composites affected the
sensing curves. The results indicated that the slope of the curve of relative resistance versus strain
increased first when the MLG to CNTs mass ratio was 9:1, followed by 4:1, and 2:1, in that order,
within the sensing range. The study indicates that the sensing effective strain range rises as the MLG
to CNTs mass ratio decreases, and that heightened CNTs inclusion enhances the sensor’s stretch
properties. As the proportion of MLG increases, the amount of relative resistance changes and
sensitivity increases, but the sensing range decreases. When close to the upper limit of sensing, the
sensor’s resistance will increase steeply, so that the sensor is nearing open circuit. Figure 3d displays
the relative resistive-strain variation curves of the strain sensor under different conductive material
qualities. The sensor’s sensitivity increases with decreased conductive layer content, but the sensing
range decreases. This is because the lower conductive layer mass, which may cause the conductive
channels to break at smaller stretch strains, resulting in higher sensitivity.

a 1000 T T T b 2000 r T T T T T T c T T T T T
Large s'ru.in R 1200 F T_
| ) = 0wt% | —u—MLG: CNT=2:1 |
/ —e— IWt% / | “[ —#—MLG: CNT=4:1 |
[ 1500 F o “f —a—3wi% P I 23} —*—MLG: CNT=9:1| / |
Small strain j’ %) *— Swt% ‘ ‘;/_; ,‘"\
g / g & g 800 / |
/ N |
~ / A~ I ~ ]
s 500 . 5 1000 | 1 i /
z Medium strain // z f /
° / o °
4 400
J 500 -
/
o
o'....
oo | ]
0 ousesseresee © * . . 0 : . . . 0
0 100 200 300 0 100 200 300 400 500 600 500
Strain (%) Strain (%) Strain (%)
d 1000 e 2000 f 2048
il 0.251 2 " i 1024 Our work 1
=—0.25mg/em’
800 “f o 075mg/em® f | 1500 | / s12
290 s 1.25mg/em? 3 - - wt 256 |
7wl el v s | g *
£ 600 ” . & gu é 128 F
~ » d s | ~ N g 64f »
EE o P = 100 o H
4 - & 2ty o
& a0 L ...mumﬂ‘l’"ff , f H & GF=f517.94 | 2 A .
1 ! S 16}
fern (300 y ] J oo 00 o0 o
4 ! 500 Stran (%) Vi ] sk
200 »
/ s o
M r =
[1]3 N N — L 0 n N L N 1 " " " " " "
-600  -400  -200 0 200 400 600 0 100 200 300 400 500 600 0 100 200 300 400 500 600
Strain (%) Strain (%) Maximum stretchability (%)

Figure 3. a) Sensing characteristic curve of the stretch strain transducer. Relative resistive-strain
variation curves of the strain sensors based on b) substrates with different concentrations of MLG,c)
upper conductive layer with MLG to CNTs mass ratios of 2:1, 4:1, and 9:1, and d) different masses of
the upper conductive layer at a MLG to CNTs mass ratio of 4:1.

To summarize, the experiment at a substrate MLG concentration of 5 wt%, MLG:CNTs of 4:1,
and the content of the upper conductive layer at 0.75 mg/cm? yielded the best performing sensors
with high stretchability (up to 580%) and excellent sensitivity (GFma=1517.94) (Figure 3e). The
considerable increase in GF could be associated with the disconnection mechanism of MLG-CNTs
composites and the alteration in tunneling effect of Ecoflex polymers mixed with MLG. Compared to
the reported research work (Figure 3f), it is demonstrated that the sensors in this work possess
excellent strain sensing abilities with high sensitivity and wide operating range.[11, 13, 20, 24, 25, 29-
34]

To evaluate the dependability of flexible strain sensors in this work, stretching experiments with
different strain variables were carried out after the sensors were stabilized, as shown in Figure 4a,
and the currents decreased accordingly as the amount of stretching increased. The frequency
response of the sensor was tested at different stretching frequencies with the same strain variable
(Figure 4b). The signal waveforms and heights at the chosen frequencies correspond with each other,
indicating that the strain sensor has the ability to identify human motion at different frequencies. The
current-time curves obtained during the tensile strain experiments showed that the strain sensors
had response times of 127 ms (millisecond) and 101 ms for stress loading and unloading, respectively
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(Figure 4c). This remarkably short response times give the strain sensors the ability to operate under
fast strains. We performed 1000 cyclic stretch tests under identical conditions, to determine the strain
sensor’s repeatability and stability. The waveforms of each loading and unloading response signal
were consistent and without significant degradation, signalling the sensors’ capability to maintain
excellent performance during long-term reuse.
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Figure 4. a) Dynamic response of current signal for step strain in the range of 0%-120% strain. b)
Variation of current signal of strain sensor at selected frequency at 100% strain. c) Response time and
relaxation time of strain sensor. d) Cyclic durability curve of the strain sensor at 100% strain.

Sensing Mechanism Analysis

To delve deeper into the potential mechanism behind the sensing properties of flexible strain
sensors with bionic parallel vein-like structure based on a double-layer conductive network. The
upper conductive layer’s surface morphology was characterised under different degrees of strain
using scanning electron microscopy (SEM).

The surface morphology of the upper conductive layer under different stretching variables was
characterized by scanning electron microscopy. It should be noted that the whitish part in the post-
stretching SEM is a phenomenon due to the material sliding along the stretching direction, resulting
in the disconnection of the conductive channel and inability to transmit the electron load. Inspection
of the conductive layers before and after stretching at lower strains did not observe significant
material slippage (Figure 5ab), so the relative resistance values at this point changed little. However,
as the degree of stretching strain grew, the upper layer experienced noteworthy material slippage,
displaying 10 um (micrometer) slip distance on average (Figure 5cd), which means a decrease in the
overlapped region between the layers. At this point a small portion of the conductive channel was
disconnected and the change in relative resistance value increases. Finally, at high levels of strain, the
deformation of the conductive network increases, and a large number of flakes were observed in the
upper conductive layer out of contact, with slip spacing reaching more than 30 um (Figure 5ef). At
this stage, a significant number of disconnections in the conductive channels and a marked increase
in the amount of change in relative resistance value resulted in a sudden rise in sensitivity during the
large strain phase of the experiment. To summarize, in the unstretched state, the parallel vein-like
microstructure of the substrate surface does not change significantly, and in the conductive layer
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consisting of composites of MLG-CNTs, electrons can pass through the overlapping nanomaterials
in the conductive network, and the resistance remains stable. When the sensor undergoes stretching
stress, the substrate stretches and causes deformation of the surface microstructure. This leads to
stretching of the connections between the interconnected pit structures and loss of overlap areas and
electrical connections of some of the interconnected nanomaterials. As a consequence, the quantity of
contact points and contact area within the conductive network established by the MLGs and CNTs
on the upper conductive layer’s surface decreases, ultimately increasing the resistance. From the
microstructural perspective, the disconnection of the overlapped nanomaterials under stretch occurs
due to slippage caused by the weak interfacial bonding between the nanomaterials and the
stretchable polymer, as well as the significant stiffness mismatch. After the release of strain, the
elastomer undergoes a reverting motion, leading to the reconstruction of the conductive network in
the conductive layer, which restores the microstructure of its substrate to its initial morphology.
Consequently, the sensor resistance returns to its initial state. CNTs wrapped around the nanosheets
have a bridging effect between the composites, and the CNTs in contact with each other effectively
impede the complete disconnection of the conductive channel when the graphene sheet slides a large
distance between the sheets. Therefore, the connection of the conductive channel can still be ensured
under large strains, which greatly enhances the effective strain range. Furthermore, the conductive
polymer composites acquired by mechanically blending MLG with the elastic polymer substance
Ecoflex were used to prepare the lower conductive network. According to the theory of tunneling
effect, [35-38] for this kind of resistive conductive polymer composite strain sensors, when the
separation distance between the conductive nanomaterials in the flexible substrate is sufficiently
small, the electrons can form a conductive channel through the tunneling effect. As the degree of
strain rises, so does the tunneling distance, and consequently, the sensing resistance also increases.
The primary operating mechanism of MLG-Ecolex polymer composite strain sensors under low
strain is the alteration of resistance value caused by the tunneling effect. When subjected to high
strain, the graphene in contact with each other disconnects, leading to a considerable reduction in
conductive channel and a subsequent surge in resistance value of the sensors.
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Figure 5. Characterization of the surface morphology of the conductive layer of the sensor before and
after different degrees of stretching strain.

Simply put, during the sensing process, the double-layer conductive can be regarded as two
resistors connected in parallel (see Figure 6c). Thus, the total resistance of the flexible strain sensors

made of MLG-CNTs/MLG-Ecoflex can be compared to two resistors connected in parallel, and the
R1Rz
R1+R;
compared to the composite material’'s conductive layer(i.e, R2<<R1),s0 that the conductivity is

mainly influenced by the conductive polymer. As strain increases, the sliding disconnection between

overall resistance can be calculated as R = . At low strain, its much smaller resistance

the overlapping materials and the resistance of the conductive layer of the composite material
increases considerably. At this stage, the double- layer conductive coupling mechanism collaborates
to impact the sensor’s conductivity. Compared to the flat structure, the deformation of the flexible
substrate with a microstructured surface is primarily concentrated in the valley region during the
stretching process. This concentration causes slip disconnection of the graphene sheet to be more
prevalent in the flexible substrate. However at this time, the CNTs surrounding the graphene sheet
still provide the interconnection of the conductive pathway. Consequently, This double-layer
conductive network coupling mechanism realizes the high sensitivity and large operating range of
the sensor.


https://doi.org/10.20944/preprints202311.1234.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 November 2023 doi:10.20944/preprints202311.1234.v1

after

stretching MLG-CNTs

|

after V V2 \ 2
stretching : | MLG-Ecoflex

L fua¥ebu§
b s“{!;’ﬁ'!":ii.'l l." == | 'li}'l" b 1%, s @ :I

Figure 6. Schematic diagram of the a) upper and b) lower conductive layers before and after stretching
and c) schematic diagram of parallel resistance.

Application of human motions monitoring

When monitoring human movement or other practical applications, stretchable sensors need to
be sensitive and repeatable enough under both large and small strains. The above experimental
results show that the strain sensor has good linearity, excellent stretchable performance and high
sensitivity in both small and large strain regions. In order to demonstrate the effectiveness of the
sensor in human motion monitoring, the optimal sensor was attached to human joints to monitor the
large deformations and small movements of the skin and muscles during finger and elbow joint
movements. Different flexures of the finger and elbow joints resulted in different magnitudes of
change in the current signal response (Figure 7a,7c), and the magnitude of change in the current
signal response to joint motion at the same flexure was consistent (Figure 7b). This indicates that the
sensor is able to accurately respond to movements at human joints and has the potential to monitor
the correctness of human locomotor movements. In addition, by attaching the sensor to a steel ruler
and continuously monitoring the resonant motion of the ruler (Figure 7d) the sensor was able to
monitor the changes in the mechanical waves in real time, which further demonstrates that the strain
sensors in this work have excellent response time and sensitivity, and are capable of a wide range of
applications in the field of human sensing.
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Figure 7. Applications for monitoring human movement.

Furthermore, following the coating of MLG-CNTs composites on a flexible substrate to produce
a conductive film, the two conductive films were oriented face-to-face and connected via silver
adhesive electrodes and wires to generate a pressure-sensitive sensor. The pressure response curve
is displayed in Figure 8a.The groove structure present on the parallel vein-like microstructure on the
flexible substrate (Figure 2c) is able to deform the pressure-sensitive sensor when it is subjected to
pressure, resulting in a rapid increase in the contact area of the conductive layer, which improves the
sensitivity and sensing range of the sensor.[39] Referring to the previous experimental method for
AZ:O, Al =1 — Iy; where L is
the sensor’s current when the pressure is applied, 10 is the initial current when the sensor is not
subjected to force, Al is the relative change of the current, and AP is the change in pressure. The
pressure response curve obtained through experimentation displays good linearity. Post-fitting, the
sensitivity of the pressure-sensitive sensor is S = 0.433 kPa?, and its response time is 100 ms (Figure
8b). The excellent sensing performance of this sensor is capable of accurately monitoring even smaller
strains.

pressure sensing curve testing ,[40]the sensitivity can be defined as: s =
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Figure 8. Pressure sensing curve of pressure sensitive sensor and its application.

The size of the sensors in this work can be designed according to different applications, we
prepared the sensors as 3cm x 5cm to simulate paper, wrote numbers 1 to 10 on them and monitored
the electrical signals in real time. The signal response curves of both writings reveal similar peak
shapes (Figure 8c), indicating stable performance of the pressure-sensitive sensor. Which means its
capability to record and differentiate written characters based on a characteristic waveform curve.
Further, we explored the application of monitoring the tiny movements of the human body. The
pressure-sensitive sensor was attached to the wrist, and due to its excellent sensitivity, it was able to
capture the subtle muscle movements induced by the fist-clenching and relaxation movements of the
hand. The response curves were reproducible and stable during the fist-clenching and relaxation
cycles, and the response amplitude varied when different gestures were made, enabling gesture
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recognition (Figure 8d). We affixed a sensor outside the glottis and continuously monitored the vocal
vibration and muscle movement of different words, including “flexible” vocalisation and muscle
movement during swallowing and coughing. The distinctions among the three response curves were
noticeable, and the waveforms of individual movements were highly reproducible (Figure 8e). It is
suggested that identification of each word or glottal movement can be accomplished through analysis
of its distinct waveform, enabling greater convenience for those with aphasia. The pressure-sensitive
sensor is highly accurate and repeatable in tracking even tiny movements, which can be utilized to
develop more applications that bring convenience to humans.

CONCLUSION

A double-layer stretchable sensor using a flexible structured MLG-Ecoflex substrate and an
MLG-CNTs composite up-layer was developed in this paper. This sensor exhibits an excellent
performance in terms of sensitivity (GFmax=1517.94), extensibility (~ up to 580%), linearity, stability
(1000 stable cycles) and response speed (101ms). The sensing mechanism came from a slip
disconnection mechanism in the composite up-layer and a tunneling effect in the low-layer together
to enhance the sensitivity of the tensile strain sensor. In addition, a multilayered pressure sensor was
also developed with a good sensitively of S=0.433kPa-!. The capabilities of the two sensors used in
human motion monitoring, gesture recognition and audible sound monitoring were further
demonstrated. It is potential to use in such fields as medical monitoring, intelligent robotics and
electronic skin etc.
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