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ABSTRACT

Wearable sensing electronics capable of detecting and differentiating multiple
mechanical stimuli are critical and promising devices in the applications of healthcare
monitoring, robotics, and human-machine interface. Compared with commercial
wearable electronic devices features with rigid and discomfortable, the flexible,
stretchable, ultrathin, attachable and wearable sensors are more desirable to attach to
human skin. Based on different working mechanisms, wearable sensors can generally
be divided into resistive, capacitive, piezoelectric and triboelectric types. Among
these pressure sensors, piezoresistive sensors which transfer mechanical information
into resistance variation, have multiple advantages, including high sensing
performance, low energy consumption, ease of device assembly, simple signal
acquisition, etc. There are a lot of piezoresistive pressure sensors developed by many
fabrication methods, such as the template method, 3D printing, etc.; however, most of
the developed sensors suffer from low sensitivity and poor linearity over a broad
range. Although a lot of strategies are reported to improve the sensitivity and sensing
range, such as fabricating micro/nano structure, porous structure, hierarchical
structure, etc., the piezoresistive pressure sensor fabricated by these methods still
can’t achieve a high sensitivity and broad linear sensing range simultaneously. Hence,
there is a strong need to develop a method to fabricate a piezoresistive pressure sensor
with both high sensitivity and broad linear sensing range. In addition, most existing

types of wearable sensors are designed and optimized for detecting only uniaxial



mechanical stimuli and cannot monitor and differentiate multiple mechanical stimuli,
which severely hinders their use in real-world applications, which always involve
very complex mechanical stimuli. The sensing features of these sensors present the
same electrical output trend under different mechanical stimuli such as pressure,
stretching, bending and twisting. As a result, the measurement of one directional
mechanical stimulus will be interfered by mechanical stimuli coming from other
directions, indicating the inability to sense and differentiate between multiple
mechanical stimuli. Thus, it is necessary to develop a multifunctional wearable sensor
capable of detecting and differentiating multiple mechanical stimuli including
pressure, stretching, convex and concave bending.

Firstly, a hierarchical in-situ filling porous piezoresistive sensor (HPPS) is
fabricated by direct ink writing (DIW) printing and curing of carbon nanofibers
(CNFs)/polydimethylsiloxane (PDMS) emulsion template method. Hierarchical
porous geometry significantly increases the contact area, distributes stress to
multilayered lattice and internal porous structure, resulting in a broad sensing range.
Moreover, unlike conventional hollow porous structure, the in-situ filling porous
structure i1s formed by the solidification of CNFs/PDMS and evaporation of
emulsified water, while the CNFs dispersed in emulsified water remain inside the
pores, forming CNFs networks embedded in the pores. The CNFs networks in-situ
filling porous structure generates more contact sites and conductive pathways during
compression, thereby achieving high sensitivity and linearity over the entire sensing

range. Therefore, the optimized HPPS achieves high sensitivity (4.7 kPa™!) and



linearity (coefficient of determination, R? = 0.998) over a broad range (0.03—1000
kPa), together with remarkable response time and repeatability. Benefiting from its
high sensitivity and broad linear sensing range, the prepared sensor also exhibits high
pressure resolution. Then the sensor is demonstrated in detecting various stimuli from
low pressure, such as pulse detection, voice recognition, to high pressure, such as
human foot motion and tire pressure detection.

Secondly, a wing-like structure with a pressure sensing module in the middle and
stretching sensing module in both wings is fabricated with the capability of detecting
and differentiating multiple mechanical stimuli, including pressure, stretching, and
convex and concave bending. The wing-like multifunctional sensor (WMS) is
designed with a hierarchical in situ filling porous structure as the pressure sensing
layer and wrinkled CNTs/Ag nanoflakes hybrid film as stretch sensing layer, resulting
in excellent pressure and stretch sensing performance. When measuring the pressure,
the signal of the pressure sensing module is not interfered by the external stretching
because the lower Young’s modulus stretch sensing module in both wings bears all the
stretch without deforming the pressure sensing module. In stretch sensing, the
response of the stretch sensing module will not be disturbed by external normal
pressure because of the higher thickness and high compressibility of the hierarchical
porous sensing layer that withstands the entire pressure. In addition, the WMS sensor
could detect and differentiate convex and concave bending based on the breakage and
overlap of the CNTs/Ag nanoflakes in the stretch sensing module. Then WMS is
demonstrated for accurately detecting of human kinesthesia, recognizing various types



and sizes of objects with a robotic gripper, monitoring locomotion and perceiving
environmental information by a crawling robot, and human-machine interaction.

In summary, we developed a high sensing performance piezoresistive pressure
sensor with high sensitivity over a broad linear sensing range by 3D printing
technique and the emulsion template method. We reported a multifunctional sensor
with the capability to detect and differentiate multiple mechanical stimuli by a
wing-like structure with a mismatch of Young’s modules and thickness between the
pressure and stretch sensing module. The developed sensor is demonstrated in the
applications of health monitoring, human motion recognition, robotic and

human-machine interface.
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Chapter 1. Introduction



1.1 Research background

Wearable electronic devices refer to the devices that are designed to be worn on
human body and provide intelligent assistance, including detecting, analyzing,
transmitting and processing information or data to the wearer.!> However, most
commercial wearable electronic devices, such as watches, wristbands, or belts, are
fabricated by fully or partly integrating bulk and rigid conventional electronic
components. These rigid commercial wearable electronic devices feature
discomfortable, poor conformal and adhesion properties that limit their application in
wearable scenarios.’ In addition, the mismatch of physical properties at the
electronic-skin interface creates huge challenges in the development of
next-generation, skin-integrated electronics.* Inspired by human skin’s capability to
perceive surroundings, such as object shape, texture, hardness, temperature, and
humidity, wearable flexible electronic devices have attracted increasing attention.
Compared to traditional rigid and bulk electronic devices, wearable flexible electronic
devices have a lot of advantages, such as being ultra-thin, lightweight, flexible,
stretchable, biocompatible and breathable, which make them more suitable to equip
on the human body.

There are a lot of reports about different types of wearable flexible electronics, such
as stretchable electronics, implant electronics, temperature sensors, electrochemical
sensors, wearable self-power systems, etc., as shown in Figure 1.1. Flexible wearable

sensing electronics with the capacity of transducing multiple mechanical stimuli into



electric signals have attracted tremendous interest. Typically, flexible wearable

sensors are categorized into four types based on the sensing mechanism:

8 9,10

piezoresistive type,>® capacitive type,”® piezoelectric type and triboelectric
type.!"'> Among various types of flexible wearable sensors, resistive types of
wearable sensors have multiple advantages, including ease of device fabrication, low
energy consumption, simple signal acquisition, etc. The resistive types of sensors

refer to the sensors that transfer mechanical stimuli, including pressure, stretching,

bending and twisting, into resistance variation.
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Figure 1.1 Summarized key properties of advanced wearable electronic devices.?

For steadily and accurately perceiving physical signals, a series of significant

progress has been made in developing high-performance wearable sensors with high

13,14 17,18 19,20

stretchability, robustness,'>!¢ fast response, low detect limitation, etc.
However, most published resistive types of sensors suffer from poor sensing
performance, specializing in sensitivity and sensing range. To be widespread in more
application scenarios, the ideal pressure sensors require high sensitivity and high

linearity over a broad sensing range.

Another important challenge of flexible and wearable electronic devices is the
3



difficulty of detecting and distinguishing multiple mechanical stimuli, including
stretch, pressure and bending. For most of the developed wearable sensors, they are
optimized for detecting only uniaxial mechanical deformation (such as lateral stretch
or pressure) and cannot monitor and differentiate multiple mechanical stimuli. Under
different mechanical stimuli, such as pressure, stretching, bending, and twisting, these
sensors exhibit similar electrical output tendencies. Because of this, one direction of
mechanical stimulus will be interfered with by other directions of mechanical
stimulus, indicating an inability to distinguish between them. This severely limits its
use in practical applications where the detection and differentiation of a variety of
complex mechanical stimuli are essential. Thus, there is strongly needed to develop a
multifunctional flexible and wearable sensor with the capabilities to detect and

differentiate multiple mechanical stimuli.

1.2 Aims and objectives

The main aims and objectives of this research involve:

(a) Fabrication and optimization of hierarchical in-situ filling porous piezoresistive
sensor

(b) Electromechanical characterization and mechanism studies of HHPS

(c) Applications of HPPS in diverse pressure scenarios and healthcare monitoring

(d) Fabrication and optimization of wing like multifunctional resistive sensor

(e) Electromechanical characterization of the pressure and stretching sensing module



of WMS and study of multiple mechanical stimuli differentiating sensing mechanism
(f) Applications of WMS in monitoring human kinesthesia, robotics and

human-machine interaction.

1.3 Thesis Structure

Chapter 1 introduces the background, research aims and objectives.

Chapter 2 is a literature review of the different types of flexible sensing electronic
devices: capacitive type, piezoelectric type, triboelectric type, and resistive type.
Different applications of flexible sensing electronic devices. The literature review of
multifunctional sensors for detecting multiple mechanical stimuli.

Chapter 3 introduces the fabrication process of HPPS and the fabrication parameter
optimization of the sensing layer in HPPS.

Chapter 4 evaluates the electromechanical performance of HPPS and explores its
potential applications in health monitoring, high-pressure resolution demonstration.
Chapter 5 introduces the fabrication process of WMS and the fabrication parameter
optimization of the pressure and stretch sensing module in WMS.

Chapter 6 evaluates the electromechanical performance of WMS and demonstrates its
in accurate detection of body kinesthesia, recognition of different types and sizes of
objects by a WMS-integrated robotic gripper, locomotion monitoring and
environment perception by a WMS-integrated crawling robot, and human-machine

interaction.



Chapter 7 is the conclusion of the thesis and future expectations.

-Background,
-Research aims and
objectives

Literature review of different
types of flexible sensors and
their applications

Problem 1: Most developed sensors exhibit poor sensing
performance, with a conflict between sensitivity, working range,
and linearity

-Electromechanical

Problem 2: Most developed sensors are unable to detect and
differentiate multiple mechanical stimuli

-Fabrication process of HPPS performance of HPPS iz:%n cation pracess of ;Eﬁ;:rn?.;n:feh ggl\f\:{aldds

-Parameter optimization of -Demonstration in health -Parameter optimization of -Demonstration in health

HPPS monitering under different the pressure and stretch monitoring, robotics and
pressure scenarics sensing module in WMS human-machine interface

Conclusion and
perspective

Figure 1.2 Thesis structure.



Chapter 2. Literature review



2.1 Overview

Flexible wearable sensors are a class of wearable electronic devices that can
detect external mechanical stimuli such as pressure, tension, vibration, bending and
shear, and convert these mechanical signals or mechanical deformations into electrical
signals. The flexible, ultrathin, lightweight, small and portable wearable sensor can
conformally attach to the surface of any shape of object, especially human skin.
According to the different working mechanisms, flexible wearable flexible
mechanical sensitive sensors can be divided into four main types, including resistive,
capacitive, piezoelectric and triboelectric nanogenerators. The resistive type of sensor
has the advantages of ease of device fabrication, low energy consumption, and simple
signal acquisition. The resistive type of sensor is designed and developed for different
types of sensors, including strain resistive sensors, piezoresistive sensors, and bending
resistive sensors, based on the different working scenarios. The piezoresistive sensor,
as one of the most common resistive types of sensors, has attracted tremendous
attention, and there are a lot of reports about optimizing the high sensing performance
of piezoresistive sensors through material selection and structure design. However,
most of the single functional resistive types of sensors, such as piezoresistive sensor
and strain resistive sensor cannot differentiate the multiple mechanical stimuli from
different directions, which severely limits their application. Thus, there are also some
reports about developing a multifunctional sensor capable of detecting and

differentiating multiple mechanical stimuli.



2.2 Sensing mechanisms and classification of flexible

wearable sensor

The flexible wearable sensor is the electronic device that detects the electric
signal such as resistance, capacitance, voltage, etc. in response to different types of
mechanical stimuli such as pressure, stretch, bending and twisting. According to the
different sensing mechanisms and measured electric signal, the commonly flexible
wearable sensor can be divided into resistive sensor, capacitive sensor, piezoelectric
sensor, and triboelectric nanogenerator (Figure 2.1). Each type of sensor can also be
divided into different kinds of sensors that are used to detect different mechanical
stimuli, such as pressure sensor, stretch strain sensor, bending sensor, etc. In all these
types of sensors, the geometry design of the active layer and the functional material

selection have significant effects on the sensing performance (Figure 2.2).
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Figure 2.1 Schematic diagrams of pressure sensors based on different working
mechanisms: (A) piezoelectric, (B) piezoresistive, (C) capacitive, and (D)

triboelectric-based sensors. 2!
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2.2.1 Capacitive sensor

Flexible capacitive sensor is the type of sensor that detects mechanical signals
such as pressure and stress through the changes in capacitance. As one most
commonly capacitive sensors, the parallel plate capacitive sensor is characterized by
two planar electrodes on the upper and lower sides, sandwiching the dielectric layer in
the middle. The mechanical deformation in the spatial structure between the two
electrodes caused by external stress, stretch or bending leads to a change in
capacitance. The capacitance of a parallel plate capacitor can be calculated by the

formula (1):

_ &&A
- d

where C is the capacitance, 4 is the overlapping area between the two electrodes or
the effective area of the capacitor, ¢ is the permittivity of free space, & is the relative

permittivity of the dielectric material between the two plates, and d is the distance

10



between the two electrodes. The capacitance depends on the spacing between the two
plates, contact surface, and effective dielectric constant affected by deformation under
mechanical stimuli. When external stretch or compressive strain is applied to the
sensor, S or d changes, resulting in a change in capacitance, which can reflect the
magnitude of the pressure or stretch.

Flexible capacitive sensors have several advantages. From a performance point of
view, they exhibit high sensitivity, stable sensing performance, good dynamic
response and fast response time, which can detect extremely small static force.
Moreover, capacitive pressure sensors have low power consumption and can be made
temperature independent.?! However, capacitive pressure sensors have high hysteresis
from unstructured rubber dielectrics due to their viscoelastic nature. Capacitive
pressure sensors are susceptible to external noise sources from electromagnetic waves
and high hysteresis due to their viscoelasticity, from unstructured rubber dielectric.
Although the capacitive pressure sensor has good sensing linearity, its sensing range
is relatively narrow.

Proper material selection can enable capacitive sensors to achieve high sensing
functionality such as broad sensing range, high stretchability, good sensing linearity,
and faster response and recovery times.??> Various conductive materials and
composites have been developed as parallel electrode materials for capacitive sensors,
including Au film, Ag NWs, Ag NPs, CNTs, graphene, MXene nanosheets, PEDOT:
PSS, and ionically conductive hydrogel. Different types of low-modulus dielectric
materials, such as polyvinylidene fluoride (PVDF), Ecoflex, polydimethylsiloxane

11



(PDMS), polyurethane (PU), and ionic liquid or gels (1-ethyl-3-methylimidazolium
trifluoromethanesulfonate ([EMIM][OTF]), PVA/H3POs4), have been developed as
dielectric media. According to different sensing scenarios, capacitive sensor is
generally divided into pressure and stretch types of capacitive sensor, and the research

on these two kinds of capacitive sensor is reviewed in chapter 2.2.2.1 and 2.2.2.2.

2.2.1.1 Capacitive pressure sensor

As one of the most common mechanical stimuli, pressure is measured by the

capacitive pressure sensor caused by the change of distance between the two

electrodes. The sensitivity of a capacitive sensor is defined as formula (2):%*
AC/C,
S =
AP

where S represents sensitivity, AC is the change in capacitance, Cop is the initial
capacitance when no pressure is applied, and AP represents the applied pressure.
There are a lot of reports about improving the sensing performance of the
capacitive pressure sensor. A typical approach to improve the sensing performance is
to manipulate the geometry of the pressure-sensitive materials to enhance the
compressibility of the dielectric layer. Several microengineering designs have been
implemented for different applications, including porous layers, micropatterned
structures, multi-layered structures and combination methods. Bao et al. reported
micropatterning pyramid PDMS dielectrics by molding a surface topology into the

PDMS films, which has been demonstrated to improve sensitivity by over 30 times
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compared to non-patterned PDMS layers of equivalent dimensions (Figure 2.3A).2*
As shown in Figure 2.3B, a capacitive sensor with a tilted micropillar array-structured
dielectric layer was developed by Lu et al. The tilted micropillars undergo bending
deformation rather than compression deformation; the distance between the electrodes
is easier to change, thus resulting in high pressure sensitivity (0.42 kPa™!) and very
small detection limit (1 Pa).?® Beside fabricating the micropatterning structure in
dielectric layer, there is also some research about fabricating the microstructures on
the electrode. Compared with planar electrodes, micropatterned electrodes can
improve compressibility under the same external pressure. Several micropattern
structures have been used in capacitive pressure sensors, including microtowers,
microdomes, wrinkled line patterns, and cylinder shapes. As shown in Figure 2.3C,
Wong et al. developed a highly sensitive flexible capacitive pressure sensor with
micro-array PDMS electrode and PVDF as the dielectric layer. The microarray
electrode causes a significant increase in effective permittivity and the change of the
distance between electrodes under pressure, which results in excellent pressure
sensitivity of 2.94 kPa™! (0-2 kPa) and 0.75 kPa™! (2—6.7kPa) as well as an ultralow
low detection limit (< 3 Pa).?® Besides the micropatterned structures, porous layers is
another main structure to improve the sensing performance. A droplet-based
microfluidic assisted emulsion self-assembly technique was used to fabricate a 3D
microstructured PDMS layer that is utilized to fabricate high-performance capacitive
pressure sensor, according to Park et al. (Figure 2.3D).?” The micropore size can be
controlled by adjusting the flow rates of the oil-water solutions. These porous
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structure capacitive sensors exhibit relatively high sensitivity (0.86 kPa™') and spatial
uniformity. In recent years, the combination of different approaches to fabricating a
hierarchical structure has been proven to further improve the sensing performance of
the capacitive pressure sensor. As shown in Figure 2.3E, Guo et al. reported an
intrafillable microstructure which significantly improves the sensitivity and broadens
the pressure response range. The intrafillable microstructures feature undercuts and
grooves that accommodate deformed surface microstructures, effectively enhancing
the structural compressibility and the pressure-response range.” The capacitive sensor
with the intrafillable microstructure exhibits an unprecedentedly high sensitivity (S >
220 kPa™!) over a broad pressure regime (0.08 Pa—360 kPa). As shown in Figure 2.3F,
Zhou et al. developed a novel hybrid dielectric consisting of micro-cilia array with a
low-permittivity (low-k), a rough surface with high permittivity (high-k), and
micro-dome array. The gradient compressibility of hybrid dielectrics enabled linear
behavior of elastic modulus with pressure, which results in a ultrawide linearity range

up to 1000 kPa and a high sensitivity of 0.314 kPa™'?
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Figure 2.3 (A) SEM images of the microstructured pyramid PDMS films.>* (B)
Schematic illustration of the capacitive pressure sensor.2> (C) Schematic of capacitive
pressure sensor with the microarray PDMS bottom electrode embedded with
AgNWs.2 (D) Schematic of 3D microstructured PDMS fabrication by droplet-based
microfluidic assisted emulsion self-assembly.?” (E) Schematic illustration of the
graded intrafillable architecture iontronic pressure sensor.’ (F) Schematic illustration

of the structure and features of bio-inspired hybrid dielectric.?

2.2.1.2 Capacitive stretch sensor

Beside the capacitive pressure sensor, another commonly studied capacitive
stretch sensor has attracted tremendous attention. When stretched, a capacitive sensor
maintains a change in capacitive area, and a reduction in the thickness of the dielectric
layer results in an increase in capacitance. The initial capacitance is given by
following equation (3):
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where /o and wo is the initial length and width of the parallel plate. When the
capacitive sensor is stretched to a strain ¢, the length of the capacitive sensor increases
to (1+ &)lo, the width of dielectric layer decreases to (1—Velectrode)Wo, the thickness of
the dielectric layer decreases to (1—Vadiclectric)do, Where the Velectrode and Vaielectric are the
Poisson’s ratios for the stretchable electrodes and dielectric layer, respectively. In
addition, the electrode and dielectric layer are usually assumed to have the same
Poisson’s ratio. Then, the capacitance under stretching is calculated as follows (4):2%%°

(14 &)lo(1 = Velectrode)Wo _ (1+ &)low

C = &g = £:&
(1 - Udielectric)do dO

=1+ ¢)Cy

The sensitivity of capacitive stretch sensor is defined as the gauge factor in the

following equation (5):

_AC/Cy
- &

GF

The GF value is highly related to the material selection and micro/nano structure of
the capacitive sensor. For capacitive stretch sensor, the main problem is that
traditional metal electrodes cannot undergo large stretch deformations. Thus, there
have been a lot of studies about the electrode layer’s capability to sustain large
deformations.*® The wave/wrinkle/buckling structure of the electrode layer can endow
the hard metal electrodes with the capability to bear the deformation. As shown in
Figure 2.4A, Someya et al. reported a capacitive strain sensor utilizing an ultrathin
wrinkled gold film electrode, which was generated by transferring ultrathin gold film
electrodes to the top and bottom of a prestretched adhesive dielectric layer. With this
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wrinkled structure design, the capacity strain sensor achieves a gauge factor of 3 and
negligible hysteresis over a high linearity range with strain of 140%.3! However, the
wrinkle structure could only stretch along the direction of fold, which cannot stretch
in other directions. Then the serpentine structure is developed, which is able to bear
biaxial strain or even distortion. As shown in Figure 2.4B, Pan et al. fabricated a
PDMS/Ag/Ecoflex/Ag/PDMS sandwich-structured sensor array composed of
PET-based Ag serpentine-shaped electrodes, which possesses impressive stretchability,
low detection limitation and fast response. Through monitoring the capacitance
changes of the sensor array, a linear response to external pressures is derived based on
the capacitive sensing mechanism.’> Then the 2D mesh structure was developed by
orthogonally aligning the serpentine electrodes, which further improves the
stretchability in different directions. A skin-inspired stretchable matrix network as a
multi-sensory e-skin was developed by Wang et al. (Figure 2.4C). The matrix network
structure has 100 winding wires connecting the sensing nodes to achieve
multifunctional sensing capabilities.’® The capacitive sensor based on textile/woven
fiber structure has many advantages, such as ductility, mechanical toughness,
breathability, softness, and comfort. As shown in Figure 2.4D, Cooper et al. injected
liquid metal into hollow elastic capillaries, resulting in fibers that can integrate with
textiles. The fibers were intertwined into a helix to fabricate capacitive sensors with

the sensing capabilities of torsion, strain, and touch.**
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Figure 2.4 (A) Schematic of the assembly and structure of the Au film strain sensor.>!
(B) Schematic illustration of wearable multifunctional sensor array composed of
PET-based Ag serpentine-shaped electrodes.’? (C) Schematic layout of an SCMN-an
integrated sensor array with eight functions.*® (D) Schematic of the twisted fibers and

torsion sensing mechanism.**

2.2.2 Triboelectric nanogenerator

Triboelectric nanogenerator have been extensively studied in recent years, as
reported by Wang and colleagues in 2012. The basic working mechanisms of
triboelectric nanogenerators are based on the coupling effect of contact electrification
and electrostatic induction. When two different materials are brought into contact by
mechanical stimuli, triboelectric charges are generated on the surfaces of these
materials due to contact electrification. The charge then moves from one material to
the other to balance the electrochemical potential difference. These materials in

contact separate from each other as the applied force decreases, and the triboelectric
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charge induces a potential difference at the upper and lower electrodes. Then, the
induced potential difference will drive electrons to flow into the external circuit to
generate current to balance the potential drop.>>*¢ Based on the above working
mechanism, TENG can be divided into four types according to different working
modes: vertical contact-separation mode, lateral sliding mode, single-electrode mode,
and freestanding triboelectric-layer mode. The TENG with the capability to harvest
mechanical stimuli including impact, linear sliding, rotation, vibration and convert
them into electricity, could not only act as an energy harvester but also as a self-power
Sensor.

Compared with most sensors, such as capacitive and resistive types of sensors,
which need power sources for operation, the TENG sensor can harvest energy from
external mechanical stimuli by itself. Thus, the triboelectric nanogenerator is
considered to be a promising field of wearable sensor due to its high power output at
low frequency mechanical energy (< 5 Hz) low cost, high power density, and simple
design.

There is increasing interest in improving the sensing performance of the TENG
self-power sensor. The two main strategies are regulating the material composition,
and the fabrication of micro/nano structures. Many materials with high output
performance have been used in triboelectric pressure sensors, such as
poly-ge-caprolactone, nylon, Kapton, PTFE, PDMS, polyvinyl chloride (PVC), cotton
acrylic, FEP, PU, etc. These materials have an overall trend of friction polarity of
positive triboelectric material series of PU > hair > nylon > pine wood > cotton >
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nitrile rubber, negative triboelectric material series of acrylic < PI < silicones < PE <
PVC < PTFE. Another effective way is to fabricate microstructure in the active layer.
Because charges are generated through contact electrification, the surface structure is

integral to improving sensor performance.

2.2.2.1 TENG pressure sensor

Based on the above working principle of the TENGs, the output open-circuit
voltage and short-circuit current are largely affected by external mechanical stimuli.
The most common application for a TENG-self powered sensor is monitoring
pressure. The vertical contact separation mode is the most commonly used in
demonstrate the pressure sensing capabilities. In this case, the sensitivity S of the
TENG sensors is given by the equation (6):

d

g = v(p) _ %o do

—_— —

dp & Y

Where the oy is the triboelectric charge density, &9 is the permittivity, Y is the Young's
modulus and the do is the gap of the active layer. According to the above formula, the
Young's modulus and the initial distance of the interstitial layer play an important role
in improving the sensitivity of the sensor. The introduction of the microstructure of
the dielectric layer can be considered as an increase of gap layer do, which could
improve the sensing performance.

As shown in Figure 2.5A, Zhou et al. developed a flexible hierarchical

elastomer-tuned self-powered pressure sensor that achieves both high sensitivity and
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wide pressure range (7.989 V kPa™!, 0.1-60 kPa) simultaneously.’” The hierarchical
elastomer microstructure (HEM) was sandwiched by two ultrathin films as a
supporting structure to generate a tunable gap. The deformation caused by different
Young's moduli is another important factor in determining the performance of
self-powered pressure sensors. According to Ko et al., skin-inspired layered polymers
with gradient elastic modulus enhance compressibility and contact area differences
due to the effective transfer of external stress from the hard to the soft layers, resulting
in highly sensitive triboelectric sensors (Figure 2.5B).>® The hierarchical structure of
nanoporous and interlocking micro-ridge-structured polymers can improve the
effective variation of gap distances between interlocking layers without the need for
large amounts of additional spacers, which allows for ultra-thin and highly flexible
designs for wearable devices. The shape of the microstructure will also affect the
pressure sensing performance. As shown in Figure 2.5C, Zu et al., studied the effect
of the structural parameter on the TENG sensor sensitivity, and the output followed
the following relationship: flat structure < line structure < cube structure < yramid
structure.>> Then Li et al. developed bendable and slidable fish-scale-like
microstructures that took the advantage of bending and sliding movements. The
prepared TENGs delivered open-circuit voltages to 470 V and a short-circuit current
density of 45 pA/cm?. The improvement of triboelectrification effect resulted from the
bending and sliding of the fish-scale-like microstructures, which extended the
triboelectric interfaces from the tops to the sidewalls of the unique microstructures
(Figure 2.5D).%
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Figure 2.5 (A) Schematic structure of HSPS.?” (B) Hierarchical and interlocked
microridge structured P(VDF-TrFE) and PDMS-based TESs.*® (C) Structural design
of the stretchable TENG pressure sensor.’® (D) SEM images of fish-scale-like

microstructures with an acute angle of § = 45°.4

2.2.2.2 TENG for other types of self-power sensor

Beside measuring pressure, the TENG could also be developed for other types of
self-power sensors such as strain sensor, proximity sensor, acoustic sensor, vibration
sensor, etc. Wang et al. developed a stretch type of rubber-based triboelectric
nanogenerator consisting of elastic rubber and aluminum film that acts as the
electrode. The stretching of the rubber brings about a planar charge separation
between the rubber and the aluminum, which induces an electric potential difference
between the aluminum electrode and the ground. The potential difference between the
aluminum electrode and the ground induces the charge transfer between the aluminum

electrode and the ground. On the basis of its stretch sensing capability, the TENG can
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be mounted onto a human body for detection of physiological activities and joint
movements (Figure 2.6A).*' The electrostatic induction effect of TENG can also
allow the detection of noncontact motions. As shown in Figure 2.6B, Chen et al.
reported a bionic-antennae-array sensor based on the single electrode-type TENG to
detect noncontact motions. The antennae array was fabricated by conductive fibers on
the triboelectric dielectric film, and the electrostatic balance between fibers and
dielectric film can be employed to detect the noncontact motion.** Then the TENG
can also be used to detect the minor vibrations caused by acoustic wave. An artificial
basilar membrane based on TENG was developed by Choi et al.,, and the
acoustic-to-electric transduction was implemented by triboelectrification between
Kapton film and aluminum foil (Figure 2.6C). In addition, the artificial basilar
membranes were to generate auditory evoked potential to realize cochlear tonotopy
using an animal model.* Based on the lateral sliding mode of TENGsS, the disk like
TENG with segmental structures for harvesting rotational mechanical energy can be
utilized as the rotation or angle sensor. As shown in Figure 2.6D, Wang et al.,
designed a quasi-static tribo-electric sensor based on a periodic contact/separation
between foam with Cu material and a fluorinated ethylene propylene (FEP) film. The
sensor can measure the absolute angular position, angular velocity, and acceleration
regardless being continuously monitored or segmented monitored.** By the capability
of detecting mechanical stimuli, the TENG could also design to different functional
mechanical stimuli sensor in such as vibration sensor, displacement sensor, rotation
sensor, acceleration sensor, etc.
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Figure 2.6 (A) Schematic diagram of the stretch rubber based TENG.*! (B) Basic
structure scheme of the bionic-antennae-array sensor.*> (C) Schematic drawing of the
triboelectric-based artificial basilar. membranes with eight beams. Each beam is fixed
with Kapton film and aluminum foil.** (D) Schematic illustrations of the self-powered

angel sensor, which has two parts, that is, a rotator and a stator.**

2.2.3 Piezoelectric sensor

The piezoelectric sensor operates based on the principle of piezoelectricity, which
responds to external mechanical stimuli by generating instantaneous electrical signals.
The piezoelectric effect includes two types: the direct piezoelectric effect and the
inverse piezoelectric effect.***’ The inverse piezoelectric effect is that the
piezoelectric materials can generate mechanical deformation resulting from an electric
field. The direct piezoelectric effect is the process that when external mechanical

stimuli applied to a crystal in a certain direction, electric polarization is generated
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inside the crystal, positive and negative electric charges are generated at the two
surfaces of the crystal, after the external force is removed, the crystal returns to an
uncharged state. The direction of the electric charge coincides with the direction of the
external force, and the amount of charge produced by the crystal is proportional to the
magnitude of the external force. Most piezoelectric sensors are based on the direct
piezoelectric effect. The piezoelectricity of a material depends on the
non-centrosymmetric crystal. Taking quartz crystal as an example, the Si** and O* are
symmetric with the overlapped positive and negative charge centers. The compression
results in the shift of ions caused by the deformation of the crystal lattice, resulting in
the malposed positive and negative charge centers. Then the surface A of the quartz
crystal presents negative charges, while surface B presents positive charges. When
stretch is applied along the x-direction, the malposed positive and negative charge
centers make surface A present positive charges and surface B present negative
charges.

Piezoelectric sensor does not require an external power source to drive the sensor
layer to operate. Piezoelectric sensor is widely used to detect pressure and
high-frequency vibration dynamically because of their high sensitivity, high
signal-to-noise ratio and fast response ability. However, it is more suitable for
dynamic sensing and is subject to temperature sensitivity and higher drift in response
over time. Sensitivity and a higher responses drift over time.

The sensing performance of the piezoelectric sensor can be greatly improved by the
material selection and microengineering of the active layer. Commonly used
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piezoelectric materials such as lead zirconium titanate (PZT), BaTiOs; (BTO), zinc
oxide (ZnO), aluminum nitride (AIN), and fluorinated ethylene propylene (FEP) have
been utilized owing to their high piezoelectric constant. However, inorganic
piezoelectric materials cannot undergo large deformations. Thus, the flexible
piezoelectric sensor can be fabricated by combining inorganic piezoelectric materials
with flexible materials or using flexible organic piezoelectric materials such as PVDF,
poly (vinylidene fluoridetrifluoroethylene) (PVDF-TrFE), etc. In addition,
micropatterning of the piezoelectric active material can enhance the performance of

piezoelectric pressure sensors due to a large degree of deformation.

2.2.3.1 Piezoelectric pressure sensor

The piezoelectric pressure sensor responds to external pressure by generating
instantaneous electrical signals. Piezoelectric materials are attractive because they can
generate electrical charges under mechanical stress and can therefore be used for
force/pressure sensing applications. The commonly used piezoelectric materials,
including lead zirconate titanate (PZT), lithium niobate, etc., exhibit strong
piezoelectric properties, but they are toxic, nonrenewable, and nonbiodegradable
components. From the perspective of material selection, the piezoelectric materials
can typically be divided into inorganic piezoelectric material and organic piezoelectric
materials, and the organic piezoelectric materials are more flexible than their

inorganic counterparts, so they can deform under smaller applied forces.
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Zhang et al. developed a flexible hybrid device that can be conformally attached
to a soft surface like human skin to harvest diversity touch energies based on
electrospun nanofiber mat. The structure integrated conductive nanomaterials coated
nanofibers as electrodes, P(VDF-TrFE) nanofibers as a piezoelectric function layer,
and PDMS as the friction layer. By combining single-electrode TENG and fiber-based
PENG vertically together, the device can generate electricity not only during the
contact-separation process but also during the continuous deformation process.*®
Cakmak et al. reported a method to prepare sensitive, flexible, and transparent
piezoelectric materials where both lead zirconate titanate nanoparticles, and graphene
nanoplatelets are aligned together in polydimethylsiloxane under an AC electric field.
The strategy of alignment by electric field improves the piezoelectric response and
transparency. The prepared piezoelectric film can sense the tiny pressure of a bird
feather (1.4 mg), whereas at the touch of a fingertip, it can generate up to 8.2 V signal
(Figure 2.7A).* As shown in Figure 2.7B, Rogers et al. introduced a large area,
flexible piezoelectric  material  consisting of  electrospun  fibers  of
poly(vinylidenefluoride-co-trifluoroethylene) onto a fast-rotating collector. The
prepared material provides outstanding piezoelectric characteristics, to enable
ultra-high sensitivity for measuring a tiny pressure of 0.1 Pa.’ Beside the proper
material selection, the introduction of microstructure is also playing a key role in
improving the piezoelectric sensing performance. As shown in Figure 2.7C, Cheng et
al. introduced a gradient porous PZT ceramics with a cellular region, transition region,
progressive lamellar region and homogeneous lamellar region that were prepared via
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the freeze casting method. The porous gradient structure benefits the stress transfer
and improves the efficiency of electromechanical conversion. The PENG exhibited
outstanding performance with the output voltage of 152 V and current of 17.5 mA,
which are much higher than those of piezoelectric composites with randomly
dispersed PZT ceramic particles under the same external mechanical stress.”!
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Figure 2.7 (A) Photograph of a free-standing 150 um thick and electric field aligned
(at 1000 V. mm™") 0.5 vol% PZT/PDMS film (scale bar is 1 ¢cm).*’ (B) Photograph of
a free-standing film of highly aligned piezoelectric fibers. Scale bar: 1 ¢cm.’* (C)

Schematic diagram of the PZT/PDMS composite-based PENG.>!

2.2.3.2 Piezoelectric strain sensor

Piezoelectric polymers have been used in the development of stretchable sensors.
Polyvinylidene (PVDF) is the piezoelectric polymer material with high piezoelectric
performance, ductility, flexibility, and biocompatibility, but a relative low
stretchability. Thus, structure design is to be applied to increase stretchability such as
kirigami, honeycomb, helical structures, and metamaterials. According to Ahn, a
stretchable piezoelectric strain sensor was developed by introducing a kirigami pattern

to increase the stretchability of PVDF film. The piezoelectric kirigami sensor has a
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sensitivity of 9.86 V/cm? and a stretchability of 320.8%, much higher than those of
previously reported kirigami piezoelectric strain sensors (Figure 2.8A).%2 As shown in
Figure 2.8B, Rossiter et al. also introduced a kirigami approach to fabricating
stretchable strain sensor is through a network of cut patterns in a piezoelectric thin
film. The power output was enhanced by the mechanoelectric piezoelectric sensing
effect by introducing an intersegment, through-plane, electrode pattern. Then the
kirigami stretchable piezoelectric sensor was applied in cardiac monitoring and
wearable body tracking applications.” Besides the stretching measurement, the
flexible self-powered piezoelectric sensor (PES) for the quantitative measurement of
bending angle was reported by Yang et al. The PES was fabricated from cowpea
structured PVDF/ZnO nanofibers through electrospinning technique. The bending
sensitivity of the fabricated PES could achieve up to 4.4 mV deg ' with response time
of 76 ms, respectively. The PES could be conformably covered on different curve
surfaces, demonstrated accurate detection of bending angle and fast recognition for
realizing intelligent human-machine interaction (Figure 2.8C).>* Benefiting from the
high sensitivity properties, the piezoelectric sensor can also apply acoustic sensing. As
shown in Figure 2.8D, Lee et al. introduced a self-powered flexible piezoelectric
acoustic sensor (f-PAS) inspired by the basilar membrane in the human cochlea. The
flexible PZT membrane on the plastic substrate was fabricated through
inorganic-based laser lift off (ILLO) by mimicking the BM curved structure. The
sensor achieved acquisition of the voice signal between 100 Hz and 4 kHz by a low
quality factor (Q factor) and a multitoned band of the resonance frequencies.>
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Figure 2.8 (A) Laser cutting process and layer structure of the sensor.>? (B) Schematic
illustration of the integrated device with multilayered structures between two
subsystems: the stretchable sensor and wireless patch and enlarged electrode
patterns.>® (C) The photograph of the fabricated sensor under bending mode, and SEM
and TEM images of the PVDF/ZnO nanofiber.’* (D) Schematic illustration of the
overall concept of the basilar membrane-inspired flexible piezoelectric acoustic

sensor.>’

2.2.4 Resistive sensor

Resistive type sensors transduce the applied mechanical stimuli into a change in the
electrical resistance signal. A simple resistive sensor model is built as the whole
resistance (R) of the device is the sum of R. (the resistance of the electrodes) and R.
(the resistance of the active material), as given in the following equation (7):23-367

R=R.+R,

And the resistive change of active material can be described according to the
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equation (8):

_rl

R, 7

Where R is the resistance, p is the resistivity, L is the length, and 4 is the
cross-sectional area. When the sensor is deformed under mechanical stimuli including
pressure, stretching, bending or twisting, the contact area of the conductive material in
the sensor changes, resulting in a change of conductive pathways and thus a change in
resistance. From the formula, we can conclude that the variation of R comes from
three main factors. First, the structure deformation of the active sensing layer causes
the L and 4 parameters to change, leading to a variation of resistance value. Second,
the resistivity of semiconductor filters and conductor filters owing to changes in the
semiconductor band structure and interparticle separation. In these situations, a low
compressive modulus of the active sensing layer is beneficial in improve the
sensitivity because of the large deformation at a given pressure. Thus, the introduction
of microstructure, including micropyrimid, microdome, porous structure, etc., can
decrease the modulus to achieve a large deformation under a given pressure. The
more a structure can deform to increase the contact area, the higher the sensitivity.
Thirdly, the large contact resistance change can further increase the sensitivity, and
the microstructure is one of the most commonly used techniques to improve the
contact resistance of pressure sensor. The typical resistive pressure sensor with high
contact resistance is constructed by two face-to-face microstructured elastomers. The
advantage of this symmetrical face-to-face structure sensor is that it provides
ultrahigh sensitivity in the low pressure range.

31



Compared with other types of flexible wearable sensors, the resistive type sensor
has the advantages of their simple structure, simple readout principle, simple working
mechanism, relatively simple fabrication process, low cost, excellent durability, fast
response and recovery time, etc. And the sensing performance, such as sensitivity and
sensing range can be further improved by proper material selection and micro/nano
structure design.

From the perspective of material selection as the sensing material for resistive
sensor, that can generally be divided into three main kinds, which are carbon-based
materials, metal materials and conductive polymer materials. Carbon-based materials
include carbon nanotubes, carbon nanofibers, graphene and graphene oxide, carbon
black (CB), carbonized silk, carbonized wood, and carbonized crepe paper. Metal
materials include metal nanowire (Au, Ag, Cu, etc.), metal nanoparticle (Au, Ag, Pd,
etc.), metal nanoflake (Au, Ag, etc.), metal film (Pt, Ag, etc.), metal oxide, liquid
metal, etc. Conductive polymer materials include polyaniline (PANI), polypyrene
(PPy), (poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS), etc.
Besides these three main kinds of sensing materials, there are still a lot of materials
are used such as Mxene, metal-organic frameworks, etc. The internal microstructure
of the sensing material and the electrode includes cracks, micro-rough structures,
porous hierarchical structures, and multiscale hierarchical structures. These structures
improve the sensing performance by increasing the space of contact change,
decreasing the modulus and delaying contact saturation. Typically, the resistive type
of sensor can be mainly divided into the piezoresistive pressure sensor, which is used
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to measure pressure and touch, and the resistive strain sensor, which is used to

measure the stretching process.

2.2.4.1 Piezoresistive pressure sensor

Typically, the basic principle of piezoresistive pressure sensor is to transduce the
external pressure stimuli applied to the device into a recordable resistance value. The
sensitivity (S), one of the most important parameters in evaluating the sensing
performance, is a measure of the ability of sensors to convert external stimuli into

electrical signals, which is defined according to the equation (9):

_ AR/R,
AP

R is the resistance without applied pressure, the AR is the resistance variation between
with and without the applied pressure, AP is the pressure variation. Besides the
sensitivity, the sensing range, sensing linearity, selectivity, durability, detection limit,
response and recovery time should also be taken into account. Here, we review the
strategies to improve the sensing performance from the perspectives of material

selection and structure design.

Material selection
Carbon based materials, such as CNTs, graphene, and carbon black, have been
noted for their good electronic and mechanical properties. As shown in Figure 2.9A,

Zhong et al. fabricate a high-performance and lightweight CNT/rGO-CNF carbon
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aerogel. Benefiting from the synergistic effect of CNTs and cellulose nanofibers, the
carbon aerogel presents superior elasticity (94.6% height retention for 50000 cycles),
ultrahigh compressibility to 95% strain, high sensitivity, and an ultralow detection
limit for pressure of 0.875 Pa.® As shown in Figure 2.9B, Shen et al. introduced a
highly compressible waterborne polyurethane (WPU)/carbon nanotube (CNT)
composite foam with excellent compressibility and stable piezoresistive sensing under
80% compression due to the porous structure and good elasticity of WPU. The
fabricated sensor displayed a fast response time of 30 ms and good durability and
reproductivity over 1000 compression cycles.”

Metal materials, including metal nanoparticles, nanowires, nano-thin films, and
liquid metal, have been widely used in fabricated piezoresistive sensors. As shown in
Figure 2.9C, Liu et al. fabricated a bio-based flexible piezoresistive sensor based on
the “dynamic bridging effect” of silver nanowires (AgNWs) and reduced graphene
oxide (rGO). The highly conductive AgNWs networks cross and bridge the
neighboring high-resistive grain boundaries and rGO contacts when applied with
pressure. The fabricated piezoresistive sensor showed high sensitivity (5.8 kPa™!), fast
response and relaxation properties of 29.5 ms and 15.6 ms, respectively, low detection
limit (0.125 Pa), and outstanding durability of more than 10000 loading/unloading
cycles.®® As shown in Figure 2.9D, Park et al. introduced a 3D-printed rigid
microbump-integrated liquid metal-based soft piezoresistive pressure sensor
(3D-BLiPS). Galinstan, a eutectic metal alloy of gallium, indium, and tin, has the
advantages of high electrical conductivity (3.4*106 Sm™!), self-healing properties,

34



unlimited reversible strain range, and nontoxicity. The proposed pressure sensor had
an extremely low detection limit (16 Pa) and a high sensitivity in the low pressure
range (0.158 kPa ! at the pressure of 50 kPa).®!

The conductive polymer materials include polypyrrole (PPy), polyaniline (PANI),
and PEDOT: PSS are the other conductive filler elements used in the fabrication of
piezoresistive sensor. As shown in Figure 2.9E, Hsu et al. fabricated a piezoresistive
pressure sensors with PEDOT: PSS/GO composite films. The miniaturized flexible
piezoresistive pressure sensors with PEDOT: PSS/GO composite films were used to
monitor the brain pressure of intracranial surgery of a rat and recognize different
styles of music in hearing aids.®? According to Abad et al., acrylic composites filled
with 0-3 wt% polyaniline/multiwalled carbon nanotubes (PANI/MWCNT) were
fabricated by Digital Light Processing (DLP) with tailored morphology, mechanical,
and electromechanical properties. The structure is printed by DLP of conductive
acrylic composite resins filled with up to 3 wt% PANI/MWCNTs. The composites
display excellent piezoresistive sensing performance, no hysteresis, and stability for

over 400 compression cycles (Figure 2.9F).%
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Figure 2.9 (A) SEM images of CNT/tGO-CNF aerogel.’® (B) SEM images of
waterborne polyurethane/carbon nanotube composite foam.> (C) conductive cotton
fiber decorated with rGO.%° (D) Schematic view of the proposed 3D-printed rigid
microbump-integrated liquid metal-based pressure sensor.’’ (E) Fabrication
procedures of piezoresistive pressure sensing devices with the interdigitated electrode

structure.®? (F) SEM image of polyaniline/multiwalled carbon nanotubes.®

Structure design and fabrication techniques

Micropatterned structure can bring air gap to the active layer or to the interface
between active layer and electrode, which enable a high compressibility under a given
applied pressure. The commonly used micropatterned structures include the
microhemisphere, microdom, micropyramid, micropillar, nanowire, etc. As shown in
Figure 2.10A, Duan et al. developed a highly sensitive and robust flexible pressure
sensors based on conductive micropyramid polydimethylsiloxane/carbon nanotube
composites. The microstructured conductive film was fabricated by drop-casting the

PDMS/CNT solution in a prefabricated silicon mold. The prepared sensor presented
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high sensitivity in both low and medium pressure regimes, high mechanical
robustness, linear response, low hysteresis, fast response, low operating voltage, and
low power consumption.** According to Cho, an internal popping of microspheres
method was used to generate 3D and irregular microdome structures for flexible
pressure sensors. The sensor exhibited high sensitivity (—50.45 kPa™') due to the
heterogeneous contact change between the irregular microdome structure and a
laser-induced graphene electrode. The sensor also had a short response time
(1(10-90%) = 39 ms), excellent repeatability, and high reliability (Figure 2.10B).% To
generate micropattern elastomers, the commonly used approaches can be classified as
either using a mold to make the final structure or directly fabricating micropattern on
the active layer. In the former method, a mold with a micropattern structure can be
fabricated by photolithography, etching, etc. In addition, some biological materials,
such as plant leaves, and commercial products, such as abrasive paper, can be used as
mold. As shown in Figure 2.10C, Ha et al. used photolithography to fabricate
micropores on silicon wafers and poured PDMS on the module to obtain the films
with cylindrical microstructures. The proposed pressure sensor consists of the top
layer of Au-deposited PDMS micropillars and the bottom layer of conductive
polyaniline nanofibers on a polyethylene terephthalate substrate. The fabricated
pressure sensor exhibited a sensitivity of 2.0 kPa™! in the pressure range below 0.22
kPa, a low detection limit of 15 Pa, a fast response time of 50 ms, and excellent
durability over 10000 cycles.®® Compared with the complex process of replicated
pattern from a model, some researchers directly pattern the elastomer surface. The
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micropattern structure can be directly patterned by some technique such as directly
laser micropatterning, prestretch-release treatments, etc. According to Wang et al., the
piezoresistive pressure sensor based on a wavy-structured single-walled carbon
nanotube/graphite flake/thermoplastic polyurethane (SWCNT/GF/TPU) composite
film was fabricated by a prestretching process. The prepared sensor displays a low
detection limit of 2 Pa, a wide sensing range of 0—60 kPa, and a high sensitivity of
5.49 kPa! for 0-50 Pa (Figure 2.10D).%’

Porous structure has also been widely used to improve the sensitivity of resistive
pressure sensors. The porous structure is more deformable than its equivalent bulk
material. One simple way of fabricating porous active materials as piezoresistive
sensors is to take an already porous material and coating with conductive material,
such as melamine, polyurethane sponge, etc. According to Zhang et al., a highly
sensitive and broad range pressure sensor was fabricated by sandwiching the
interconnected nanocomposites of carbonized metalorganic framework (C-MOF) and
polyaniline nanofiber (PANIF) on polyurethane (PU) sponge (C-MOF/PANIF@PU)
between a breathable fabric and an interdigitated electrode-coated fabric. The
interconnected nanocomposites of C-MOF/PANIF are obtained by coating the PU
sponge with a mixture of C-MOF and PANIF solutions. The assembled sensor
exhibited a broad sensing range to 60 kPa, high sensitivity of 158.26 kPa™!, fast
response and recovery time of 22 ms and 20 ms, breathability, and excellent durability
over 15000 cycles (Figure 2.10E).%® Another method to fabricate the porous structure
is to either fabricate a 3D template structure and subsequently etch away the template

38



or to cure the active material around a material that can be subsequently etched away.
As shown in Figure 2.10F, Zhang et al. proposed a highly sensitive piezoresistive
pressure sensor based on hybrid porous microstructures. The porous structure in
PDMS was fabricated by the sugar template method. The prepared pressure sensor
presented a high sensitivity of 83.9kPa™! (< 140 Pa) with a detection limit of 0.5 Pa
and excellent stability.” The 3D printing technique was widely used to fabricate the
porous structure due to the uniform porous structure design by the 3D printer.
According to Zhu et al., the designable lattice structure pressure sensor was fabricated
by digital light processing (DLP) 3D printing technique. The electrical sensitivities
and mechanical properties of LPS can be accurately controlled by printed different
lattice types and thicknesses (Figure 2.10G).”

There has been increased interest in the fabrication of hierarchical structures as the
active layer. The common hierarchical structures include multilayered structure,
hierarchical porous structure, hierarchical micropattern structure, etc. As shown in
Figure 2.10H, Peng et al. fabricated a stretchable piezoresistive sensor (SPS) by
combining a hierarchically porous sensing element with a multimodulus device
architecture via 3D printing. The hierarchically porous structure was fabricated by 3D
printing premixed inks of NaCl particles and polymer ink, followed by washing away
the NaCl particles. The sensor exhibited high sensitivity of 5.54 kPa' over the
sensing range from 10 Pa to 800 kPa, limited cross-correlation, and excellent
durability.”! As shown in Figure 2.10I, Zeng et al. prepared multilayer-structure
piezoresistive pressure sensors with an in situ generated thiolated graphene@polyester
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(GSH@PET) fabric. Benefiting from the spacing among the rough fabric layers and
the highly conductive GSH, the prepared sensor exhibited a high sensitivity of 8.36

and 0.028 kPa™! in the ranges of 0—8 and 30—200 kPa.”?
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Figure 2.10 (A) SEM image and photograph of conductive micropyramidal film made
of a PDMS/CNT composite.** (B) Schematic illustration of the pressure sensor with

metal-deposited composite film with irregular microdome structure on the top active
layer and interdigitated LIG on the bottom sensing electrode.®> (C) Schematic
illustration of the biaxially stretchable pressure-sensor array on a deformable
substrate.®® (D) Schematic illustrations of wavy-structured SWCNT/GF/TPU film.%’
(E) The assembly of the C-MOF/PANIF@PU based flexible wearable pressure
sensors.®® (F) Fabrication process of the pressure sensor based on HPM-PDMS.% (G)

Schematic diagram of the assembled LPS.” (H) The design of SPS.”! (I) Schematic



illustration of GSH@PET fabric-based piezoresistive pressure sensor.”>

2.2.4.2 Resistive strain sensor

Resistive strain sensor converts the stretching deformation into resistance signal.
The main parameters for flexible tensile strain sensors are stretchability and
sensitivity, which are determined by the material selection and structures of
conductive networks. The sensitivity of the resistive strain sensor is evaluated by the
change of relative resistance under the applied strain, which is defined as the

following equation (10):

_ AR/R,
¢

GF

Where ¢ is the strain, AR is the resistance change during the stretching strain, and
Ro refers to the initial resistance value. Other parameters, including stretchability,
reliability under repeated cycling, linearity, hysteresis, response and recovery time,
etc., should also be taken into account to evaluate the strain sensor. In this part, the
fabrication of high sensing performance strain sensor is reviewed from the

perspectives of material design and structure design.”

Material selection
One of the most commonly used materials in strain sensor is elastomer-based
stretchable electronics. And the most effective fabrication method is directly

embedding conductive materials inside an elastomeric matrix by shear mixing,
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ultrasonication, homogenization, and in situ synthesis. Elastomers serve as the strain
carrier, while the conductive fillers offer electrical function. As shown in Figure
2.11A, Kim et al. reported an Ag-Au nanocomposites composed of ultralong
gold-coated silver nanowires in an elastomeric block-copolymer matrix. The
nanocomposites exhibited an optimized conductivity of 41850 S cm™! due to the high
aspect ratio and percolation network of the Ag-Au nanowires and exhibited an
excellent stretchability of 266%.’* However, the direct mixing strategy cannot
fabricate homogenous conductive composites due to the low compatibility between
the fillers and matrix. Then some researchers reported the design of a segregated
electrically conductive network to solve the problem. As shown in Figure 2.11B, Liu
reported an ice-templating strategy to fabricate graphene-based elastomer composites
with a segregated nanostructured graphene network. The construction of a segregated
GE network throughout the composites dramatically enhanced the electrical
conductivity and reduced the electrical percolation threshold. The resulting
composites, containing only 0.63 vol% graphene, present high liquid sensing
responsivity and good reproducibility.”> Depositing or transferring conducting
materials onto an elastic polymer substrate is another commonly used method to
fabricate thin electronic materials. As shown in Figure 2.11C, Wang et al. fabricated
the strain sensor by directly coating super-aligned carbon nanotube (SACNT) films on
PDMS substrates. The strain sensors presented a high sensing range of 400%, a fast
response of less than 98 ms, and a low creep of 4% at 400% strain.”®

Hydrogels with excellent flexibility and stretchability are favorable candidates for
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wearable electronic devices. However, hydrogels are usually soft, weak, and brittle,
which largely limits their applications. Some tough hydrogels with dual networks or
multiple coordination bonds have been developed. As shown in Figure 2.11D, Zhao et
al. constructed a dually synergetic network hydrogel by a versatile and topological
co-cross-linking approach. The poly(N-isopropylacrylamide) PNIPAAm network is
cross-linked by double-bond end-capped Pluronic F127 (F127DA), and PANI
network is doped and cross-linked by phytic acid. The strain sensors exhibited a
gauge factor of 3.92 when the applied strain is 0—120%, and a fast response time of
0.45."

Intrinsically stretchable conducting polymer is another good candidate for strain
sensor because of the flexibility in tuning the molecular structures and electrical and
mechanical properties. As shown in Figure 2.11E, Bao et al. fabricated highly
stretchable and conductive PEDOT films with high cycling stability by incorporating
ionic additives—assisted stretchability and electrical conductivity (STEC) enhancers.
The resulting PEDOT:PSS films exhibited both high conductivity of 4100 S/cm and
stretchability of 100% strain.”®

Textile based electronics attract tremendous interest since they provide higher
durability and wear comfort. There are many methods to prepare conductive textiles,
such as integrating metal filaments with yarns, coating fibers with a thin layer of
conductive  materials (metal nanoparticles/nanowires, carbon nanotubes,
graphene,etc.), direct patterning of conducting polymers, and
inkjet/stencil/screen/nozzle printing of conductive materials onto textiles. As shown in
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Figure 2.11F, Wang et al. fabricated flexible strain sensing fabrics (FSSFs) by coating
graphene oxide (GO) nanosheets on elastic nylon/polyurethane (nylon/PU) fabric,
followed by reduction of GO with sodium borohydride. The fabricated strain sensor
exhibited high sensitivity over a large workable strain range to 30%, fast response and
great stability.”

Liquid metals are metals/alloys remain liquid state at room temperature. Liquid
metals, such as gallium and its alloys, have attracted much attention as they exhibit an
excellent combination of high conductivity and deformability. As shown in Figure
2.11G, Li et al. prepared a microfluidic strain sensor by introducing liquid metal
eutectic gallium indium (EGaln) embedded into a wave-shaped microchannel
elastomeric matrix. The prepared strain sensor exhibited high GF of 4.91, high
resolution with the low detection limitation of 0.09% strain change, quick response

time of 116 ms and long-term stability.?
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Figure 2.11 (A) Schematic illustration of the microstructured Ag—Au nanocomposite

Loop height

before and after stretching.”* (B) Schematic illustration of cross-linked S-NRGE
composites with segregated networks.” (C) Schematic illustration of SACNT strain
sensor.”® (D) Illustration of the network structure of F-PNIPAAm/PANI hydrogels.”’
(E) Schematic diagram representing the morphology of a typical PEDOT: PSS film
versus that of a stretchable PEDOT film with STEC enhancers.”® (F) Illustration of
knitted structure of nylon/PU fabric.”” (G) Images of the enhanced wave-shaped strain

sensor.%°

Structure design and fabrication techniques

To improve the sensing performance of strain sensor, some stretchable
microscopical macroscopical structures such as fractal design and serpentine structure,
coiled structure, out-of-plane wavy structure, open mesh structure, kirigami structure,
and 3D porous structure have been developed. Some in-plane stretchable structures
with fractal design include lines, loops, branch, serpentine, etc. As shown in Figure

2.12A, Su et al. reported stretchable strain sensors based on a contact-resistance free
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structure, i.e., the off-axis serpentine sandwich structure (OASSS), with the
mechanism of the stretch—bending—stretch transformation. The sensor exhibited large
applied strain of 50%, with high repeatability (repeatability error = 1.58%) and
linearity (goodness-of-fit >0.999).8! However, the stretchability of inplane structures
is limited due to structural failure caused by local stress concentration in the wires.

Some research demonstrates that the 3D coil structure has more uniform strain
deformation than the 2D coil, which results in higher stretchability. As shown in
Figure 2.12B, Zhao et al. fabricated a carbon nanotube (CNTs) and polyurethane (PU)
nanofibers composite helical yarn with electrical conductivity, ultra stretchability, and
high stretch sensitivity. The elastic PU molecules and springlike structure enable the
helical yarn to have excellent stretchability, and CNTs are locked into the yarn
through a simple twisting strategy, enabling good conductivity. The CNTs/PU helical
yarn had good recoverability within 900% and maximum tensile elongation up to
1700%.%2

Making thin films or highly conductive materials into out-of-plane buckles is one
of the most direct methods to improve the stretchability. When applied a strain, the
waves are straightened to accommodate the deformation. Gao et al. prepared a strain
sensor based on a strain-sensing bilayer consisting of a wrinkled reduced graphene
oxide layer and a highly susceptible Ag nanoparticles layer. The obtained strain sensor
exhibited high stretchability and gauge factor (GF) both in subtle and large strain
ranges (0—2%, GF: 420; 110-125%, GF: 1.1 x 109), low detection limit of 0.01%, and
fast response time of 0.13 ms (Figure 2.12C).%
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High stretchability could also be improved by introducing open mesh structures of
various shapes. When mesh structures are stretched, the open holes deform with the
strips rotating to accommodate the deformation. As shown in Figure 2.12D, Lu et al.
constructed highly stretchable, conductive polymer composite open meshes by using a
self-compensated two-order structure strategy. The conductive polymer composite
was fabricated by 3D printing and coated with graphene layer. The resulting sensor
revealed high GFs of 18.5 to 88 443 over a large work range from 0 to 350%.%*

The stretchability can also be achieved by kirigami structure. The mechanical
properties of a kirigami structure can be tuned based on unit cut geometry and
hierarchical levers. As shown in Figure 2.12E, Takei et al. reported a kirigami
structured graphene—polymer hybrid strain sensor using a laser direct writing
technique on a polyimide sheet. By the design of kirigami structures, the fracture in
the sensor material can be drastically reduced under high stretching conditions. The
prepared strain sensor realized high stretchability of 200% strain and sensitivity (>80%
resistance change at 60% strain).

The 3D porous structure has also been proven to improve the stretchability. Similar
to mesh structures, the pores deform with the accommodate the stretching
deformation. According to Li et al., a highly stretchable and sensitive strain sensor
was fabricated based on a porous segregated conductive network in the carbon
nanotube/thermoplastic polyurethane composite by the salt-leaching method. The
prepared strain sensor exhibited ultrawide sensing range of 800% strain, high
sensitivity (GF of 356.4), fast response and recovery time of 180 ms, as well as
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excellent durability (Figure 2.12F).8¢
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Figure 2.12 (A) Schematic illustrations and images of a contact-resistance-free
stretchable strain sensor.®! (B) Schematic illustrations of the helical CNTs/PU yarn.®?
(C) Schematic illustration of strain sensors based on wrinkle-directed microcracking
bilayer configurations.®* (D) The structure model and SEM image of the cross section
of G-PDMS/RGO sensor.®* (E) Schematic of an integrated device with printed
electrodes.® (F) Schematic for the structure change in the CNT/TPU composite based

strain sensors during stretching.®¢

2.3 Applications

Flexible wearable sensors with the high sensing performance of detecting
multiple mechanical stimuli have attracted tremendous attention in the applications of

health monitoring, motion detection, artificial skin, human-machine interface, etc. In
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this chapter, we mainly review some research in the application of sports, health

monitoring and human-machine interface.

2.3.1 Human motion monitoring

Wearable sensors have been widely used in the human body to detect human
motion information such as bending of knees, hands, and fingers or monitoring of
small-scale movements like subtle vibrations of the throat and chest while speaking
and breathing.®” Song et al. developed a flexible dual sensor with ultra-high sensitivity
and a wide detection range for stretch and pressure. The prepared sensor has a high
sensitivity of gauge factor (GF) up to 690.76 and pressure sensitivity of up to 169.94
kPa™!, low detection limit of 1.274 Pa pressure and excellent durability. The sensor
was able to detect weak and large movements of the human body, such as bending of
the finger, wrist, knee, swallowing, speaking, jogging, running and jumping.®® Cheng
et al. developed a high-performance strain sensor by using gold and silver nanowires.
The high sensitivity of the sensor was used to monitor emotional expressions by
attaching the sensor to the face.® Liao et al. fabricated a self-assembly of MWCNTs
in polymer composites to obtain a novel flexible strain sensor. The sensor exhibited a
broad strain range up to 720%, with high sensitivity (GF = 1768), fast response and
recovery time of 92.2 ms and 143.6 ms, and high durability (1050 cycles at 10%
strain). The high sensing performance of the sensor can be used to monitor human

physiological activities, and a gesture recognition system by detecting the extension
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or bending of fingers and wrists.”

2.3.2 Health monitoring

The wearable devices integrated with sensors have been widely used in health
monitoring. They are able to monitor various physiological signals in the human body,
including breathing rate, pulse beat, body blood pressure, blood flow, tremor, etc.
Khine et al. developed a capacitive pressure sensor with the wrinkled gold thin films
on elastomeric substrates as the parallel plate electrodes, and microridged structures
support the counter electrodes to create air cavities within the elastomeric dielectric
layer. The prepared sensor was able to take continuous measurements of beat-to-beat
blood pressure by translated from the measurement of the radial arterial pulse.”’ Wang
et al. fabricated a helical fiber triboelectric nanogenerator by introducing helical
structure braided fibers on a stretchable substrate fiber. The high sensitivity of the
prepared sensor was able to detect the contraction and relaxation of the thoracic cavity
and abdomen caused by the heartbeat and breathing. Then a wearable respiratory
monitoring system was developed to diagnose potential respiratory diseases.”? Wang
et al. developed a facile plantar pressure mapping system by using piezoelectric
nanogenerators as the sensor array to acquire pressure signals. The pressure mapping
system was able to accurately monitor and visualize the real-time pressure distribution
during walking, which can be used for sport/exercise biomechanics information

acquisition, injury prevention, and ulceration prediction in the feet.”
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2.3.3 Human-machine interface

Wearable sensors have also been widely used in human-machine interface such as
gait analysis, posture correction, sports training, sign language, rehabilitation training,
etc. Lu et al. fabricated an imperceptible EOG sensor system based on noninvasive,
ultrathin, breathable graphene electronic tattoos (GET). The prepared sensors connect
to a wireless transmitter attached to the collar to wirelessly control a quadcopter in
real time by eyeball movements.”* Yang et al. proposed triboelectric vibration sensors
(TVS) by mimicking the ampulla of a fish. The tribo-pair of TVS were nanowire
arrays and hemispherical pore structures. The sensor achieved a high force sensitivity
of 0.97 V/N under the 1IN force and a broad frequency range (1-3 kHz). Benefiting
from the excellent performance, the TVS-based intelligent virtual digital keyboard
was developed, which can sense and locate the position of the keystroke for
interactive input and importer authentication.”® According to Wang, a wearable
triboelectric nanogenerator was fabricated with biodegradable and conductive
carboxymethyl chitosan-silk fibroin (CSF). A maximum voltage of 165 V and output
power density of 72 mW cm 2 were produced. A CSF-TENG-based human-machine
interface (HMI) is developed to track writing steps and access the accuracy of letters,
which builds a straightforward communication media between human and machine.”®
Kim et al. reported 1D/2D heterodimensional hybrids via dopant induced
hybridization of Ti3CoTx MXene with nitrogen-doped graphene nanoribbon. And the

piezoresistive pressure sensor with the 1D/2D heterodimensional hybrids as the active

layer presented low hysteresis (degree of hysteresis: 1.33%) and a wide sensing range
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to 100 kPa. By utilizing the 8 % 8 sensor array and machine learning algorithm, the
various seating postures could be classified with high accuracy (> 95%), facilitating

the potential for future healthcare monitoring systems.’’

2.4 Multifunctional sensor for detecting multiple

mechanical stimuli

There have been a series of significant reports on developing wearable sensors
with high sensing abilities such as sensitivity, stretchability, robustness, sensing range,
etc. However, most reported wearable sensor is optimized for only detecting uniaxial
mechanical deformation (such as lateral stretch or pressure). This severely limits its
use in practical applications where the detection and differentiation of a variety of
complex mechanical stimuli are essential. Thus, it is very important to develop a
multifunctional sensor with the sensing capability to detect multiple mechanical
stimuli.”® As shown in Figure 2.13A, Cui et al. fabricated a highly sensitive and
stretchable electronic skin based on an elastic graphene oxide (GO)-doped
polyurethane (PU) nanofiber membrane with an ultrathin conductive
poly(3,4-ethylenedioxythiophene) (PEDOT) coating layer. The nanofiber-based
electronic skin sensor demonstrates a high-pressure sensitivity of 20.6 kPa™!, a broad
sensing range to 20 kPa, excellent cycling stability and durability (over 10,000 cycles),
and a high strain sensitivity over a wide range (up to approximately 550%).”° As

shown in Figure 2.13B, Yuan et al. fabricated a multifunctional strain sensor based on

52



a network-structured MXene/polyurethane mat (network-M/P mat) through a facile
and scalable electrospinning technique. Ye et al. fabricated a conductive hydrogel
designed by proportionally mixing silk fibroin, polyacrylamide, graphene oxide, and
poly(3,4-ethylenedioxythiophene): poly (styrenesulfonate). Due to the stretchability
and compressibility of hydrogel, it can be assembled into a dual mode strain-pressure
sensor with a wide sensing range (strain, 2%—600%; pressure, 0.5—119.4 kPa) and
good durability.'” According to Ha, a dual mode sensor was fabricated using
polydimethylsiloxane coated microporous polypyrrole/graphene foam composite. The
prepared dual-mode sensor exhibited high sensitivity, fast response and recovery time,
and good durability during 10000 cycles. Additionally, the resistive-type strain sensor

fabricated using the same PDMS/PPy/GF could detect the strain up to 50% (Figure

2.13C).10!
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Figure 2.13 (A) Schematic illustration of the fabrication of the GPPN sensor.” (B)
Schematic structures of the PSGP hydrogel, sensor, and TENG.!? (C) Schematic
illustration of dual-mode and strain sensors, and a flexible supercapacitor as a power

supply, using a single highly conductive porous material.'%!

Although much progress has been made in developing multifunctional sensors with
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the capability of sensing different mechanical stimuli, including pressure, stretch,
bending, etc., most of them can’t differentiate between multiple mechanical stimuli.
The sensing features of these sensors exhibit the same electrical output tendency
under different mechanical stimuli. Thus, it is needed to develop a multifunctional
sensor that can not only detect the multiple mechanical deformations but also
distinguish the types and directions of the stimuli. In order to develop multifunctional
sensors with directional recognition ability, various strategies have been conducted,
such as introducing new electrode materials, designing novel network structures, and
developing new integration technologies. A direct strategy to develop
multidimensional sensor is to integrate different types of sensors into a sensing system
where each sensor is responsible for a single axial or a single stimuli sensing. As
shown in Figure 2.14A, Sun et al. combined rational structure design and sensing
materials to fabricate a stretchable and highly sensitive E-skin sensor. The prepared
E-skin took a simple orthogonal configuration to enable pressure sensing by
capacitive mode for pressure sensing and strain sensing by resistive mode
independently.!®> The designing the sensing element with special microscopic
architectures or spatially distributed components can also realize identification of
multiple mechanical stimuli. Each sensing element can independently respond to a
direction or a single form of stimulus sensing without interfering with each other. As
shown in Figure 2.14B, Rogers et al. reported a three-dimensional type of
microelectromechanical  sensor that incorporates monocrystalline  silicon
nanomembranes in a configuration that enables independent, simultaneous
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measurements of multiple mechanical stimuli, including pressure, shear force,
bending, and temperature.'”® Some research also proves that microscale architectures
such as nanopillars and micropyramid arrays can also be utilized to achieve
multidimensional sensing. According to Jeong et al., high-performance stretchable
electronic skin can be produced by incorporating carbon nanotube composite into a
hierarchical of micropillar—wrinkle hybrid architectures. The hybrid e-skin structure
was fabricated via a replica molding and subsequent wrinkle formation process.
Benefiting from the hierarchical topography of the hybrid architectures, the prepared
electronic skin exhibited versatile multiaxial force sensing, which includes pressure,
bending, and tensile stresses (Figure 2.14C).!% In addition, anisotropic structures can
decouple the conductive network to achieve multidimensional sensing. As shown in
Figure 2.14D, Kim et al. developed a stretchable multidirectional strain sensor with
highly aligned, anisotropic carbon nanofiber (ACNF) films via electrospinning
approach. By orthogonally stacking two single layer ACNFs to fabricate a cross-plied
ACNF strain sensor, the sensor is capable of distinguishing the directions and

magnitudes of strains with a remarkable selectivity of 3.84.1%°
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Figure 2.14 (A) Schematic illustrations of pre-cracked fiber electrode and the
piezocapacitive E-skin device and pressure, stretch sensing mechanism.'*? (B) Optical
microscope images of 2D precursor that have two piezoresistors (R2 and R3) in the
vertical direction and the other two (R and Rs) in the horizontal direction.!®® (C)
Conceptual illustration of microscale wrinkle—pillar hybrid structures using
piezoresistive CNT—elastomer composites.!®* (D) Schematic illustrations of ACNF

strain sensors. '
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2.5 Challenges for flexible sensors

For widespread deployment of flexible sensors in more application scenarios, the
ideal pressure sensor requires high sensitivity and high linearity over a broad sensing
range. However, one of the critical issues of the most developed flexible sensors is the
poor sensing performance with a conflict between sensitivity, working range, and
linearity. This is mainly caused by the rapid saturation of the change of microstructure
contacts sites and generation of conductive pathways.

Another challenge of the most developed flexible sensors is the inability to detect
and differentiate multiple mechanical stimuli. They present the same electrical output
trend in response to different mechanical stimuli. When measuring one directional
mechanical stimuli, the electric signal is interfered by stimuli from other directions,
resulting in the inability to differentiate multiple mechanical stimuli. This severely
limits their practical applications, which usually involve a variety of complex
mechanical stimuli.

Thus, the goals of my projects are to solve these two main problems: 1. Develop a
flexible sensor with high sensitivity over a broad linearity range and demonstrate it in
the applications under different pressure scenarios. 2. Develop a flexible
multifunctional sensor with the ability to detect and differentiate multiple mechanical
stimuli, including pressure, stretch, convex and concave bending. Demonstrate it in

the accurate detection of human kinesthesia, robotics, and human-machine interface.
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Chapter 3. Fabrication of HPPS
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3.1 Introduction

Flexible pressure sensors with the capacity of transducing tactile information into

electric signals have attracted huge attention because of their promising applications

111,112

in  health monitoring,'% ' artificial intelligence, human-machine

113-115 116,117

interfaces, robotics, etc. Typically, flexible pressure sensors are categorized

into four types based on the sensing mechanism: piezoresistvie>®, capacitive’?®,

9 and triboelectric'"'>. Among these pressure sensors, piezoresistive

piezoelectric’!
sensors, which transfer mechanical information into resistance variation, have
multiple advantages, including low energy consumption, ease of device assembly,
simple signal acquisition, etc. However, most published piezoresistive pressure
sensors suffer from low sensitivity or poor linearity over a broad range. For
widespread deployment of pressure sensors in more application scenarios, the ideal
pressure sensors require high sensitivity and high linearity over a broad sensing range.

Recently, several strategies to enhance the sensitivity and linearity have been

reported. Preparation of nanostructure or microstructure geometries (such as

119 1

wrinkles,!'® micropyramids,'" microdomes,'?® micropillars,'?! interlock structure,'??
etc.!?>12%) on the flexible substrate can significantly enhance the sensitivity due to the
low initial current and large deformability under low stress. For example, Tao et al.
reported an interlocking microdome-structured based piezoresistive pressure sensor
with a high sensitivity of 53 kPa™!' and the pressure range from 58.4 to 960 Pa.'?

Whereas the rapidly saturated microstructure contacts sites during compression,

resulting in the high sensitivity and linear response only valid in a low sensing range
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(<10 kPa). To extend the linear sensing range, the introduction of porous structure has
been proven effective because of the high compressibility and considerable
conductive pathways generation during compression. Seunghwan et al. developed a
porous sponge sensor with the sensitivity of 0.01-0.02 kPa™' under a broad sensing
range from 10 Pa to 1.2 MPa.!?® Nevertheless, the pores increase the distance among
the conductive fillers, which hinders the contact of conductive fillers and generation
of conductive pathways. Thus, most of the porous pressure sensors exhibit a low
sensitivity (< 1 kPa™!) over a broad range. A few studies proposed a multi-layer or
multiscale hierarchical structure with enhancements in both sensitivity and linear
sensing range. For instance, Youngoh Lee et al. fabricated a tactile sensor with
multilayer interlocked microdome geometry that presented high sensitivity of 47.7
kPa™! over the range from 0.0013 kPa to 353 kPa.'”” However, the linear sensing
range of the sensors is still not sufficient. Therefore, there is a strong need to fabricate
a high performance (e.g., a linear response with high sensitivity over 1 kPa ! over the
range up to 1 MPa) pressure sensor in a simple and cost-effective way.

Herein, we propose a hierarchical in-situ filling porous structure as the sensing
layer fabricated by DIW printing and curing of CNFs/PDMS emulsion. The
hierarchical geometry is composed of lattice structure formed by DIW technique and
the internal porous structure formed by the emulsion template method. This
hierarchical geometry significantly increases the variation of contact area and
distributes the applied stress to the multilayered lattice structure and internal porous
structure. Benefiting from the customizability of the DIW technique, a face-centered
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tetragonal (FCT) structure is designed with the highest compressibility compared with
other types of lattice structures such as parallel stacked lattice structure and simple
cubic lattice structure, enabling a broad sensing range. For in-situ filling porous
structure fabricated by the soft emulsion template method, the CNFs dispersed in
emulsified water remain inside the pores during the high temperature curing process,
forming CNFs networks embedded in the pores. This in-situ filling porous structure
led to the conductive fillers not only attaching at the edges of the pores but also in-situ
filling in the pores, which significantly increase the sensitivity under pressure. Then
we optimize the hierarchical in situ filling porous structure by thoroughly
investigating the effect of the porosity, CNFs mass ratio, structure types, stacked

sensing layer numbers,and printed lattice types.

3.2 Methodology
3.2.1 Materials

Carbon nanofibers (CNFs, model XFM60, purity > 95 wt%) with a diameter of
50-200 nm and a length of 1-15 pm were purchased from XFNANO company. The
PDMS matrix (Sylgard 184) and curing agent were bought from Dow Corning Co.,
Ltd. Paraffin liquid was obtained from Sinopharm Chemical Reagent Co., Ltd.
N-hexane (AR, 97%), 1,1,1,3,3,3-Hexafluoro-2-propanol (99.5%), and ethanol (ACS,
purity > 99.5%) were purchased from Aladdin Co., Ltd. TPU pellets were purchased

from Bayer Material Science.
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3.2.2 Preparation of CNFs/PDMS emulsion as DIW printing

ink

The PDMS matrix Sylgard 184 (5 g) and curing agent were fully mixed in a ratio of
10:1 in a 50 ml beaker. Then the prepared PDMS solution was diluted with paraffin
liquid (5 g) by a high-shear dispersing machine (FS400-S, LICHEN Co., Ltd.) at a
stirring speed of 1200 rpm. Then the aqueous solution with the calcium chloride
concentration of 3.5 wt% was added dropwise by a microfluid syringe pump machine
(SP-1000, Ningbo Annuo Medical Apparatus, and Instruments Technology Co., Ltd.)
with a flow rate of 48 ml/h under mechanical stirring. After all the water was added
into the PDMS/paraffin liquid mixture, a white and creamy PDMS emulsion was
obtained. Then, the CNFs were added into the PDMS emulsion in batches under
vigorous mechanical stirring by using a high-shear dispersing machine to form a black
and creamy CNFs/PDMS emulsion. Upon the completion of the ink preparation, the

CNFs/PDMS emulsion ink was ready for characterization and DIW printing.

3.2.3 Characterization of CNFs/PDMS emulsion ink

The morphology of the PDMS emulsion and CNFs/PDMS emulsion was
characterized by upright microscope (ZEISS Axio Imager Vario) with objective lens
(40x). The emulsion was dripped on the microscope slide and covered with a
coverslip before observation. Rheological behaviors of inks were obtained using a

rheometer (Physica MCR-301, Anton Paar GmbH Co., Ltd.) at ambient temperature
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(25 °C). The ink shear viscosity was measured by increasing the shear rate from 1072
to 103 s™!. Shear storage modulus (G’) and viscous loss modulus (G*’) were obtained
in an oscillatory mode with a constant frequency of 1 Hz in the stress range from 10~

to 103 Pa.

3.2.4 Fabrication of CNFs/PDMS emulsion lattice structure

The 3D CNFs/PDMS emulsion lattice structure was fabricated using pneumatic
extruding DIW printing (SHOTmini200Q2X, Musashi Engineering, Inc.). All DIW
printed lattice structure was fabricated based on the lattice structure models designed
by 3D modeling software in DIW printer. The printed lattice structure was extruded
and deposited on the PET substrates. Based on primary optimization, the nozzle

!, and the extrusion

diameter was 0.84 mm, the print head moving speed was 6 mm-s~
pressure was controlled in the range of 50—-100 kPa according to various compositions
of CNFs/PDMS emulsion. After DIW printing, the CNFs/PDMS emulsion lattice
structure was heated in an oven at 110 °C for 2 h to cure while evaporating the
emulsified water. The cured CNFs/PDMS lattice structure was washed twice in

n-hexane and ethanol, respectively, and subsequently dried at 110 °C for 2 h in an

oven. The thickness of the CNFs/PDMS lattice structure with four layers is around 1.6

The porosity of the CNFs/PDMS emulsion lattice structure was controlled by the

amount of water added, while the ratio of CNFs to PDMS is fixed. The porosity of
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CNFs/PDMS sponge was calculated based on the following equation (11):

M(CNF/PDMS block) ~(CNF/PDMS sponge)

porosity=
M(CNF/PDMS block)

3.2.5 Preparation of the HPPS

The fabrication of HPPS was as follows: First, the TPU film as the encapsulation
layer was prepared by electrospinning of 4 wt% TPU dissolved in
1,1,1,3,3,3-Hexafluoro-2-propanol with a positive voltage of 10 kV and a negative
voltage of 2 kV. The TPU film was cut into 2x2 c¢cm? for protective layer. The pattern
of the electrode was designed using CoreIDRAW software. A laser cutting machine
(4060, FST) was used to engrave the conductive fabric tape to the predesigned pattern.
Then the two pieces of cut conductive fabric tape were transferred to the two pieces of
cut TPU film as the top electrode and bottom electrode, respectively. The sensing
layer of HPPS was encapsulated between two pieces of square TPU film with the

conductive fabric tape.

3.2.6 Structural characterization

The morphology and microstructure of the samples were observed by field
emission scanning electron microscopy with the voltage of 5 kV (Sirion200, FEI,

USA).
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3.3 Fabrication and structural characterization of

HPPS.

The fabrication process of the hierarchical in-situ filling porous structure by DIW
printing technique is illustrated in Figure 3.1. First, the PDMS emulsion was prepared
by adding the aqueous solution with the calcium chloride concentration of 3.5 wt%
dropwise into PDMS/paraffin liquid mixture through a syringe pump (Figure 3.1A).
After vigorous mechanical stirring, the emulsified water droplets are uniformly
distributed in the mixture to form creamy PDMS/water emulsion, which is shown in
the optical microscope images in Figure 3.1A. Second, the CNFs were added into the
PDMS emulsion in batches under vigorous mechanical stirring by using a high-shear
dispersing machine. Benefiting from the batch’s addition of CNFs, while under
vigorous mechanical stirring of PDMS emulsion, the CNFs could homogeneously
disperse in PDMS emulsion. Because of the mobilities and containable properties of
the emulsified water, the added CNFs can disperse in the emulsified water, PDMS
matrix and PDMS-water interfaces, as presented in Figure 3.1B. The photographs of
the PDMS emulsion and CNFs/PDMS-emulsion are presented in Figure 3.2A and

3.2B.
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Figure 3.1 Schematic diagram of (A) PDMS emulsion, (B) CNFs/PDMS emulsion, (C)
hierarchical in-situ filling porous structure by DIW printing, (D) hierarchical in-situ

filling porous structure and (E) HPPS.
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Figure 3.2 Optical and microscope images of emulsion and CNFs/PDMS emulsion
with porous structure. (A) Optical image and microscope image of PDMS emulsion in
an inverted vial. (B) Optical image and microscope image of CNFs/PDMS emulsion

in an inverted vial.



Furthermore, the CNFs/PDMS emulsion with high shear thinning behavior and
large storage modulus is beneficial in extruding and preserves self-standing 3D lattice
structure, as interpreted in Figure 3.3A and 3.3B, respectively. The rheological
measurements clearly suggest that the CNFs/PDMS emulsion inks are non-Newtonian
fluids with shear-thinning behavior. Low viscosity at high shear (10? s™!) rates
suggests that inks can flow smoothly through the nozzle, and high viscosity at low
shear (107 s™!) rates indicates that inks could stack and preserve 3D shape integrity
after leaving the nozzle. The viscosity is proportional to the CNFs concentration.
When more CNFs are added, the CNFs/PDMS emulsion will become more viscous,
which is beneficial to preserving 3D shape integrity after printing. As shown in Figure
3.3B, for the CNFs/PDMS emulsion inks, the storage modulus (G’) is higher than the
loss modulus (G) at low shear stress, where the system resides in the linear
viscoelastic region. This suggests that the inks are stiff with solid-like properties.
When the shear stress increases to the yield point, the storage modulus is lower than
the loss modulus, which indicates that the inks display liquid-like properties. The
increased range of storage modulus at higher concentration of CNFs contributes to the
retention of the 3D-printed shape. Thus, the CNFs/PDMS emulsion can be extruded
uniformly and continuously from the nozzle and stacked layer-by-layer to construct a
3D lattice structure (schematic diagram in Figure 3.1C and optical image in Figure

3.30).
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Figure 3.3 (A) The apparent viscosity as a function of shear rate (B) Storage modulus
(G’) and loss modulus (G”’) as a function of shear stress. (C) Optical image of

hierarchical in-situ filling porous structure by DIW printing.

Then, the printed CNFs/PDMS emulsion lattice structure is heated at 110 °C to
make the PDMS fully cure, and emulsified water evaporate, which results in the
formation of hierarchical in-situ filling porous structure with the CNFs networks
embedded in the internal porous, as shown in Figure 3.1D. The cured CNFs/PDMS
lattice structure needs to be washed twice in n-hexane and ethanol, respectively, and
subsequently dried at 110 °C for 2 h to remove the paraffin oil to prevent the
degradation of sensing performance. (Figure 3.4). As shown in Figure 3.4, the sensing
layer without paraffin liquid removal will result in lower sensitivity, poor response
time, and unstable signal performance where the current change keeps increasing at a
fixed pressure. This is because the paraffin liquid hinders conductive material contact
and reduces the elasticity of the sensing layer. Thus, the removal of paraffin liquid is a
necessary step during the preparation of the sensing layer. After the paraffin is

removed, the hierarchical in-situ filling porous layer is well prepared.
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Figure 3.4 (A) Sensing performance and (B) response time comparison of sensors

with and without liquid paraffin removal.

The morphology of the hierarchical in-situ filling porous layer is studied by
scanning electronic microscopy (SEM), as shown in Figure 3.5. As the emulsified
water embedded with the CNFs evaporates, the CNFs networks are left in the internal
pores, which can be seen in the cross-sectional SEM images of the rod (Figure 3.5A
and 3.5B). Figure 3.5A shows the cross-sectional view of the hierarchical in-situ
filling porous sensing layer consisting of multilayers of lattice rods with a distance of
approximately 500 um between each rod. On the cross-sectional surface of a single
lattice rod (Figure 3.5B), the internal porous structures with the diameter of 5-10 um
are evenly distributed in the lattice rod. The small gap of around 1 pm among the
embedded CNFs networks is observed in a single pore structure (inset images of
Figure 3.5B). It can be clearly seen from the cross-sectional SEM images that the
CNFs are homogenously dispersed on the PDMS porous structure. In addition, a top

view of the printed hierarchical in-situ filling porous structure is shown in Figure 3.5C.

69



The SEM image in Figure 3.5D, shows that some CNFs networks also exist in the

PDMS matrix.

Figure 3.5 (A) Cross-sectional SEM image of the multilayered lattice structure. (B)
Cross-sectional SEM image of inner porous structure in a single lattice rod. Inset high
magnification SEM image of CNFs networks embedding in a single pore structure. (C)
Top view of the printed hierarchical in situ filling porous structure. (D) CNFs

networks embedding in PDMS matrix.

With the advantages of DIW technique, the custom fabricated lattice structures with
different sizes (1x1 cm? and 2.5x2.5 cm?) and different layer numbers are shown in
Figure 3.6A and Figure 3.6B, respectively. This demonstrates that the DIW technique

is capable of mass and customized production of the pressure sensor. Meanwhile, the
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prepared porous layer shows good bending capacity, as shown in Figure 3.6C.

A

Figure 3.6 (A) Optical image of hierarchical in-situ filling porous structure with
different sizes. (B) Optical image of hierarchical in situ filling porous structure with
different lattice structures. (C) Optical image of hierarchical in situ filling porous

sensing layer showing bending capacity.

The schematic diagram and the optical image of the whole assembled HPPS is
shown in Figure 3.7A and 3.7B, in which the hierarchical in-situ filling porous
structure serves as the sensing layer and the Ni fabric tape and thermoplastic
polyurethane (TPU) electrospinning film (Figure 3.8) act as the electrodes and

protective layers, respectively.

sl
- P TPU film

Ni fabric tape

ot 1 Al
Ocu 1 2 3 A

Figure 3.7 (A) Schematic structure and (B) Optical images of the HPPS.

sensing layer
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Figure 3.8 Schematic of the fabrication process of TPU film.

3.4 Parameter optimization of the sensing layer in

HPPS.

To develop the optimal preparation parameters for the sensing layer, the influence
of the porosity, CNFs mass ratio, structure types and stacked sensing layer numbers
are thoroughly investigated, respectively. Here, when one of the variables is studied,
the other ones remain unchanged. And the pressure sensitivity (S) is defined as S =
(Al/lo)/AP, where Al represents the current change of the sensor, /y represents the
current without pressure and AP represents the applied pressure. The experiment setup
for detecting the current change of the sensor is schematically shown in Figure 3.9.

The force is provided and measured by a linear motor and a computer-controlled
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linear motor, respectively. The current is recorded in real-time using a
LabVIEW-controlled digital source meter (Keithley 2611B), and the source-drain

voltage was 0.1V.

Figure 3.9 Schematic of the pressure sensing measurement setup.

First, four types of sensing layers (solid, porous, lattice and lattice with porous)
with the same extended contour volume were prepared, as shown in Figure 3.10A.
Figure 3.10B shows the detailed sensitivity of each type of sensing layer. The solid
structure has the lowest sensitivity of 0.19 kPa™!, while the porous structure and the
lattice structure have higher sensitivity of 0.47 kPa™! and 1.65 kPa™!, respectively. As
we all know, a higher compression generates more conductive pathways within the
sensing layers. So, the porous structure formed by emulsion template method has

higher compressibility under the same pressure. For lattice structure, the macroscale



gap between the lattice rods produced by DIW also provides higher compressibility.
Here, the synergetic effect of the internal porous and lattice structure endows the
structure with the highest compressibility among them, which results in the highest
sensitivity of 2.4 kPa™! with high linearity (R* = 0.993). Then multiple samples of
pressure sensing layer with different geometrical structures, including solid, porous,
lattice, and lattice with porous, were repeatedly measured to further demonstrate the
highest sensitivity of the lattice with porous pressure sensing layer, as shown in
Figure 3.10C. In addition, the linearity of pressure sensing layers with different
geometrical structures was measured in Table 3.1. The lattice with porous structure
exhibits the best linearity compared with other kinds of structure. In addition, the
lattice with porous structure has the highest linearity (R?=0.993) compared with

lattice form (R?=0.991), porous (R?=0.93), and solid form (R?>=0.91).

74



Solid Porous Lattice
B C
2.0k 41 wt% CNFs : 4k 4 -9 Lattice with Porous #1(FCT)
—O— Solid Jon -a- Lattice with Porous #2(FCT)
—O— Porous /"‘ N b t:g:g: v#v:th Porous #3(FCT)
1.5k . tatt!ce " /-/ . 3k 4 Lattice #2
—C— Lattice with Porous_( Lattice #3
/' 7 - -@- Porous #1
5 —_ -@- Porous #2
Sc1'0kq ' = 2k ~ Porous #3
| ~, <1 |- Solid#1
/l -@- Solid #2
0.5k 4 Ve K -2~ Solid #3
oo -
EW{M’L Sieatatana
0.0k oo Ok| TS e oo
0 200 400 600 800 1000 0 200 400 600 800
Pressure(kPa) Pressure(kPa)

Figure 3.10 (A) Sample preparation with the same extended contour volume for
studies of the effect of geometric structure. (B) Current response and sensitivity of 1
wt% CNFs, 60% porosity pressure sensors with different geometrical structures (solid,
porous, lattice, lattice with porous). (C) The current response of pressure sensor with

multiple samples of different geometrical structures.

Table 3.1 The linearity of pressure sensors with different geometrical structures.

;::.i?::csil?‘v ét},l) Lattice Porous Solid
Sample 1 0.999 0.985 0.94 0.873
Sample 2 0.998 0.991 0.954 0.908
Sample 3 0.997 0.979 0.955 0.889

Note that for the effect of composition of water and CNFs and structure types, the

layer numbers are fixed at four because the structures with four layers possess the best
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sensing performance compared with the structures with other layers. The reason of
four-layer structure has the best sensing performance is explained in detail in Figure
3.11 and Table 3.2. Based on the definition of sensitivity S = (Al/lp)/AP, the
sensitivity is determined by the current change A7 and the initial current /o. The 1o of
the four-layer structure is lower than that of the structure with more than four layers.

As shown in Figure 3.11A and Table S2, compared with the one-, two-, and
three-layer structures, the four-layer structure has more empty space between the
lattice rods, resulting in higher deformability and more conductive pathway
generation. The Al/ly of four-layer structure is larger than AZ/ly of a structure with
fewer than four layers. When compared with five-layer structure, the initial current of
the four-layer structure is around 1.1 pA which is much smaller than the initial current
of five-layer structure, which is about 3 pA. When the pressure reaches 800 kPa, the
final current of the four-layer structure and the structure with more than four layers
are comparable. In that case, the /o is the dominant factor to determine the sensitivity,
where the Al/y of four-layer structure is larger than Al/lyof the structure with the
layer number of more than four layers. In addition, multiple samples of HPPS with 3,
4 and 5 layers of sensing layer are fabricated and measured in Figure 3.11B.

The main reason for the larger /o of the structure with more than four layers is that
the TPU packaging layer has a larger initial pressure on the sensing layer. As shown in
schematic Figure 3.11C, the sensor layer was encapsulated with double-side adhesive
tape by two pieces of TPU film adhered with Ni conductive fabric tape. Each layer of
the printed structure is about 0.4 mm thick, so one more layer of printing will result in
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a larger increase in thickness. The thicker the sensing layer, the larger initial pressure

of the upper and lower TPU film applied on the sandwiched sensing layer. This leads

to tighter contact between the electrodes and sensing layer, and even slight

compression of the sensing layer, resulting in a larger initial current.
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Figure 3.11 (A) Current response and sensitivity of HPPS with different numbers of

sensing layers. (B) The comparison of the sensitivity of HPPS with 3, 4 and 5 layers

by testing many samples. (C) Schematic cross-sectional view of the structure of the

HPPS.
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Table 3.2 The comparison of the /o, Al, and Al/ly of HPPS with 3, 4 and 5 layers by

testing many samples.

Layer number Sample I,(nA) AT (mA) Al
3 layer 1 0.984 1.38 1401

2 0.923 1.34 1457

3 0.977 1.23 1260

4 layer 1 1.12 2.38 2132

2 1.01 1.99 1971

3 1.10 2.14 1944

5 layer 1 2.88 2.26 785
2.82 2.13 763

3 3.62 2.19 606

Next, the effect of composition of water on sensing performance is well studied in
Figure 3.12. Based on the previous studies and comparative experiments (Table 3.3)
about the effect of amounts of emulsified water on porosity, the porosity could be
simply adjusted by varying the mass ratio of water in the emulsion system.'?%!?* The
porosity increases with the increasing content of the emulsified water. The porosity is
characterized through the mass difference method (see the Experimental Section for
details). As shown in Figure 3.12, the higher porosity structure exhibits higher
sensitivity. Compared with the sensors with porosity of 33% and 47%, the pressure
sensor with 60% porosity exhibits improved sensitivity (3.2 kPa™') and linearity (R? =
0.998) in the range of 0—750 kPa. This is because the higher porosity structure with
the lower young modulus is more compressible under the same pressure. Thus, a
subtle pressure would largely deform the structure and create more conductive

pathways in the high porosity structure.
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Figure 3.12 Current response and sensitivity of four layers SC pressure sensor with

different mass ratios of water.

Table 3.3 The porosity of PDMS sponge under preparation conditions with different

amounts of water.

Samples | PDMS:water M ppms sponge) (9) Porosity (%)
1 0.3169 34.86
2 0.3369 30.75
3 5:4 0.3269 32.80
4 0.3369 30.75
5 0.3169 34.86
6 0.2477 49.08
7 0.2558 47.42
8 5:7 0.2640 45.73
9 0.2730 43.88
10 0.2647 45.59
11 0.1968 59.54
12 0.2021 58.45
13 5:14 0.1987 59.15
14 0.1980 59.30
15 0.1933 60.26
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Third, the content of CNFs also has an observable effect on the sensors. So, the
sensors with the CNFs mass ratio ranging from 0.6 wt% to 1.2 wt% are prepared, and
their influence on the sensitivity is studied in Figure 3.13. For the sensors prepared
with the CNFs amount from 0.6 wt% to 1 wt%, the sensitivity gradually improved.
The increased mass ratio of the conductive fillers can construct more conductive
pathways when applied with the same pressure, which results in a higher sensitivity.
However, excessive CNFs greatly reduce the resistance in the original state (/o),
which leads to a decrease in the relative current changes. As a result, the sensitivity of

the sensor with 1.2 wt% CNFs is lower than the sensor with 1 wt% CNFs.

2.5k
60% porosity
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Figure 3.13 Current response and sensitivity of four layers SC pressure sensor with

different mass ratios of CNFs.

Finally, three different lattice structures: simple cubic (SC), parallel stacked (PS),
and face-centered tetragonal (FCT) are simply fabricated through DIW based on the
designed structural model.*° All the lattice structures are fabricated with the same

amount of emulsion. The design diagrams of the SC, PS and FCT structures are
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shown in Figure 3.14, respectively.
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Figure 3.14 Design diagram of lattice structure with different parameters.

The sensitivities and compression simulation by finite element analysis (FEA) are
shown in Figure 3.15. With the optimal content of water and CNFs, the FCT structure
exhibits the highest sensitivities among them. Different sensitivity of three lattice

structures results from the degree of deformability of the lattice structure.
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Figure 3.15 Current response and FEA simulation of four layers SC pressure sensor

with different lattice structures (PS, SC and FCT).

Then, the finite element analysis (FEA) is performed to analyze the deformation
and the stress distribution of three lattice structures, as shown in Figure 3.16. The
stress and displacement distribution of PS, SC, and FCT lattice structures under
external pressure were simulated using COMSOL software. In simulation, the single
lattice rod was set to be 1 mm long and 0.5 mm in diameter, and the distance between
two lattice rods was set to be 1 mm. Two plates were given the steel properties to
sandwich the lattice structure, and the lower plate remained fixed. A linear
compressive force of 1 MPa was applied to compress the lattice structures. In the
simulation results, the PS structure has the smallest displacement (AL=148 um), and
the FCT structure has the largest displacement (AL=508 um). The simulation result is
consistent with the experiment result. Compared with the PS and SC structures, the
FCT structure experiences a dominant deformation provided by compressing the
staggered rods rather than the vertically aligned rods in the PS and SC structure. So,

the stress is homogeneously distributed at the contact sites of each perpendicular stack
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layer. In short, based on the above optimization of the HPPS, it is determined that 60

wt% water, 1 wt% CNFs, four layers and the FCT lattice structure are the optimal

preparation conditions.
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Figure 3.16 Finite element analysis of PS. SC, FCT.
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3.5 Conclusion

In summary, we designed a hierarchical in-situ filling porous pressure sensor with
high sensitivity and high linearity over a broad sensing range. The DIW printed
hierarchical geometry achieves a broad sensing range because the multilayer lattice
and internal porous structure increase contact area and distribute applied stress. The
strategy of in-situ formation of CNFs networks embedded in inner porous structure
provides a significantly and continuously increasing in contact area in each single
pore, which results in high sensitivity and high linearity. After optimizing the
hierarchical in situ filling porous structure by thoroughly investigating the effect of
the porosity, CNFs mass ratio, structure types, stacked sensing layer numbers, and
printed lattice types, the hierarchical in situ filling sensor layer with the 4-layer FCT
structure composed with 60% porosity and 1 wt.% CNFs has been proven to have the
highest sensitivity (4.7 kPa™!) under the broad linear sensing range up to 1 MPa

(R2=0.99).
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Chapter 4. Electromechanical performance

of HPPS and its applications
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4.1 Introduction

In this chapter, the electromechanical performance of the optimized HPPS is
comprehensively studied, including detailed sensitivity, detection limit, response time,
stability, and durability. Then the sensing mechanism of the hierarchical in-situ filling
porous structure is studied by SEM during compression process. The high sensitivity
over the broad sensing range can contribute to the CNFs in-situ filling porous
structure has a very different morphology and working principles from the
conventional porous structure, which led to the better sensing performance of the
in-situ filling porous structure. For conventional porous structures fabricated by hard
templates or gas foaming method,” the conductive fillers are separated and excluded
by the hard templates or foaming process, resulting in the conductive filler being
dispersed only at the edge of the pores. The large space of the pores hinders the
contact of the conductive fillers dispersed at the edges of the pores, resulting in fewer
conductive paths being generated. The in-situ filling porous structure is formed by the
solidification of CNFs/PDMS and evaporation of emulsified water, while the CNFs
dispersed in emulsified water remain inside the pores, forming CNFs networks
embedded in the pores. The CNFs networks in-situ filling in porous
structure dramatically increases the conductive material contact sites and conductive
pathways generation during compression, which achieves high sensitivity and high
linearity.

Based on such a hierarchical geometry and secondary CNFs in-situ filling porous

structure, the HPPS achieves a high sensitivity (4.7 kPa™!) and high linearity (R? =
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0.998) over a broad range (0.03—1000 kPa) simultaneously. The high sensitivity and
linearity enable the pressure sensor to have a high-pressure resolution. Therefore, the
sensor is capable of detecting a low-pressure change (10 kPa) under a high
pre-compression of 643 kPa.

Benefiting from the high sensing performance of the HPPS, the sensor is used in
detecting various stimuli from low pressure, such as tiny object recognition, pulse
detection, and voice recognition, to medium pressure, such as finger bending and
human motion detection, to large pressure, such as tire pressure detection. The
demonstration of slight pressure changes upon large pre-compression indicated our
pressure sensors have a high-pressure resolution. In addition, a smart insole sensor
array comprising of 5 sensors located in different positions is employed for plantar
pressure sensing to diagnose foot diseases and detect sports biomechanics. With the
remarkable sensing performance, we envisage that the hierarchical in-situ filling
porous structure can provide a promising design strategy to fabricate
high-performance wearable devices for applications in health monitoring, artificial

intelligence, human-machine interfaces, robotics, etc.!!!2

4.2 Methodology

4.2.1 Electromechanical performance characterization of the

HPPS

For pressure-sensing performance, the linear motor was set to apply pressure
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according to appropriate testing conditions. Two pieces of PMMA square plate with a
length of 1cm and a thickness of 1 mm were stuck on the head of the digital force
gauge and the head of the linear motor, respectively. The sensor was stuck on the
PMMA plate on the head of the digital force gauge. The pressure was recorded by the
digital force gauge. Meanwhile, the current was recorded in real-time using a
LabVIEW controlled digital source meter (Keithley 2611B). The source-drain voltage
was 0.1 V, except for the high-pressure resolution demonstration, which was 0.07 V.
The I-V curves were measured by an electrochemical analyzer (CHI660E) in the
pressure range of 0 kPa to 600 kPa. For the high-pressure resolution test, tiny object
pressure sensing test, voice recognition, pulse detection, and high-pressure resolution
demonstration, the current was recorded using an electrometer (Keithley 6514).

The 3x3 cm? sensor was used for the high-pressure resolution demonstration,
and the 1x1 cm? sensor was used for all other tests and demonstrations. The

sensitivity (S) was calculated according to the following equation (12):

Al/I AR/R
S: /0 r / 0
AP AP

Where Iy is the initial current of the sensor without pressure loading, and A/ is the

current changes of the sensor under a fixed pressure change (AP).

4.2.2 Finite element analysis simulation

The stress and displacement distribution of PS, SC, and FCT lattice structures

under external pressure were simulated using COMSOL software. The single lattice
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rod was set as 1 mm long and 0.5 mm in diameter, and the distance between two
lattice rods was set as 1 mm. Two plates were given the steel properties to sandwich
the lattice structure, and the lower plate remained fixed. A linear compressive force of
1 MPa was applied to compress the lattice structures. The material model of lattice
structure was set as linear elastic material. The sequence type of meshing was set as

physics-controlled mesh, and the element size of meshing was set as normal.

4.2.3 Fabrication of smart flexible insole

The foot-shaped PET film was used as the substrate of the smart flexible insole,
and it was fabricated by a laser cutting machine (4060, FST) based on the designed
pattern in Core]DRAW software. The five HPPS were fixed on the five positions of
the PET film with double-side tape, including 1st phalanx (#5), 5th metatarsal (#4),

st metatarsal (#3), Medial cuneiform (#2), and Posterior calcaneus (#1).

4.3 Electromechanical performance of HPPS

The sensing performance of the HPPS under different pressing conditions is
studied. The synergetic effect of in-situ filling internal porous structure and lattice
structure enables the sensor to exhibit high sensitivity and high linearity over a broad
pressure-sensing range. As shown in Figure 4.1A, the HPPS prepared with the

optimized condition (1 wt% CNFs, 60 wt% water with FCT structure) achieves a high
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sensitivity of 4.7 kPa™! and high linearity with the correlation coefficient of 0.998 in
the broad pressure range from 0.032 kPa to 1000 kPa. In comparison with the
previously reported piezoresistive pressure sensors in Figure 4.1B, our HPPS exhibits
an incomparable high sensitivity and a broad linearity range of pressure.’-!2>127:131-149
To the best of our knowledge, the simultaneous achievement of such a high sensitivity
of 4.7 kPa™! over such a broad linear range from 0.03 kPa to 1000 kPa has never been
reported before. The dynamic response speed of the sensor is measured by suddenly
pressing with a 17 kPa force, followed by a quick release. The response and relaxation

time are 24 ms and 15 ms (Figure 4.1C), respectively, which are comparable to the

response time of human skin (30-50 ms). The HPPS exhibits a low detection
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limitation of 32 Pa, as shown in Figure 4.1D, which indicates the HPPS is able to

detect very small mechanical stimuli.
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Figure 4.1 (A) Relative current change based on the optimized sensing layer under
different pressures (0.032 kPa—1000 kPa). (B) Comparison of the sensitivity of our
pressure sensor with other reported literatures. (C) Response and recovery times of
the HPPS under the pressure of 17 kPa. (D) The relative current change under the

subtle pressure of a half peanut.

The current-voltage (I-V) curves of the pressure sensor from —3 V to 3 V under

different pressures display a linear relationship, indicating that the HPPS possesses

91



ohmic contact characteristics (Figure 4.2A), and has a stable sensing performance
under various static pressures. As the pressure increases from 0 to 600 kPa, the
resistance decreases dramatically. The relative current change of the sensor under six
incremental pressure loading/unloading cycles is measured to investigate the dynamic
pressure sensing performance (Figure 4.2B). The pressure sensor exhibits a steady
signal and a transient response to the cyclic loading/unloading process, indicating that
the pressure sensor is capable of working stably in a wide range of dynamic cyclic
pressure. The effect of loading frequency should also be considered for evaluating the
stability of dynamic pressure sensing performance. As depicted in Figure 4.2C, the
relative current change exhibits no frequency dependence or delay under a constant
pressure of 100 kPa with different frequencies from 0.2 to 5 Hz. The high sensitivity
and high linearity under a broad pressure range enable the pressure sensor to exhibit
high-pressure resolution. The pressure sensor could detect the slight pressure change
under high pre-compression. Figure 4.2D depicts the synchronous change of current
and pressure. At first, the sensor is compressed to 643 kPa as the reference Po, and
then the incremental slight pressures (10 kPa, 21 kPa, and 32 kPa) were added in
sequence. The results show that the sensor has the ability to differentiate the

incremental slight press under a large pre-compression.
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Figure 4.2 (A) Current-voltage curves of the HPPS under different pressures. (B)

Dynamic response of the HPPS under loading/unloading cycles from low pressure to

high pressure. (C) Dynamic response of the HPPS under 100 kPa at different

frequencies. (D) Detection of tiny pressure under pre-compression of 643 kPa.

As illustrated in Figure 4.3, the pressure sensor exhibits high reproducibility and

durability under the pressure of 28 kPa, 50 kPa and 200 kPa during 35,000 cycles,

respectively. In the inset figure, the signal shows that there is no obvious amplitude

change in the cycle test.
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Figure 4.3 Repeatability performance of HPPS over 35000 loading/unloading cycles

under the pressures of 28 kPa, 50 kPa, and 200 kPa respectively.

To study the reproducibility of the pressure sensor, the error bar studies in terms of
pressure range and sensitivity were conducted by measuring 8 sensors in Figure 4.4
and Table 4.4. All eight sensors have very close sensitivity values over a wide sensing
range of 1 MPa. Furthermore, all eight sensors exhibit very high linearity. There is no
significant deviation in sensitivity and linearity, which implies the good

reproducibility of the pressure sensor.
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Figure 4.4 Relative current change with error bars based on the optimized sensing

layer under different pressures.

Table 4.4 The sensitivity and linearity of eight different samples.

Sensitivity(kPa1) Linearity R?
Sample-1 5.01 0.994
Sample-2 4.96 0.995
Sample-3 4.75 0.998
Sample-4 4.74 0.998
Sample-5 5.03 0.997
Sample-6 5.08 0.998
Sample-7 4.86 0.998
Sample-8 5.04 0.993

4.4 The Sensing Mechanism of HPPS

The synergic effect of multilayer structure and hierarchical in-situ filling porous

structure enables the pressure sensor to exhibit high sensitivity and high linearity over
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a broad pressure range. In order to understand the high-performance sensing
mechanisms of HPPS, micromechanics compression test and in-situ SEM imaging are
performed. For all the following SEM images, the compression direction is vertical
(up to down). Figure 4.5A-I1 visualizes the cross-sectional views of structure
evolution at 0%, 26%, and 63% compression at different scales. The schematic
illustration of the detailed sensing mechanism is depicted in Figure 4.5J-M and

Figure 4.6.
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Figure 4.5 Cross-sectional SEM images of lattice structure at (A) original state, (B)
compression of 26%, (C) compression of 63%. Cross-sectional SEM images of the
porous structure at (D) original state, (E) compression of 26%, (F) compression of
63%. Cross-sectional SEM images of the CNFs networks embedding in a single pore
at (Q) original state, (H) compression of 26%, (I) compression of 63%. Schematic
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illustration and circuit diagram of sensing mechanism of HPPS under (J) small
compression, (K) medium compression, (L) large compression. m A tiny pressure
change under a large preload is used to illustrate the high pressure resolution

performance.
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Figure 4.6 Schematic illustration and comparison of porous structures formation by
emulsion template method, sold particle template method, and gas foaming method.
The schematic illustration of pressure sensing mechanisms of porous structures

prepared by three different methods.

Figure 4.7 visualizes the interface between the sensing layer and the Ni electrodes.

The wavy textile microstructure of Ni electrodes forms fewer initial contact points
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with the sensing layer, which results in high contact resistance in the unloaded state.
Figure 4.5A, 4.5D, 4.5G and 4.5] illustrate the morphology of multilayer lattice and
hierarchical in-situ filling porous structure before compression. The space between
stacked layers makes the lattice structure highly compressible (Figure 4.5A). The
in-situ filling porous structure formed by emulsion template method results in CNFs
networks that exist in the PDMS matrix, on the interface, and embedded in pores
(Figure 4.5D and 4.5G). This could create more contact sites among CNFs networks

during compression, resulting in high sensitivity over the sensing range.
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Figure 4.7 In situ SEM images of structural deformation of hierarchical in situ filling

porous structure under a tiny pressure.

At very low compression, shown in Figure 4.7, the contact area (orange line)
between the Ni electrodes and sensing layer increases significantly, resulting in a
decrease in contact resistance under low pressure. In addition, the internal pores

compress slightly, and CNFs networks embedded in porous structure slightly contact
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each other, generating some conductive pathways that increase the current. As shown
in Figure 4.8, a comparison experiment of the effects of a wavy textile microstructure
electrode and a flat Cu electrode on the sensing performance under low pressure is
conducted to prove that the Ni electrodes can improve the sensing performance in low
pressure range. Furthermore, there is no significant deviation in sensitivity between
the low pressure (4.64 kPa™!, < 500 Pa) and high pressure range (4.7 kPa™!, < 1 MPa),

which further confirms the high sensitivity and linearity over the entire sensing range.
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2 4-9- Cu electrode-2
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Figure 4.8 The sensing performance of sensors fabricated using Ni conductive fabric

and Cu electrodes at low pressure range.

At 26% compression (Figure 4.5B, 4.5E, 4.5H and 4.5K), the lattice rods deform
and partly contact each other to create more conductive pathways. Comparing with
the single-layer structure, the multilayer structure has a larger contact area change and
effective stress distribution, thereby generating more conductive pathways during

compression.'> This is also verified in the pressure sensitivity comparison test of the
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HPPS with different numbers of layers (Figure 3.11). In the high magnification SEM
images of Figure 4.5E and 4.5H, inner pores (red dash line, yellow dash line) begin to
shrink, and CNFs networks embedded in porous structure contact each other to build
up more conductive pathways. The introduction of in-situ filling porous structure
further improves sensitivity and linearity. This can be proved by the results in Figure
3.10, where the sensitivity of lattice structure with internal porous structure is higher
than the lattice structure without it.

Herein, a schematic illustration of Figure 4.6 is used to interpret the
high-performance mechanism of in-situ filling porous structure compared with other
kinds of conventional hollow porous structure. The superiority of our in-situ filling
porous structure to conventional porous structures is caused by different morphologies
and different working principles. For conventional porous structures, which are
usually fabricated by hard templates (like sugar, salt, and other solid particle
templates) or gas foaming method, the conductive fillers are separated and excluded
by the hard templates or foaming process. This results in the conductive filler only
being dispersed at the edge of the pores. When applied with a slight pressure change,
the large space of the pores hinders the contact of conductive fillers dispersed at the
edge of the pores, which results in most conductive paths generating only in the
elastomer. Therefore, for conventional porous sensors, the resistance change is
relatively small over the entire sensing range. For our in-situ filling porous structure
fabricated by soft emulsion template method, the CNFs can disperse inside the soft
template when mixed with PDMS emulsion. Then, during the high temperature curing
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process, the emulsified water evaporates, while the CNFs dispersed in emulsified
water remain inside the pores, forming CNFs networks embedded in the pores. This
led to the conductive fillers not only attaching at the edge of the pores but also in-situ
filling in the pores. When a slight pressure change is applied, the CNFs networks
embedded in internal porous structure can easily contact each other to generate
free-standing conductive pathways in the internal pores. In addition, the CNFs
networks could also serve as a ‘bridge’ to connect the separated conductive filler
dispersed at the edges of the pores to form more conductive pathways. This result in
the conductive path could generate in elastomer, pores, and elastomer-pores interface.
Therefore, a more significant resistance change can be induced over the entire sensing
range. A comparison of sensing performance of the in-situ filling porous sensor with
conventional porous sensor with the same porosity and same ratio of CNFs is
conducted to further prove the superiority of in-situ filling porous structure to

conventional porous structure (Figure 4.9).
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Figure 4.9 The comparison of the sensitivity of in situ filling porous sensor and

conventional porous sensor.
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At 63% compression (Figure 4.5C, 4.5F, 4.51 and 4.5L), the further deformation
and tight contact of lattice rods will generate more conductive pathways and reduce
resistance. In the high magnification SEM images of Figure 4.5F and 4.51, the pores
further shrink, and the CNFs networks embedded in porous structure are compressed
to form more conductive pathways. During the entire process of compression,
conductive pathways are continuously generated due to the gradual contact of in-situ
filling CNFs networks in microscale and deformation and contact of lattice rods in
macroscale.

As can be observed from Figure 4.51 and 4.5M, even at a highly compressed of
63%, there are still some nano-scale gaps between each carbon nanofiber due to the
mesh characteristics of the CNFs networks. Thus, upon huge pre-compression, a
slight pressure change could still induce some conductive pathways to be generated in
nanoscale CNFs networks. This can be demonstrated by the result in Figure 4.2D.

The total resistance of HPPS is expressed in terms of the sum of the resistance of
the sensing material (Rp, Rr) and contact resistance (Rc, Ri). In theory, the total

resistance is expressed as follows equation (13):

Rp*Rf*Rl

R =2R. +
total € Rp*Rp+Rp*R1+Re*R)

where R. denotes the contact resistance between the sensing layer and the
electrode, R| denotes the contact resistance between the neighboring interlocked
lattice rod, R, denotes the resistance of the conductive pathways generated in the
PDMS matrix, and Rr denotes the resistance of the free-standing pathways generated
inside the porous structure.
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4.5 Applications

4.5.1 Wearable device and high-pressure resolution

demonstration

Due to the high sensitivity and high linearity over a broad range, the pressure
sensor can be used in various applications. As presented in 4.10A, different slight
pressures are detected and distinguished to verify the high sensitivity and
high-pressure resolution of the HPPS. In order to detect the slight pressure, adhesive
tape is used to fix the sensor tightly on the table. The light objects’ weights, from a
grain of rice (0.022 g) to a tiny screw (0.7 g), are detected and distinguished based on
the difference of the current change. Next, the pressure sensor is used to recognize
different voices (Figure 4.10B). As shown in the inset, the sensor is attached on the
throat to detect the subtle vibration when the volunteer speaks. The words ‘good’ and
‘morning’ correspond to characteristics of the current change pattern, indicating that
the sensor is capable of distinguishing different voices. The word ‘good’ is repeated

five times to demonstrate its repeatability.
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Figure 4.10 (A) Transient response to the loading/unloading light objects. (B)
Monitoring of throat vibration when pronounced “Good morning”. The repeatability

of recognizing the same word “Good” five times, as shown in the inset image.

Due to its high sensitivity, the sensor can be used to detect the wrist pulse period
and waveform in real-time when it is attached to the wrist skin by the medical tape
(Figure 4.11A). As illustrated in Figure 4.11B, the arterial pulse could be read
accurately under both normal conditions (66 beats per minute) and after exercise (108
beats per minute). Meanwhile, each periodic pulse with three distinguishable
characteristic peaks can be accurately recognized in both states: percussion wave (P),

tidal wave (T), and diastolic wave (D) (Figure 4.11C).
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Figure 4.11 (A) HPPS is attached to the wrist to monitor the (B) wrist pulse of a
healthy person before and after exercise, and (C) the enlarged single pulse signal

contains characteristic peaks: P-wave, T-wave, and D-wave.

This suggests that the HPPS could potentially apply in healthcare monitoring and
disease diagnosis. In addition, the angle of finger bending could also be accurately
measured by fixing the HPPS to the finger joint, as depicted in Figure 4.12A. When
the bending angle of the finger gradually changes, the current change exhibits a
stepwise increase. The current change remains constant when the finger maintains a
certain angle, and it returns to the original value when the finger restores to the

original position (Figure 4.12B).

106



IR

180" 165" 150° }#35° 120" PO° 160" 180°
1 1 1 1 |

121

<84

4]

o] o—t 1 ik
0 10 Timg(%) 30 40

Figure 4.12 (A) HPPS is fixed on the index finger joint for monitoring finger bending
angle. The angle of finger bending is defined as shown in the figure. (B) Monitoring

finger bending with different angles.

Beside the sensing capability in the low-pressure range, such as arterial pulse
monitoring, voice recognition, and finger joint bending detection, the HPPS could
also be applied in some high-pressure scenarios. As shown in Figure 4.13A, the
pressure sensor is fixed on the sole to detect the different motion states. Different
motions, including walking, brisk walking, running, and jumping, could be
distinguished according to the sharpness, frequency, and intensity of the signal. The
sensor can be utilized to measure tire pressure while riding a bicycle, as shown in
Figure 4.13B. When riding a bicycle with inflated tires, the tires generate large
pressure on the sensor, which results in a large current signal. When the tire is out of
air, the contact area of the tire with the ground becomes larger, resulting in a decrease
in the pressure of the tire on the sensor. Sensors with a wide range can potentially be
applied to the tactile perception of human-machine interfaces to detect small pressures

such as blowing and touching, and then larger pressures such as stabbing and
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smashing (Figure 4.13C).
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Figure 4.13 (A) Real-time recording of human motions, including walking, brisk
walking, running and jumping. (B) Measuring the tire pressure while riding a bicycle.
(C) Tactile recognition of different magnitudes of force, including blowing, touching,

stabbing, and smashing.

Benefiting from the high sensitivity and a broad linear range of sensing
capability, the HPPS exhibits high pressure resolution. Then, the pressure sensor is
used as an electronic balance to verify the linear sensitivity at high pressure, as
depicted in Figure 4.14A. The square PET plate is placed on top of the sensor to bear
the weight, and four small columns are located at four corners to stabilize the PET.
When three incremental weights (20 g, 40 g, and 60 g) were sequentially loaded under
0 kg and 3 kg pre-loading weights, the current changes for each 20 g mass increase in
both cases exhibit the same value, indicating the good linearity of the pressure sensor
under high pressure. Above all, the HPPS has great potential in detecting the

incremental small press under a large pre-compression.
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Figure 4.14 (A) Measuring the three 20 g weight changes in sequence under the
pre-loading weights of 0 and 3 kg. (B) Measuring the tiny pressure change of a bottle

of water under the preload of a human weight.

In Figure 4.14B and 4.15, a 2.5x2.5 cm? pressure sensor is used to demonstrate
the high-pressure resolution characteristics under a broad pressure range. As shown in
Figure 4.14B, an 80 kg male stands with one foot on the pressure sensor, and then a
bottle of water (550 g) is placed on his hand. The whole process, including the slight
pressure change due to the addition of a bottle of water, can be detected by the current
change. Moreover, the HPPS demonstrates its high-pressure resolution in some high
pressure scenarios (Figure 4.15). As shown in Figure 4.15A, the front wheel of a car
(1700 kg) is first pressed on the sensor as pre-compression. When a male (80 kg) is
getting on the car, the increased pressure leads to a stepped increase of the current
change. When the car leaves the pressure sensor, the signal instantly returns to its
original state. As shown in Figure 4.15B, a lighter object (a box of bottled water, 6 kg)

is placed on the car. The entire process, including the weight change of a box of
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bottled water, could be accurately recorded through the obvious signal change. The
signal oscillations (marked in red circle) in the inset of Figure 4.15A and 4.15B
indicate the slight vibration and movement while a man and a box of water were

loaded on the car.
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Figure 4.15 Measuring the pressure change of (A) a human and (B) a box of water

under the preload of a car weight.

4.5.2 Plantar pressure distribution monitoring

Plantar pressure distribution monitoring is of great significance in podiatric disease
prevention and diagnosis, injury prevention, gait analysis, sports biomechanics, etc.
For instance, abnormal gait and walking posture may cause excessive local pressure
in certain areas of the foot, which can lead to various diseases such as plantar fasciitis,
diabetic foot ulcers, etc.!>!!5? The typical abnormal gaits, including supination and

pronation, are shown in inset images in Figure 4.17B and 4.17C. Except for
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congenital supination and pronation, some acquired cases result from wearing unfit
shoes, being overweight, having calcium deficiency, or having poor walking habits.
For the acquired supination and pronation, it is difficult to prevent and diagnose the
disease at an early stage.!*

Herein, our highly sensitive over broad range pressure sensor is capable of
accurately detecting plantar pressure distribution, which can be used to diagnose
abnormal gait at an early stage. The high linearity of pressure sensor is able to clearly
distinguish the pressure intensity of different local areas. As shown in Figure 4.16A,
five pressure sensors are integrated into the smart insole. Each sensor is placed at
corresponding areas of posterior calcaneus (#1), medial cuneiform (#2), 1st metatarsal
(#3), 5th metatarsal (#4) and 1st phalanx (#5). The evolution of pressure distribution
map during dynamic waking process (heel strike, mid stance and toe-off) is

reconstructed from the acquired signals, as shown in Figure 4.16B.
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Figure 4.16 (A) Optical image of HPPS array on smart insole and corresponded
anatomy in the schematic illustration of the human foot. (B) Evolution of the pressure

distribution mapping during dynamic waking process.
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Figure 4.17A—C demonstrate and compare the current variation and corresponding
calculated pressure as a function of time for three different walking gaits: neutral,
supination and pronation. For neutral gait (Figure 4.17A), the #l sensor signal
increases first due to the heel touching the ground. Then the #3,4 sensor signal rise
indicates the mid stance, and finally, the #5 sensor signal growth suggests that the heel
lift in the final stage. For supination gait (Figure 4.17B), the signal of sensor #4 is
much higher than sensor #3 which indicates a shift of barycenter to the outside of the
foot (5th metatarsal). In the case of pronation (Figure 4.17C), the shifting of
barycenter to the inside of the foot leads to a higher signal in sensor #3 (1st
metatarsal). In addition, the early stage of pronation gait results in a slightly flat foot,
which causes the arch slightly to deform to touch the #2 sensor (medial cuneiform), as
shown in the inset image in Figure 4.17C. Therefore, the high sensitivity of the
pressure sensor enables to identification of minor gait abnormalities, thereby realize
diagnose of pronation and supination in the early stage. The high linearity of the
pressure sensor could easily distinguish three different walking gaits by comparing

the plantar pressure distribution.
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Figure 4.17 Real-time recorded current variations and corresponding calculated
pressure of the five sensors to detect the walking posture of three different people
with (A) neutral gait, (B) supination gait, and (C) pronation gait, respectively.
Real-time recorded current variations and corresponding calculated pressure of the
five sensors to recognize the sports biomechanics of (D) running, (E) standing on

tiptoe, and (F) squatting, respectively.

In addition to prevention and diagnosis of foot diseases, our sensor can also be
applied to sports biomechanics detection (Figure 4.17D—F). Compared with normal
walking (Figure 4.17A, step speed: 48 steps per minute), a larger current signal and
higher frequency are observed during running (Figure 4.17D, step speed: 100 steps
per minute). During the process of standing on tiptoe (Figure 4.17E), more pressure is
concentrated on Ist phalanx, which causes an intense signal in sensor #1. During the
squatting process (Figure 4.17F), the signal experience constantly changes because of
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the altering barycenter. The above results indicate that the high sensitivity and high
linearity over the broad range pressure sensor have outstanding potential in wearable

medical devices and sports equipment for real-time monitoring purposes.

4.6 Conclusion

In conclusion, the optimized HPPS achieves high sensitivity (4.7 kPa™!) and high
linearity (R? = 0.998) over a broad range (0.03—1000 kPa). These sensing capabilities
enable the pressure sensor to detect diverse stimuli from low pressure such as tiny
object recognition, pulse detection, and voice recognition, finger binding detection,
and human foot motion in medium pressure regimes, tire pressure monitoring in high
pressure regions. Moreover, the sensor is able to detect a low pressure change under
high compression because of its high-pressure resolution. With the outstanding
performance of the pressure sensor, it can be applied to personal electronics and
biomedical devices in the near future. In addition, this cost-effective fabrication
method of hierarchical in-situ filling porous structure provides a general design

strategy for other types of sensors.
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Chapter 5. Fabrication of WMS
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5.1 Introduction

The wearable and stretchable sensing electronics with the mechanical stimuli

sensing capabilities attract tremendous attention due to their promising application in

154-156 157-159

personal health  monitoring, electronic-skin, human-machine

160-162

interface and robotics.!6>!%* For steadily and accurately perceiving physical

signals, a series of significant progress has been made in developing

150,165 13,14

high-performance wearable sensors with excellent sensitivity, stretchability,

I7.18 etc.!” However, most of the developed

robustness,'>!% broad sensing range,
wearable sensors are optimized for detecting only uniaxial mechanical deformation
(such as lateral stretch or pressure) and cannot monitor and differentiate multiple
mechanical stimuli. The sensing features of these sensors exhibit the same electrical
output tendency under different mechanical stimuli such as pressure, stretching,
bending and twisting. As a result, the measurement of one directional mechanical
stimulus will be interfered with by stimuli coming from other directions, indicating
the inability to sense and differentiate between multiple mechanical stimuli. This
severely limits its use in practical applications where the detection and differentiation
of a variety of complex mechanical stimuli are essential.

To address the interference caused by the mechanical stimuli coming from
different directions, a typical strategy is to fabricate a wearable sensor that is sensitive
to mechanical stimuli from only one direction while being insensitive to others. Oh et

al. developed a porous pressure insensitive strain sensor.'®® The working mechanism

is that pressure is working primarily to close the pores while having no effect on
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CNTs network, and the lateral stretching causes microcracks occur within the carbon
nanotube network, leading to a change in resistance. On the other hand, some research
on strain insensitive pressure sensors has also been reported. A hierarchical
micropyramid array structure with a stiffening microelectrode was developed that
produces contact area changes and capacitance change only under pressure but not
under tension.'®” Although these devices reduced interference from mechanical
stimuli coming from other directions, they were unable to detect mechanical signals
coming from other directions. Therefore, there is a strong need to develop sensors that
can not only differentiate multiple mechanical signals but also monitor them
simultaneously. So far, some wearable sensors with the multiple mechanical stimuli
sensing and differentiating ability have been developed. Bao et al. designed a
stretchable, porous e-skin to detect and harvest a variety of mechanical stimuli based

on three independent electric signals.'®®

According to Zhu et al, a
dual-interdigital-electrode sponge sensor was fabricated with the capability of
identifying multiple mechanical stimuli by measuring the resistance signal of the top
and bottom interdigital electrodes.'®® However, these sensors with multiple
mechanical stimulus sensing capabilities still suffer from many drawbacks, such as
low sensitivity in different sensing directions, a narrow sensing range, and a complex
fabrication process.

Herein, a wing-like structured, high sensing performance WMS is designed to
precisely detect and differentiate multiple mechanical stimuli, including pressure,

stretch, convex and concave bending. The wing-liked structure is composed of
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pressure sensing module in the middle and stretch sensing module in both wings. The
pressure sensor module is assembled from a hierarchical in situ filling porous sensing
layer and the PDMS substrate pasted with interdigital electrode. The structural feature
of the hierarchical in situ filling porous pressure sensing layer is the in-situ filling
porous structure formed by emulsion template method, and hierarchical porous
structure prepared by DIW printing technique. This high density of CNFs in-situ
filling in porous structure and the huge deformability of hierarchical porous structure
result in outstanding pressure sensitivity. Then we optimize the pressure sensing
module by investigating the sensing layer, which is composed of different
concentrations of CNFs. For stretch sensing module in both wings, the high stretch
sensing performance is achieved by the pre-stretch treatment and preparation of 1D
CNTs and 2D Ag nanoflakes conductive network in the sensing layer. The wrinkled
CNT-Ag nanoflakes hybrid film results in high sensitivity over a broad stretching
sensing range. The effect of different concentrations of CNTs and Ag nanoflakes, and
the effect of pre-stretch treatment are investigated to optimize the stretch sensing

module.

5.2 Methodology
5.2.1 Materials

Carbon nanofibers (CNFs, model XFM60, purity > 95 wt%, diameter of 50-200

nm, length of 1-15 pm), carbon nanotubes (diameter of 8—15 nm, length of 50 um),
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and Ag nanoflakes (~5 pm) are obtained from XFNANO Materials Tech Co., Ltd. The
PDMS (Sylgard 184) with curing agent and Ecoflex 00-30 were bought from Dow
Corning Co., Ltd. Paraffin liquid was obtained from Sinopharm Chemical Reagent
Co., Ltd. Ethanol (ACS, purity > 99.5%),
1,1,1,3,3,3-HexafluoroHexafluoro-22-propanol  (99.5%), propanol (99.5%), and
N-hexane (AR, 97%) were purchased from Aladdin Co., Ltd. Conductive silver resin
from Aladdin Co., Ltd. Conductive silver paint (SPI# 05001Paint (SPI# 05001-AB)
was purchased from SPI Supplies. Conductive resin adhesive was purchased from
Beijing Jianlong Electronic Chemical Co., Ltd. Polyurethane was purchased from
Beijing Jianlong Electronic Chemical Co., Ltd. Polyurethane masterbatches (TPU)
were purchased from BASF Comasterbatches (TPU) were purchased from BASF Co.,

Ltd.

5.2.2 Fabrication of wrinkled CNTs/Ag hybrid film for the

stretch sensing module

-Fabrication of substrate and electrodes

The overall substrate is composed of PDMS in the middle and Ecoflex in both
wings. For the fabrication of middle PDMS part, firstly, a 1.2 x 1.6 cm* PMMA mold
is fabricated by laser cutting machine (4060, FST) based on the designed pattern in
CorelDRAW software. Then, the PDMS was thoroughly mixed with curing agent in a

ratio of 5:1, pouring and coating in the PMMA mold. The coated PDMS solution is
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cured in an oven at 80°C for 2 h. For the fabrication of Ecoflex in both wings, the
cured PDMS middle part was first placed in the middle part of a 1.2 x 4 cm?> PMMA
mold. The Ecoflex part A and part B were mixed thoroughly with a ratio of 1:1,
pouring and coating in both sides of the placed PDMS part. The coated Ecoflex
solution is cured in an oven at 60°C for 2 h.

The interdigital conductive fabric electrode was engraved by laser cutting
machine according to the designed pattern. Then the interdigital electrode was pasted
on the PDMS.

-Preparation of the CNTs/Ag nanoflakes dispersion

The CNTs, Ag nanoflakes dispersion was prepared by dispersing CNTs and Ag
nanoflakes in ethanol with ultrasonic and magnetic stirring for 0.5 h, respectively.
Three different concentrations of CNTs/Ag nanoflakes dispersion (CNTs: Ag
nanoflakes = 1:0.5, 1:1, and 1:2) were prepared by mixing CNTs and Ag nanoflakes
dispersion, followed by ultrasonic dispersing and magnetic stirring for 0.5 h.
-Fabrication of wrinkled CNTs/Ag stretch sensing layer

The substrate was pre-stretch with 50% and fixed on a PMMA mold fabricated by
laser cutting machine. Both ends of the pre-stretched substrate were fixed on both
ends of the PMMA mold by the clamp. The prepared CNTs/Ag dispersion was
transferred into the PMMA mold by pipette. The dispersion was dried at 80°C for 10
minutes to form a CNTs/Ag nanoflakes hybrid film. The PMMA mold was removed,
and the pre-stretched strain was released to form a wrinkled CNTs/Ag nanoflakes
hybrid film. The inner end of wrinkle hybrid film is coated on the interdigital

120



electrode. Paste the conductive fabric with conductive silver paint on the outer ends of
the wrinkled CNTs/Ag nanoflakes hybrid film in both wings. The wrinkled CNTs/Ag

nanoflakes hybrid film was encapsulated with Ecoflex and cured at 60°C for 2 hours.

5.2.3 Fabrication of hierarchical in situ filling porous

structure

-Preparation of CNFs/PDMS emulsion

The PDMS emulsion is prepared by stirring the 5 g of PDMS, 0.5 g of curing agent,
and 5 g of paraffin liquid with a high-shear dispersing machine (FS400-S, LICHEN
Co., Ltd.) under high-speed stirring at 1200 rpm. Meanwhile, 14 g of ultrapure water
was added dropwise at a rate of 48 ml/h into the PDMS/paraffin liquid mixture using
a microfluidic syringe pump (SP-1000, Ningbo Annuo Medical Apparatus, and
Instruments Technology Co., Ltd.). A white and creamy PDMS emulsion was
obtained after all the water was added to the PDMS/paraffin liquid mixture. Second,
the CNFs were added into the PDMS emulsion in batches under vigorous mechanical
stirring by using a high-shear dispersing machine to form a black and creamy
CNFs/PDMS emulsion as the DIW printing inks.
-Fabrication of CNFs/PDMS sensing layer

The CNFs/PDMS hierarchical in situ filling porous sensing layer was printed using
pneumatic extruding DIW printing (SHOTmini200Q2X, Musashi Engineering, Inc.).

The lattice structure was printed based on the 3D model designed in the DIW printer.
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The optimized setting parameters were as follows: the diameter of the nozzle was 0.6

mm, the moving speed of the printing head was 6 mm s

, and the extrusion pressure
was controlled within the range of 50-80 kPa. After printing, the CNFs/PDMS
sensing layer was cured at 80°C for 2 h, and then the cured sensing layer was washed
twice with n-hexane and ethanol, respectively. The washed sensing layer was dried for
2 h at 100°C. Finally, the dried CNFs/PDMS sensing layer was assembled on the

interdigital electrode and encapsulated by TPU film. The TPU film is prepared by

electrospinning 4 wt% TPU dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol.

5.2.4 Characterization

The morphologies and elemental mapping of CNFs/PDMS hierarchical in situ
filling porous sensing layer and wrinkled CNTs/Ag nanoflakes hybrid film were
characterized using scanning electron microscopy (SEM, JCM-7000 NeoScope) with
a voltage of 5 kV. A computer-controlled linear (LinMot) motor was used to perform

pressure and stretch sensing tests.

122



Water ;‘\ :
droplet CNFs Encapsulate TPU film

with double-sided tape

> £

Curing,
Remove paraffin oil Assemble

= “’/V

Assemble

3D printing

Release pre-stretch,
Attach electrode,
Encapsulate

- -

Pre-stretch,
Curing Ecoflex layer Attach electrode Coating CNTs/Ag

o

Figure 5.1 Schematic illustration of multifunctional sensor fabrication.

5.3 Structural design and morphology studies of WMS

The fabrication process of WMS is illustrated in Figure 5.1, Figure 5.2 and
methodology, which consist of pressure sensing module and stretch sensing module.
According to our previous report,*® the hierarchical in situ filling porous sensing layer
in the pressure sensing module was prepared by emulsion template method and direct
ink writing (DIW) printing technique. Firstly, the PDMS emulsion is prepared by
adding ultrapure water dropwise to PDMS/curing agent/paraffin liquid mixture under
vigorous mechanical stirring. Then, the CNFs were added into the PDMS emulsion in
batches under vigorous mechanical stirring by using high-shear dispersing machine.
The CNFs/PDMS emulsion serves as the ink for DIW printing. The CNFs/PDMS
lattice structure is 3D printed based on the designed 3D model in DIW printer. After

the printed sensing layer was cured at 100 °C for 2 h and washed with n-hexane and
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ethanol to remove the residual paraffin liquid.

A Pressure sensing module TPU film

Hierarchical porous Double-sided tape
sensing layer 4

Ni electrode

PDMS substrate \

\ Stretch sensing module
Ecoflex substrate
\ Wrinkled CNTs/Ag hybrid film
Ni electrode

Figure 5.2 (A) Structural schematic of WMS. (B, C) Cross-sectional SEM images of

the pressure sensing layer at different magnifications. (D, E) The cross-sectional (D)
and top viewed (E) SEM images of the stretch sensing layer at different

magnifications.

The morphology of hierarchical in situ filling porous pressure sensing layer was
studied by SEM in Figure 5.2B and 5.2C. Figure 5.2B presents the cross-sectional
SEM image of the lattice structure, consisting of stacked lattice rods with a distance
of approximately 200 um. In the magnified SEM images of Figure 5.2C and inset, the
CNFs networks in-situ filled in the internal porous structure of a single lattice rod
formed by emulsion template method. This in-situ filled structure is formed by the
curing of CNFs/PDMS lattice structure. During the curing process, CNFs dispersed in
emulsified water remain in the pores as the emulsified water evaporates, forming CNF
networks embedded in the pores. The lattice structure and internal porosity make the
sensing layer highly compressible, while the CNFs in-situ filling porous structure
increases the generation of conductive pathways during compression.

For stretch sensing module, the whole substrate is composed of PDMS in the
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middle and Ecoflex in both wings. The interdigital electrode, fabricated by laser
cutting machine, was pasted on the PDMS. The stretch sensing layer is made with
wrinkled CNTs/Ag nanoflakes hybrid film. Firstly, the CNTs/Ag nanoflakes
dispersion was prepared by mixing CNTs and Ag nanoflakes in ethanol under
ultrasonic and magnetic stirring for 30 min. Then, the CNTs/Ag nanoflakes dispersion
was transferred onto the 50% pre-stretched substrate and dried at 80 °C for 10
minutes to prepare a CNTs/Ag nanoflakes hybrid film. The wrinkled CNTs/Ag
nanoflakes hybrid film is formed after releasing the pre-stretched substrate. The
morphology of the wrinkle structure is studied by a cross sectional SEM image in
Figure 5.2D, and the thickness of the sensing layer was approximately 50 um. The top
viewed SEM image (Figure 5.2E and elemental mapping in Figure 5.3) confirmed the
ID CNTs and 2D Ag nanoflakes were uniformly distributed on the substrate. The
conductive fabric electrode was connected to the ends of the wrinkled CNTs/Ag
nanoflakes hybrid film on both wings by conductive silver paint. After that, the hybrid
film and electrode were encapsulated with Ecoflex. Finally, the prepared CNFs/PDMS
hierarchical in situ filling porous sensing layer was assembled on the interdigital

electrode by encapsulating it with TPU membrane.
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Figure 5.3 Top viewed SEM image and elemental mapping of stretch sensing layer, C

element in yellow, Ag element in green.

The photographs of hierarchical in-situ filling porous sensing layer, stretch sensing
module and assembled WMS are shown in Figure 5.4A, 5.4B and 5.4C. These
fabrication strategies based on hierarchical in situ filling porous pressure sensing layer
and wrinkled CNTs/Ag nanoflakes stretch sensing layer enable the WMS to exhibit
highly sensitive and broad sensing ranges in both pressure and stretch sensing,

compared with other multifunctional sensors (Figure 5.5).33:102.168-172

126



BB
88

O
g 4 I3

Figure 5.4 Photograph of (A) hierarchical porous sensing layer. (B) stretch sensing

module. (C) WMS.

The high degree of stretchability and bendability (Figure 5.6A) enables the WMS
to conform well to the human body, such as attached to the finger (Figure 5.6B).
Furthermore, during the stretching process shown in Figure 5.6C, the WMS exhibits
outstanding stretchability while keeping the pressure sensor module from deforming.
Meanwhile, the pressure applied to the pressure sensing module does not cause
deformation of the stretching sensing module. (Figure 5.6D) This ensures that the
stretch and pressure sensing module will not be affected by each other when they
work independently. As depicted in Figure 5.6E, the WMS can detect and differentiate
the multiple mechanical stimuli, including pressure, stretch, convex and concave

bending, through different resistance and current variation trends.
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Figure 5.5 Comparison of the pressure sensing sensitivity and stretching sensing

gauge factor of our multifunctional sensor with other reported multifunctional sensors.
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Figure 5.6 (A) Photography of the WMS shows the bendability. (B) Photographs of
the sensor attached to a finger. (C) Photograph of the WMS under 0% and 150%
stretch. (D) Photograph of the WMS with and without pressure. (E) Schematic

diagram of the sensing signal of the WMS to different mechanical stimuli.
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5.4 Optimization of the sensing performance of stretch

and pressure sensing module

The layout of the wing-like multifunctional sensors is shown in Figure 5.7. The
sensing performance of the stretch sensing module was evaluated by measuring the
relative resistance change ((R — Ro)/Ro) under a specific applied strain. Its sensitivity
can be evaluated by the gauge factor (GF = (R — Ro/Ro)/¢)). The sensor is mounted on
a linear motor to perform with different strains, while the digital multimeter is
connected to the sensor to record the resistance (as shown in Figure 5.8). The sensing
performance of the pressure sensing module is studied by the relative current variation
((I=1o)/Io) under different applied pressures. The sensor is attached to a digital
dynamometer, which records the pressure applied by the linear motor, while the
sensor is connected to a digital multimeter, which records the current under pressure

(Figure 5.8).

@ module

Figure 5.7 Schematic diagram of wing-like multifunctional sensor layout.
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Figure 5.8 Schematic of the stretch/pressure sensing measurement setup. For pressure
measurement, the pressure force is provided and measured by a computer-controlled
linear motor and a digital force gauge, respectively. The current is recorded using a
LabVIEW-controlled digital source meter (Keithley 2611B). For stretch measurement,
the strain is provided by the linear motor. The resistance is recorded using a source

meter (Keithley DAQ 6510).
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5.4.1 Optimization of the sensing performance of stretch

sensing module

We first optimized the preparation conditions of stretch sensing module,
including the effect of different concentrations of CNTs and Ag nanoflakes (Figures
5.9A, 5.9B, and 5.9C), and the effect of pre-stretch treatment (Figure 5.9D).

For the stretch sensing module prepared with only CNTs, the sensing range and
GF are increased with increased CNTs concentration; however, an excess of CNTs
concentration (> 1 wt%) didn’t show an obvious improvement in sensing performance.
And the relative resistive change of the stretch sensing module prepared with only
CNTs is still very low (Figure 5.9A). The stretch sensing module prepared only with
highly conductive 2D Ag nanoflakes displayed a high GF, but a very small sensing
range of 10%, which was caused by the easily fractured brittle Ag nanoflakes film
under stretching. According to some studies,!”>"'”® The synergistic use of 2D and 1D
conductive materials can form 1D-2D hybrid conductive networks with both high
sensitivity and broad sensing range. In this case, the brittle and highly conductive 2D
Ag nanoflakes film cracked under stretching, resulting in a high resistance variation,
while the high aspect ratio of 1D CNTs conductive networks maintained the
conductive pathway even under large stretching. (Figure 5.9B). Furthermore, Figure
5.9C investigated the sensing performance of the sensors prepared with different
weight ratios of CNTs-Ag, where the sensors prepared with CNTs (1)-Ag (2) exhibited
higher GF. Besides the preparation of 1D-2D conductive network, the formation of

anisotropic wrinkle/crumple structure through pre-stretch treatment has also been
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proven to improve the sensing performance.!’®'’® As shown in Figure 5.9D,
compared to the sensor without pre-stretch treatment, the sensor with pre-stretch

treatment exhibits higher sensitivity and a broader sensing range.
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Figure 5.9 (A) Relative resistance change as a function of applied strain curves for
stretch sensing module (A) consists of only CNTs with different concentrations: CNTs
0.25), CNTs (0.5), CNTs (1), and CNTs (2. (B) consists of different CNTs/Ag ratios: Ag2),
CNTs (1)-Ag (1), and CNTs (2). (C) consists of different CNTs/Ag ratios: CNTs (1)-Ag
0.5, CNTs (1)-Ag (1) and CNTs (1)-Ag (o). (D) consists of (CNTs (1)-Ag (1)) fabricated

with and without prestrain treatment.
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5.4.2 Optimization of the sensing performance of pressure

sensing module

Another important sensing module of the WMS is the pressure sensing module. To
optimize the pressure sensing module, the effect of different concentrations of CNF
on sensing performance was investigated, as shown in Figure 5.10. The pressure
sensing module composed of 1 wt% CNFs has the highest sensitivity compared with
0.75 wt% and 1.25 wt%. This is because higher concentration of CNFs can create
more conductive pathways under the same pressure. However, excessive CNFs result
in lower resistance (higher /o) in the original state, and a lower value of current

variation under pressure.

-0~ 0.75 wt% CNFs
2504 -9~ 1 wt% CNFs

200-
=150
100+
50+

1.25 wt% CNFs

Al/l

0 100 200 300 400 500 600
Pressure (kPa)

Figure 5.10 The relative current variation as a function of applied stress for pressure
sensing module consists of different CNFs ratios and the detailed sensitivity of the

optimized pressure sensing module.
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5.5 Conclusion

In summary, we designed a wing-like structured WMS to precisely detect and
differentiate multiple mechanical stimuli, including pressure, stretch, convex and
concave bending. The wing-liked structure consists of a hierarchical in situ filling
porous and wrinkled CNT-Ag nanoflakes hybrid film as the active layer of the
pressure sensing module and stretch sensing module, respectively. The hierarchical in
situ filling porous is fabricated by emulsion template methods and DIW printing
techniques, and the wrinkled CNT-Ag nanoflakes hybrid film is prepared by
pre-stretch treatment and coating of 1D CNTs 2DAg nanoflakes conductive network.
The pressure sensing module is optimized by investigating the effect of different
concentrations of CNF, and the stretch sensing module is optimized by studying the
effect of different concentrations of CNTs and Ag nanoflakes, and the effect of

pre-stretch treatment.
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Chapter 6. Electromechanical performance

of WMS and its applications
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6.1 Introduction

In this chapter, the electromechanical sensing performance and various
applications of WMS are comprehensively studied. After the optimization of the
pressure and stretching sensing module, the pressure sensing module exhibits a high
sensitivity of 0.61 kPa™! and 0.25 kPa™' in the range of 0 kPa to 300 kPa and 300 kPa
to 500 kPa, and the stretching sensing modules achieves a high gauge factor (GF) of
40 and 140 in the strain ranges of 0—40% and 40-150%, respectively. Then the
electromechanical sensing performance of pressure and stretching sensing module,
including detection limit, response time, stability, and durability, were characterized.
Furthermore, when tested for stretch, the change in resistance of the stretch sensing
module will not be interfered by the external pressure from a perpendicular direction
due to the high thickness and compressibility of the hierarchical porous sensing layer
that withstands the entire pressure. Besides that, the sensor can detect and differentiate
the convex and concave bending based on the positive and negative change of
resistance in stretching sensing module, which is caused by conductive material
breakage in convex bending and overlap in concave bending. Benefiting from the
multiple mechanical stimulus detection and differentiation sensing capability, the
WMS has demonstrated in accurate detection and differentiation of body kinesthesia,
recognition of different types and sizes of objects by a WMS-integrated robotic
gripper, locomotion monitoring and environment perception by a WMS-integrated

crawling robot and human-machine interaction.
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6.2 Methodology
6.2.1 Pressure and stretch sensing measurement

For pressure sensing test, the sensor is fixed to a digital force gauge using
double-sided adhesive tape, and the head of the linear motor applies continuous or
cyclic pressure to the sensor. The applied pressure is recorded by the digital force
gauge, while the current was recorded using a LabVIEW-controlled digital source
meter (Keithley 2611B). For stretch sensing test, one end of the sensor was clamped
to the head of linear motor, which applied continuous or cyclic stretch to the sensor.
The resistance was monitored by a source meter (Keithley DAQ 6510). The
electrochemical analyzer (CHI660E) was used to measure the /-V curve under
different pressures and stretches.

Calculation:

(1) Sensitivity

Al/]
S: /0
AP

Where /o is the initial current when the sensor is without pressure loading, and A/
is the current change of the sensor under a fixed pressure change (AP).

(2) Gauge factor (GF)

. AR/Ry_AR/Rg
€ AL/Lg

G

Where Ry is the initial resistance of the sensor without stretching, and AR is the

resistance change of the sensor under applied strain .
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6.2.2 Reference sensor fabrication in body Kkinesthetic

recognition

To demonstrate the sensing and differentiation capabilities of our WMS in body
kinesthetic recognition, a common pressure sensor and a strain insensitive pressure
sensor were fabricated and tested. The common pressure sensor was fabricated as
follows: first, two pieces of conductive fabric electrode were transferred onto the two
pieces of cut TPU film that serve as the top and bottom electrodes. The hierarchical in
situ filling porous pressure sensing layer was then encapsulated between the top and
bottom electrodes by double-sided adhesive tape. The sensor with the same wing-like
structure, but without the wrinkled CNTs/Ag stretch sensing layer, was fabricated and

tested as a reference sensor for stretch insensitive pressure sensor.

6.2.3 Fabrication of crawling robot

The structural components of a crawling robot are shown in Figure 6.13. The PET
plat is cut by laser cutting machine and serves as the crawling robot’s elastic body,
connecting its head and tail. The robot’s head is made of a PMMA box with a motor
fixed inside that serves as the crawling robot’s driving motor. Teflon paper is pasted
on the bottom of the robot's head to reduce friction when crawling forward. The
robot’s tail is made of a bulk of PMMA with a fork structure pasted on the bottom to
ensure that the robot has a strong forward thrust when crawling. The string connecting

the motor to the tail tightened and loosened as the motor was rotated forward and
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backward, allowing the crawling robot to be arched and recovered, driving the robot
forward. The sensor is fixed to the body of the crawling robot to monitor crawling

locomotion and perceive the environment during the crawling process.

6.3 Electromechanical characterization of stretch and

pressure sensing module

After optimizing the preparation conditions of the stretch sensing module, the
sensing performance, including detection limit, stability, and durability, was
characterized. As shown in Figure 6.1A, the optimized stretch sensing module
featured two regions: the GF value was 40 in the strain range of 0—40%, and the GF
value was 140 in the strain range of 40-150%. The sensor has a low detection
limitation of 0.1% along with fast response and recovery times of 36 ms and 74 ms,
respectively (Figure 6.1B). Then the stability sensing performance of the sensor under
different stretching conditions was tested (Figure 6.1C-E). As depicted in Figure 6.1C,
the sensor displayed good linear current-voltage (/-}) characteristics in the interval
from -3V to 3V, indicating a stable response under different static strains. The slope of
the I-V curve gradually decreases with increased applied strain due to the increase in
resistance caused by the breakdown of the conductive network. The relative resistance
of sensor is measured under different cyclic strains (from 5% to 120%) at a stretch
rate of 2 mm/s (Figure 6.1D). The signal response of the sensor under the same strain

is consistent, which indicates stable output performance under cyclic strain at
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different degrees of strain. Then cyclic tests at various frequencies (from 0.1 Hz to 1.5
Hz) under 20% strain were conducted, and no frequency dependence of the signal
response was observed (Figure 6.1E). The relative resistive change was almost
constant at different frequencies, which confirmed that the sensor can accurately
recognize motion at different speeds. Afterwards, the hysteresis effect of the sensor is
investigated in Figure 6.1F. At different strain rates of 1-4 mm/s, the stretching and
releasing curves are nearly overlapped at 100% strain, indicating negligible hysteresis
and good capabilities of elastic recovery. Long-term durability is an essential
requirement for reliable use in practical applications. As shown in Figure 6.1G, the
strain sensor exhibits excellent stability and reproducibility over 25000 cycles at a

cyclic strain of 25% and a strain rate of 2 mm/s.
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Figure 6.1 (A) Relative resistance change as a function of applied strain curves for
stretch sensing module consists of different CNTs/Ag ratios: CNTs (1)-Ag (0.5, CNTs
m-Ag 1y and CNTs (1)-Ag (2), and the detailed gauge factor of the CNTs (1)-Ag (1). (B)
Response and recovery time of stretch sensing module under a strain of 0.1%. (C)
Current-voltage curves of the stretch sensing module under different static strains
(from 0% to 120%). (D) Multiple cycles test of relative resistance changes under
different strains (from 5% to 120%). (E) Relative resistance changes at different
frequencies (from 0.1 Hz to 1.5 Hz) under 20% strain. (F) Relative resistance change
under one stretch/release cycle of 75% strain at different strain rates of 1, 2, 3 and 4
mm/s. (G) Relative resistance change during 25000 cycles under 25% strain (strain

rate of 2 mm/s). The detailed relative resistance change is depicted in the inset figure.
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Next, we characterized the sensing performance of the pressure sensing module,
such as response time, stability, and durability. The optimized pressure sensor exhibits
high sensitivity over a broad sensing range (Figure 6.2A). The pressure sensing
module displays two sensing regions: sensitivity of 0.61 kPa™! for pressure range of
0-300kPa, and the sensitivity of 0.25 kPa ! for pressure range of 300-500 kPa. The
pressure sensor exhibits a fast response and recovery time of 42 ms and 44 ms,
respectively (Figure 6.2B), which is critical for accurate real-time monitoring.
Meanwhile, the sensor also has a low detect limitation of 4.6 Pa (Figure 6.2C),
allowing it to identify the subtle mechanical stimuli. The stability of sensing
performance is an essential characteristic to be considered. Therefore, the stability of
sensing performance under various pressing conditions is investigated in Figure
6.2D-F.

The I-V curves display good linear ohmic characteristics under different static
pressures (0 kPa—400 kPa), demonstrating that the sensor has a stable response to the
static pressure (Figure 6.2D). The slope of the /-V curve increases with increased
pressure, indicating a decrease in resistance caused by creation of conductive
pathways under pressure. Then, the sensing performance under dynamical
loading/unloading cycles with different pressures (10 kPa—400 kPa) was investigated
(Figure 6.2E). The sensor exhibits a higher current variation under a higher applied
pressure, and the sensor maintains a constant current variation under the same
pressure. In addition, the sensor also showed no frequency dependence at different
frequency (0.1 Hz—1.5 Hz) cyclic tests under a pressure of 100 kPa (Figure 6.2F).
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Furthermore, as shown in Figure 6.2G, the relative current variation response has the
same pattern as the input pressure (triangular, sine, and rectangular), suggesting the
high fidelity of the sensor to recognize pressure information accurately. The pressure
sensing module presents good durability during 50000 loading/unloading cycles under
50 kPa pressure (Figure 6.2H). The current variation remains almost constant

throughout the cycle, implying the high robustness of the sensor.
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Figure 6.2 (A) The relative current variation as a function of applied stress for

pressure sensing module consists of different CNFs ratios and the detailed sensitivity

of the optimized pressure sensing module. (B) Response and recovery time of

pressure sensing module under a pressure of 25 kPa. (C) Detection limit of the

pressure sensing module. (D) I-V curves of the pressure sensing module under

different pressures (from 0 kPa to 400 kPa). (E) Multiple loading/unloading cycles of

relative current variation under different pressures (from 10 kPa to 400 kPa). (F)

Relative current variation under 100 kPa at different frequencies (from 0.1 Hz to 1.5

Hz). (G) Relative current variation of sensor under different types of cyclic pressure.

(H) Relative current variation over 50000 loading/unloading cycles under the pressure

of 50 kPa. Figure inset depicting the detailed relative current variation.
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6.4 Validation of the ability to detect and differentiate

multiple mechanical stimuli

Despite some high-performance sensors having been developed, the majority of
them are incapable of detecting and differentiating multiple mechanical stimuli,
limiting their application in complex mechanical stimuli situations. Our designed
wing-like structure enables the WMS to detect and differentiate multiple mechanical
stimuli, including press, stretch, and convex and concave bending. To investigate this
sensing capability, the resistance change of stretch sensing module and current
variation of pressure sensing module were recoded simultaneously by two digital
meters during different mechanical stimuli given by linear motor. Under only pressure
and 0% lateral stretch, the current variation of pressure sensing module increases with
increasing pressure, while the resistance changes of stretching module remain
unchanged, as shown in Figure 6.3A, indicating the pressure only causes the response
in the pressure sensing module and no interference with the stretch-sensing module.
In addition, as shown in Figure 6.3B, the pressure sensing module also presents
almost the same current variation under the same pressure at strains of 50% and 0%,
while the response of the stretching sensing module maintains stability without being
disturbed by the pressure. This pressure insensitive stretch sensing behavior in stretch
sensing module is due to thickness of pressure module is higher than the stretched
module, and high compressibility of hierarchical porous sensing layer bears the full
pressure, preventing pressure on stretch sensing module. The finite-element

simulations of strain distribution in Figure 6.3C and stress distribution in Figure 6.3D
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further confirm that the deformation occurs only in the hierarchical in situ filling

porous sensing layer, while the stretching module is not affected by the pressure.
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Figure 6.3 (A) Relative resistance changes of stretch sensing module and current
variation of pressure sensing module under repeat pressure from 25 kPa to 500 kPa
under (A) 0% strain and (B) 50% strain. Finite-element simulation of stress
distribution of the sensor from the side view. Side view of finite-element simulation of
(C) stress and (D) strain distribution of the sensor under pressure from 0 kPa to 500

kPa.

When the sensor is laterally stretched at 0 kPa pressure (Figure 6.4A), the

resistance change of stretching module increases significantly, and the current
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variation of pressure sensing module remains almost constant. Furthermore, the
stretch sensing module also presents almost the same resistance change at pressures of
0 kPa and 40 kPa, while the current variation keeps constant under the static pressure
of 0 kPa and 40 kPa (Figure 6.4B). The reason for stretch insensitive pressure sensing
feature in pressure module is that the entire strain effect is carried by Ecoflex

179180 without

substrate with a lower Young’s modulus of 125 kPa in both wings,
affecting the pressure module with a larger Young’s modulus of 2 MPa.!8":!%2 From the
finite-element simulations of strain distribution in Figure 6.4C and stress distribution
in Figure 6.4D, the 0%—150% stretching deformation was observed only in both
wings structure, while negligible strain occurred in pressure sensing module. The

simulation results (Figure 6.3, 6.4, 6.5 and 6.6) are consistent with experiment results,

indicating that the pressure sensing module will not be disturbed during stretching.

147



300 300 —
% strain |
‘_’_—’\"’ *75% strain 9k 9k
e
2004 8 2001
-6k 3 L 6k <
= ) z = S
q 0, 3 S < %% i =
1004 35% strain [ 3K Dq: 100 35% strain |k %
10% strain
04 L0k 0 L Ok
0 20 40 0 20 40
Time(s) Time(s)
¢ D
S, Mises
ax. (Avg: 75%)
= g =
amniii——" 1 5e+00
50% +1.0e+00 +2 20-01
A S —. e A iy A .
100% +0.0e+00 S
z * B
x o—‘ L
150% x
.—‘_ pu = -

Figure 6.4 (A) Relative resistance changes of stretch sensing module and current
variation of pressure sensing module under repeat pressure from 25 kPa to 500 kPa
under (A) 0 kPa and (B) 40 kPa pressure. Finite-element simulation of stress
distribution of the sensor from the side view. Side view of the finite-element

simulation of (C) stress and (D) strain distribution of the sensor under stretch from 0%

to 150%.
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Figure 6.5 Finite-element simulation of stress distribution of the sensor from the
oblique view. Oblique view of finite-element simulation of (A) stress and (B) strain

distribution of the sensor under pressure from 0 kPa to 500 kPa.
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Figure 6.6 Finite-element simulation of stress distribution of the sensor from the

oblique view. Oblique view of the finite-element simulation of (A) stress and (B)

strain distribution of the sensor under stretching from 0% to 150%.
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Besides pressure and stretching, convex and concave bending are also common
motions in practical applications, especially in motion detection for humans and
robots. To measure the bending sensing, the sensor was pasted on a PET substrate

while the two ends of PET were clamped on the linear motor, as shown in Figure 6.7.

Ad(cm) 0

0.15 9"
0.3 32°
0.6 45°
1 60°
1.5 o

Figure 6.7 Schematic illustration of the bending measurement set up. The sensor is
fixed on a PET substrate, while the two ends of PET are fixed on the linear motor. The
initial length of the PET substrate was defined as do, the bending moving distance was

defined as Ad. The bending angle 6 was defined as the external angle of the two ends.
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Figure 6.8 Relative resistance changes of stretch sensing module and current variation
of pressure sensing module under (A) convex bending from 22° to 72° and (B)
schematic illustration. Sensing signal under repeat (C) concave bending from 22° to

72° and (D) schematic illustration.

The bending of the sensor attached PET substrate was induced by adjusting the
movement of the linear motor. The bending angle is defined as the external angle of
the two ends shown in Figure 6.8. For convex bending shown in Figure 6.8A, the
resistance increases with the increase in bending angle, while the current variation of

pressure sensing module increases slightly due to the tighter contact between the
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electrode and sensing layer during convex bending. As illustrated in Figure 6.8B and
according to the interpretation of some research,'®>"13 the increase in resistance is due
to the separation and breakage of CNTs-Ag hybrid film, which hinders the electron
transfer between conductive nanoparticles, resulting in an increase in resistance. Here,
although the resistance changes exhibit the same increasing trend under stretching and
convex bending, there is a large amplitude difference in resistance change between the
stretch and the convex bending, coupled with the difference in the current change,
which can differentiate between the stretching and the convex bending. Contrary to
convex bending, the resistance decreased as the concave bending angle increased, as
shown in Figure 6.8C. As schematically illustrated in Figure 6.8D, concave bending
leads to overlap and contacts between conductive nanoparticles, which provide more

conductive pathways and result in lower resistance.

6.5 Applications

6.5.1 Application of WMS in accurately body kinesthetic
recognition

There are many flexible sensors that have been developed and demonstrated in
body kinesthetic recognition; however, they cannot discriminate accurately among
different mechanical stimuli because their sensors present the same electric signal
tendency under different mechanical stimuli.®’*!%¢-13% Ag shown in Figure 6.9A,

Figure 6.9B and 6.9C, in order to detect multiple mechanical stimuli to finger joints,
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the WMS is attached to the finger, where the pressure sensing module was fixed in the
position of the middle knuckles. The resistance changes increased as the finger bent
from a small angle (Figure 6.9C (iii)) to a large angle (Figure 6.9C (iv)), while the
current variation exhibits a negligible change. When gently touching the knuckles in
finger straightening state (Figure 6.9C(ii)) and finger flexion state (Figure 6.9C(v)),
the current change increased significantly, while the resistance change in stretching
sensing module remained constant. As a result, the actions of bending the finger,
touching the knuckle, and touching the knuckle while bending are identified and
differentiated. Here, a common pressure sensor and a stretch insensitive pressure
sensor are fabricated and tested to further compare and demonstrate the sensing and
differentiating capabilities of our WMS. The common pressure sensor exhibits the
same tendency of current change during finger flexion and knuckle touch, making it
impossible to differentiate between these two actions. The stretch insensitive sensor
can accurately identify the knuckle touch regardless of the finger bending, but it fails

to detect the bending finger.
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Figure 6.9 (A) Schematic structure of the hand. (B) Photograph of the sensor setup for
detecting multiple mechanical stimuli to finger joints. (C) Perception and

discrimination of multiple mechanical stimuli on finger joints, including finger

flexing and gentle touch on the knuckles.
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The processing of clenching and punching the fist is perceived and differentiated
by attaching the WMS to the finger, where the pressure sensing module is fixed in the
position of proximal phalanges, as shown in Figure 6.10A and Figure 6.10B. When
clenching fist, the stretched stretch sensing module triggers an increase in resistance
change (Figure 6.10B (iii, iv)), while the current variation remains stable. Then the
current variation increases significantly when gently touching the finger (Figure
6.10B (ii)) and punching (Figure 6.10B (v)), while the resistance change in the

stretching sensing module remains constant.

0 10 20 30
Figure 6.10 (A) Photograph of the sensor setup for detect multiple mechanical stimuli

for the process of clenching fist and punching. (B) Perception and discrimination of

multiple mechanical stimuli on the finger, including clenching and punching the fist.

During knee flexion, the resistance increased, while the current variation did not
interfere with the knee bending (Figure 6.11A (iii, iv)). The resistance change is larger
with knee flexion than with finger flexion and fist clenching due to a larger degree of

stretch deformation in knee flexion. Then pressing the knee in the straightened and
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bent leg states (Figure 6.11A (ii, v)) induces an increase in current variation while the
resistance change remains constant.

Different from the kinesthetic tests described above, where the joint bending is
measured by stretching of stretch sensing module, while the wrist bending is
measured by bending of stretch sensing module, which is aimed to differentiate the
bending of the wrist backwards and forwards. To measure the multiple mechanical
stimuli on the wrist, the PET sheet pasted with the sensor is fixed to the wrist rather
than directly attaching the sensor to the wrist. Bending the wrist backwards causes the
stretch sensing module to bend concavely, resulting in a decrease in resistance change
(Figure 6.11B (ii, iii)). Oppositely, the forward bending of the wrist results in a
convex bending, which increases the resistance change. Furthermore, the gentle
touches on the straight (Figure 6.11B (1)), bending backward (Figure 6.11B (iii)), and
bending forward (Figure 6.11B (vi)) wrists resulted in an increase in current variation

without affecting the resistance change signal.
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Figure 6.11 (A) Perception and discrimination of multiple mechanical stimuli on knee
joint, including bending and touching the knee joint. (B) Perception and
discrimination of multiple mechanical stimuli of wrist, including bending the wrist

backward, forward, and touching the wrist.

6.5.2 Application of robotic gripper with integrated WMS in
objects recognition

Although there are some reports of robotic hands with an integrated sensor that
can identify objects through either material types, size or roughness, they cannot
identify both size and material at the same time.'®'%? Benefiting from the
multifunctional sensing capability of the sensor, we integrate the sensor on the inner
side of the robotic gripper (Figure 6.12A) to identify and differentiate different
material types and sizes simultaneously. The object recognition mechanism is
interpreted in Figure 6.12B. The concave bending of the stretch sensing module
identifies the size of the object, while the pressure applied by the object to the

pressure sensing module identifies the material type of the object. As depicted in
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Figure 6.12C, when the robotic gripper grips an object, the concave bending degree of
the robotic gripper increases as the object size increases, resulting in a larger decrease
in resistance change. Meanwhile, the object exerts pressure on the robotic gripper, and
the harder material (hardness: glass > rubber > expanded polyethylene (EPE) foam >
Ecoflex) provides a large pressure to the sensor, leading to a larger increase of current
variation. As a result, the robotic gripper with the integrated WMS demonstrated the

feasibility of simultaneously identifying different materials and sizes.
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Figure 6.12 (A) Photograph of the robotic gripper with integrated WMS. (B) Object
recognition mechanism of the WMS. (C) The current variation and resistance change
for gripping objects with different materials (Ecoflex, EPE foam, rubber, and glass)

and different sizes (22 cm, 25 cm, 38 cm, and 46 cm).
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6.5.3 Demonstration of WMS for a crawling robot in
locomotion monitoring and environment perception

Despite many progresses and innovations made in the structure design and
actuation methods of soft robots, it is necessary to integrate the sensor system into the
soft robot system to realize a conscious robot capable of motion monitoring and

environmental perception.'?*"1%°

Here, we demonstrate a WMS-integrated
inchworm-type crawling robot that can perceive complex environments while

crawling. The structure of the crawling robot and fabrication details are presented in

Figure 6.13 and the experiment section.

sensor

Motor-wire drive system:

N i Robot tail with

[y

a Fork structure

Figure 6.13 Schematic structure of the crawling robot.

The crawling robot’s forward motion is driven by the motor pulling and releasing
the string connected to the motor and the tail, causing the robot body to arch and

restore. The sensor is fixed on the body of the crawling robot to perceive the
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environment when the robot crawls. As shown in Figures 6.14A and 6.14B, the scenes
of the robot crawling in an unknown channel and on an unknown surface are
simulated and constructed. The bending degree during robot crawling can be
monitored by measuring the resistance change; a larger bending degree results in a
larger increase in resistance change, as depicted in Figure 6.14A (i) and (ii).

Then the robot crawls in a gradually narrowing tunnel, as shown in Figure 6.14A
(ii1) and (iv). In the phase of Fig. 6.14A (iii), the robot’s body gently touches the
relatively high ceiling of the tunnel, resulting in a slight increase in the current signal.
As the crawling robot continues to crawl forward in the gradually narrowed channel
(Figure 6.14A (iv)), the robot collides severely on the relatively low ceiling, causing a
larger current signal, and the narrow tunnel limits the bending degree of robot,
resulting in a lower resistance change compared with Figure 6.14A (iii). Thus, the
crawling robot can perceive that it is crawling through a gradually narrowing channel

based on the output signal of current variation and resistance change.
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Figure 6.14 (A) The sensing signal of the WMS-integrated crawling robot during (i, ii)
crawling with different bending degrees and (iii, iv) crawling in a gradually narrowing
tunnel. (B) The sensing signal of the WMS-integrated crawling robot during crawling
on the surface with (i) a flat structure, (ii) a waved structure, (iii) a small obstacle, and

(iv) a huge obstacle.

The crawling robot can also perceive the crawling surface condition, as depicted
in figure 6.14B. As the crawling robot crawls on a flat surface (Figure 6.14B (i) and
inset), a small peak of resistance change is detected, which is mainly caused by
vibrations generated when the robotic body suddenly straightens from the bent state as
the robot moves forward. As the robot crawls on the wave surface, waveform peaks
with a higher intensity of resistance change are generated, as shown in Figure 6.14B
(i1) and inset. Each peak in the waveform signal is caused by small vibrations when
the crawling robot crosses each small bump in the wave structure. In the process of

crossing the small obstacle (Figure 6.14B (iii) and Figure 6.15), the robot’s head is
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first stuck by the small obstacle for a few seconds (Figure 6.15 (iii)), and the robot’s
body, with less bending, exhibits a slight reduction in resistance change. After the
robot crosses the small obstacle (Figure 6.15(iv)), the robot’s body goes from a
bending state to straightening, resulting in the resistance change returning to the initial
state. As the robot moves forward until it is blocked by a huge obstacle (Figure 6.14B
(iv) and Figure 6.16), its body maintains a bent state, causing the resistance to change

slightly initially (Figure 6.16 (ii)) and then remain constant (Figure 6.16 (iii)).
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Figure 6.15 The detailed process of output sensing signal of the crawling robot during

its pass through a small obstacle.
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Figure 6.16 The detailed process of output sensing signal of the crawling robot during

its pass through a large obstacle.

6.5.4 Demonstration of WMS for human-machine
interaction

Human-machine interfaces, which interact physical information from the human
body with virtual information in machine, have received increasing attention and are
being applied in a lot of fields. However, most current research on e-skin
human-machine interaction systems requires a sensor array integrated by several
single-function sensing units to implement multiple human-machine command
control.!6%1% Benefiting from the multifunctional and mutually independent sensing
ability, multiple control commands in the human-machine interaction system can be
simply realized by the WMS. In the human-machine interactive system, as shown in
Figure 6.17A, the sensor is attached to the finger, wherein the pressure sensing
module is fixed at the location of proximal phalanges, the stretch sensing module 1 is

located at middle knuckle, and the stretch sensing module 2 is located at base knuckle.
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A microprogrammed control unit (MCU) was used to process and code the electrical
signals from the WMS. After data processing and comparison with thresholds, the
different mechanical stimuli information received by the finger is translated into
specific commands in the virtual game program, as depicted in flow chart of Figure
6.17B.

In the human-machine computer game shown in Figure 6.17C, the output signal
generated by bending the finger at the middle knuckle controls the right turn; the
output signal generated by bending the finger at the bottom knuckle controls the left
turn; and the output signal generated by pressing the proximal phalanx controls the
shooting. When a single specific finger action is executed, no other command is
accidentally triggered, indicating there is no crosstalk among these three-sensing units.
In addition, the combination command can be implemented by executing two finger
actions simultaneously, such as bending at middle knuckle and pressing to control the
turn right while shooting or bending at the base knuckle and pressing to control the

turn left while shooting.
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Figure 6.17 (A) Photograph of design and layout of human-machine interaction
system. (B) The flow chart of human-machine interaction system. (C) Demonstration
of real-time external stimuli received by the WMS interacting with the virtual gaming

program.

6.6 Conclusion

Through a design strategy of a wing-like structure with the composition of
different Yong’s modulus pressure/stretch sensing modules, the WMS can accurately

detect and differentiate multiple mechanical stimuli, including pressure, stretching,
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convex and concave bending. The hierarchical in situ filling porous pressure sensing
layer and wrinkled CNTs/Ag nanoflakes stretch sensing layer enable outstanding
sensing performance in both pressure and stretching, including high sensitivity, fast
response, low detection limitation, stability under various mechanical stimuli
conditions, and long-term durability. Besides that, when measuring the stretching, the
response of the stretch sensing module will not be interfered by the external
perpendicular pressure due to the high thickness and compressibility of the
hierarchical in situ filling porous sensing layer that withstands the entire pressure. For
measuring the pressure, the signal of pressure sensing module is not disturbed by the
external stretching process because both wings structure with a lower Young’s
modulus bears the entire strain. In addition, since the breakage and overlap of the
CNTs/Ag nanoflakes conductive nanomaterial in stretch sensing module occur during
convex and concave bending, the sensor is easy to differentiate and detect convex and
concave bending. The WMS with detect and differentiate capabilities can be used to
identify various mechanical stimuli in body kinesthesia, recognize objects of different
types and sizes by robotic gripper, monitor locomotion and detect environment

through a crawling robot, and human-machine interaction.
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Chapter 7. Conclusion and perspective
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7.1 Conclusion

In this work, we developed a piezoresistive pressure sensor with high sensitivity
over a broad linear sensing range by 3D printing technique and emulsion template
method. And we developed a wing-like multifunctional sensor with the capability of
detect and differentiate multiple mechanical stimuli by structure design.

(1) A hierarchical in-situ filling porous pressure sensor with high sensitivity and high
linearity over a broad sensing range is fabricated by DIW printing technique and
emulsion template method. The hierarchical geometry has a broad sensing range
because the multilayer lattice and internal porous structure increase contact area
and distribute applied stress. The structure of in-situ formation of CNFs networks
embedded inner porous structure, results in high sensitivity and high linearity. The
effects of the porosity, CNFs mass ratio, structure types, stacked sensing layer
numbers, and printed lattice types are thoroughly investigated. As a result, the
4-layer FCT hierarchical in situ filling porous structure with 60% porosity and 1
wt% CNFs, exhibits the highest sensitivity (4.7 kPa™') under the broad linear
sensing range up to 1 MPa (R?=0.99).

(2) In conclusion, the optimized HPPS is demonstrated to detect diverse stimuli from
low pressure such as tiny object recognition, pulse detection and voice recognition,
finger binding detection and human foot motion in medium pressure regimes, tire
pressure monitoring in high pressure regions. The sensor is capable of detecting a
low pressure change under high compression because of its high-pressure

resolution. The sensor can be applied to personal electronics and biomedical
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devices in the near future.

(3) A wing-like structured WMS is developed based on a hierarchical in situ filling
porous and wrinkled CNT-Ag nanoflakes hybrid film as the active layer of the
pressure sensing module and stretch sensing module, respectively. The
hierarchical in situ filling porous is fabricated by emulsion template methods and
DIW printing techniques, and the wrinkled CNT-Ag nanoflakes hybrid film is
prepared by pre-stretch treatment and coating of CNTs-Ag nanoflakes conductive
network. Different concentrations of CNF are studied to optimize the pressure
sensing module, and different concentrations of CNTs and Ag nanoflakes, and the
effect of pre-stretch treatment is investigated to optimize the stretch sensing
module.

(4) The WMS can detect and differentiate multiple mechanical stimuli, including
pressure, stretching, convex and concave bending due to the design strategy of a
wing-like structure with different Yong’s modulus pressure/stretch sensing
modules. The high sensing performance, including high sensitivity, fast response,
low detection limitation, stability under various mechanical stimuli conditions,
and long-term durability in both stretch and pressure sensing, is achieved by the
hierarchical in situ filling porous pressure sensing layer and the wrinkled
CNTs/Ag nanoflakes stretch sensing layer. In addition, the response of the stretch
sensing module will not be interfered by the external pressure because of the high
thickness and compressibility of the hierarchical porous sensing layer that
withstands the entire pressure. And the signal of pressure sensing module is not
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disturbed by the lateral stretching process because both wings structure with a
lower Young’s modulus bears the entire strain. The sensor can also detect and
differentiate the convex and concave bending caused by the breakage and overlap
of the CNTs/Ag nanoflakes conductive nanomaterial in stretch sensing module.
The WMS sensor is used to monitor body kinesthesia, identify objects of different
types and sizes with a WMS-integrated robotic gripper, monitor locomotion and
detect environment via a WMS-integrated crawling robot, and human-machine

interaction.

7.2 Perspective

In this work, we focus on developing the resistive type of sensor with high sensing
performance. Future work will be focused on developing functional material to
prepare the sensor with different functionality to apply in different scenarios,
developing a multimode wearable sensor, integrated with a Bluetooth module to
achieve wireless transformation of the information.

(1) Functional material developing:

Most of the materials used in this work are based on commonly used materials

such as PDMS, CNTs and CNFs. Next, we will utilize some functional material to

fabricate wearable sensors with some other functionality, such as self-healing
property, waterproofness, temperature or humidity stability to increase the

robustness of wearable sensor.
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(2) Multimode wearable sensor developing:
The wearable sensor developed in this work is only used to detect mechanical
stimuli, including pressure, stretch and bending. It is important to develop the
multimode wearable sensor with other sensing capabilities such as temperature,
humidity, sweat, etc. This multimode wearable sensor can be used in human health
monitoring to detect more physiological information.

(3) Wireless wearable sensor:
Most laboratory-developed wearable sensors require connection to a digital meter
and a power source to conduct measurements. However, for real-time monitoring
of the health condition, the sensor needs to be very small to be attached and
carried by humans. Thus, there is more and more need to develop a wireless
wearable sensor with a Bluetooth module and power module to transfer

information directly into our phone.
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