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4.1 Introduction

Shear thickening fluids (STFs) are dense granular suspensions with a drastic
increase in viscosity as shear rate or stress increases and exceeds the critical shear
rate [1-4]. When the applied loading is released, the viscosity would return to its
initial state reversibly. In recent years, a large number of studies have been carried
out on studying the rheological properties of STF, and several shear thickening
mechanisms, e.g., ordered-disorder transition [5, 6], hydrocluster mechanism [7—
10], and contact force [11-13], have been proposed. Although there is no unified
explanation about the shear thickening mechanism, the STFs have been widely used
in engineering due to their unique mechanical properties.

As an excellent energy-absorbing material, the traditional STFs have been
applied in various damping systems. Typically, it was expected to enhance the anti-
impact properties of textile-based armor. Wagner’s et al. [14] firstly developed STF-
based body armor by impregnating STF with high performance fabrics. It was found
that the bulletproof performance of Kevlar fabric could be significantly improved by
introducing STFs [15-25]. STF also can be integrated into damping systems to
optimize and improve the dynamic performance [26-31]. Moreover, STF has been
used in medical equipment to provide protection against external physical
shocks [32].

Besides the traditional shear rate—dependent mechanical behavior, some types of
STFs have special properties, such as shear thickening effects increased with tem-
perature [33, 34] or color changed in response to external forces [35], which dem-
onstrate an application potential in multi-functional devices. By adding conductive
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materials, such as carbon nanotubes, carbon black, and graphene, or using ionic
liquids [36] as dispersants [37—41], the STF not only exhibits an enhanced shear
thickening performance but also possesses typical electrical conductivity. Therefore,
the conductive STFs show sensing function and can be further applied in wearable
devices. As a result, the multi-functional STFs exhibit wide potential in smart
devices and structures by improving the mechanical and electrical properties of
smart structures [42, 43]. In this chapter, a detailed overview of STF applications is
given after a brief introduction to the multi-functional STF.

4.2 Multi-Functional STF

The shear thickening performance of STF is directly associated with the function
and properties of dispersed phase and dispersed medium. Moreover, the additives
also affect the rheological behavior of STF. Therefore, by adjusting the dispersed
particles and carrier liquid, or using additives, STF can be endowed with multi-field
coupling performance, such as force-thermal, force-optical, and force-electric
coupling properties.

4.2.1 Traditional STF

The traditional STFs are prepared by dispersing uniform particles into disperse
phase. The properties of STF are highly dependent on the dispersed phase, the dis-
persed media, and the additives. The rheology of STF is dramatically affected by the
dispersed phase, such as volume fraction, particle size, size distribution, shape, and
surface chemistry properties [44—47].

The dispersed phases used in shear thickening studies generally fall into two
categories. The first category is inorganic particles, including clay, limestone, quartz
powder, iron oxide pigment, silica, etc. [48-52]. The second category is organic
particles, including cornstarch particles, polyvinyl chloride (PVC), polystyrene
ethyl acrylonitrile (PS-AN), polystyrene (PSt), polymethyl methacrylate (PMMA),
polystyrene ethyl acrylate (PST-EA), etc. [53-57].

Besides these factors itself, additive particles also exhibit a great influence on
shear thickening mechanism. Various research teams carried out intensive works on
shear thickening behavior by adding additive particles to the suspension [58—62].
Yang et al. [45] studied the pH-dependent rheological properties of titanium dioxide
mixtures by adding HNO; or NaOH to change the particle surface charge. Giirgen
et al. [58] added ceramic particles to silicon-based STF and found that ceramic
particles in STF would reduce the shear thickening performance of STF, and the
degree of reduction depended on the amount of additives and particle size, etc.
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Ye et al. [62] studied the effect of surfactants on shear thickening behavior of STF
by adding cationic, anionic, nonionic, and zwitterionic surfactants into STF. The
results show that the surfactant affects the shear thickening rheology by altering the
inter-particle and surface forces.

4.2.2 STF with Force-Thermal Coupling Characteristics

Shear thickening phenomenon is depended on fluid lubrication, frictional contact
between particles, hydrogen bonding between particles and dispersed media.
Generally, the shear thickening effect of STF decreases with increasing temperature
[63—-66]. However, by modifying the surface of dispersed particles or adding addi-
tives, the force between particles changes so that the shear thickening effect can be
enhanced with the increase of temperature. Hsu et al. [33] prepared a silica colloid
with different surface roughness at different temperatures. As shown in Fig. 4.1, the
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Fig. 4.1 (a) Schematics of the PNIPAM-grafted rough (RB) particles at 20 °C and 40 °C [33]. (b)
Schematic diagram of M-STF shear thickening effect enhancement [34]. Reprinted by permission
from Elsevier
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Fig. 4.2 The photographs taken when the glass bar was pulled out from the c-STF using fast speed
(a—d) and low speed (e-h). (i) Photographs of the color changes in c-STF (the average diameter of
Si0, nanospheres was about 200 nm) with the temperature changing [35]. Reprinted by permission
from IOP Publishing

surface roughness of PNIPAM particles at 40 °C is greater than that at 20 °C. As a
result, the shear thickening effect of STF prepared by PNIPAM particles at 40 °C is
higher than that at 20 °C. Recently, Wu et al. [34] reported a new MOF-801-based
STF with better thickening effect at high temperature based on the thermal resis-
tance mechanism of thermophilic proteins (Fig. 4.2). MOF-801, which is rich in
carboxyl groups on the surface, was used as the dispersed phase and added into the
polyethylene glycol (PEG). By introducing polyacrylic acid (PAA) and Ca®* into the
dispersed medium, the hydrogen bonding, which is the internal force for the con-
ventional STF, was replaced with the ionic and hydrophobic interactions. As a
result, a novel MOF-801-based STF (M-STF) with enhanced shear thickening
properties was developed at elevated temperature for the first time.
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4.2.3 STF with Force-Optical Coupling Characteristics

Photonic crystals have become one of the most representative color materials
because of their long-range ordered periodic microstructures. However, the color
variation depends largely on the angle of view. [67, 68]. SiO, nanospheres can be
synthesized by the Stober hydrolysis technique [69—71], which is the most com-
monly used material for preparing STF, and it is also a photonic crystal material.
However, in most cases, the polydispersity index (PDI) of SiO, nanospheres is not
sufficiently small, and the surface chemical properties and refractive indexes of the
Si0, are different from carrier fluid, which results in the opacity of STF.

Liu et al. [35] obtained SiO, nanospheres with PDI within 5% by controlling
experimental conditions. Importantly, the SiO, was only cleaned with ethanol
and the surface contained rich ethanol hydroxyl, which had good compatibility with
PEG 200. In addition, the SiO, and PEG200 should have the same refractive index.
As a result, the semitransparent and colorful STFs were obtained and the color of
STF was related to the size and amount of SiO, particles. STF with different colors
(c-STF) could be obtained by controlling the size and volume fraction of SiO, par-
ticles. Interestingly, the c-STF also changed its color under external loads. When the
glass rod was pulled quickly (Fig. 4.2b-c) from the c-STF, the color changed from
the initial translucent blue (Fig. 4.2a) to white. However, when the external influ-
ence was mild, there was no significant state and color change. The c-STF also
showed different colors at different temperatures (Fig. 4.21). Clearly, the ability to
change color under different conditions endowed the STF with wide potential appli-
cation in multi-functional soft armor defense materials.

4.2.4 STF with Force-Electric Coupling Characteristics

The CNTs exhibit great electrical conductivity, mechanical properties, and low den-
sity characteristics, and thus they are ideal nano-additives to reinforce and function-
alize conventional materials [72-76]. By introducing CNTs into the dispersion, the
conductive STF is obtained. In addition, as the networks formed by CNT restrict the
particle motions, the thickening effect is enhanced [39—41]. The homogeneously
dispersed CNTs within the SiO,-based STF can be assembled to create conductive
paths, thereby presenting typical electrical conductivity [77-79]. Therefore, it
shows high potential in the field of wearable devices.

Moreover, the ionic liquid has a good chemical stability, thermal stability, low
volatility, and electrical conductivity. It is suitable as a dispersed medium to fabri-
cate high-performance STF with unique mechanic-conductive coupling perfor-
mance. Qin et al. [36] used four ionic liquids, 1-Butyl-3-Methylimidazolium Tetraf
luoroborate, 1-Butylpyridinium Tetrafluoroborate, 1-Butyl-3-Methylimidazolium
Hexafluorophosphate, 1-Ethoxyl-3-Methylimidazolium Tetrafluoroborate, as the
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dispersion medium to prepare a new type of shear thickening fluid. The electrical
conductivity of STF was suppressed by including more silica microsphere in the
suspension. When the concentration of silicon microsphere was 64%, the electrical
conductivity of STF was about 2500 pS/cm (Fig. 4.5j). This kind of shear thicken-
ing fluid has a clearer shear thickening effect and has an excellent electric conduc-
tivity and thermal stability. It can be further interpreted into the Kevlar fabric and
thus the smart body armor is developed.

4.3 Applications of the Multi-Functional STF Systems

In addition to the development of multi-functional STFs, STFs are also used as
reinforcement materials for multi-functional systems. For example, the STFs can be
used in lithium batteries, supercapacitors, motion sensors, and triboelectric nano-
generator (TENG) devices to improve the mechanical and electrical properties of
smart structures.

4.3.1 Shear Thickened Electrolyte

Lithium ion batteries have been developed for several engineering applications
ranging from biomedical devices to new energy vehicles [8§1-88]. Currently, com-
mercial lithium ion batteries mostly use flammable electrolytes such as ethylene
carbonate, propylene carbonate, and dimethyl carbonate [89-91]. However, when
the electrolytes receive an impact damage, they may show spontaneous thermal
reactions, fires, and explosions. Therefore, it is very important to enhance the impact
resistance of electrolyte.

By adding fumed silica nanoparticles to a commercial electrolyte (1 M LiFPg in
EC/DMC), Ding et al. [92] developed a multi-functional fluid with thickening prop-
erties that provide impact protection inherent to lithium ion batteries while serving
as a highly conductive electrolyte in lithium-ion batteries. Typically, the conductiv-
ity of the STF electrolytes was higher compared to commercial electrolytes. As
shown in Fig. 4.3a, the maximum conductivity increase for 1 M LiPFs in EC/DMC
(1:1) is observed for the STF having a silica loading of 10.7 wt.%, with the value of
1.93 x 1072 Q7! cm™!, which was greatly higher than the commercial electrolyte
with no addition of fumed silica (2 x 10~ Q~' cm™).

Furthermore, lithium-ion batteries using STF electrolytes provide enhanced
capacity at high charge and discharge rates, and the batteries using STF electrolytes
maintain their electrochemical capacity after successive impact conditions. As
shown in Fig. 4.3b, lithium-ion batteries using STF electrolytes can withstand a
shock energy up to 0.568 J, which is higher than 0.426 J that can be safely tolerated
by lithium-ion batteries with normal electrolyte. Figure 4.3c-e shows the protective
mechanism of STF electrolyte under impact conditions. It is seen that the silica
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Fig. 4.3 (a) Room temperature variation of ionic conductivity of composite electrolytes (SiO,/
LiPF, in EC/DMC) versus weight fraction (o) of fumed silica. Inset: Ionic conductivity of compos-
ite electrolyte with 9.1 wt.% SiO, after impact tests. (b) Discharge curve of LiFePO, electrode in
the STF electrolyte of EC/DMC/LiPF, with 9.1 wt.% SiO,. Impacts with different energies were
applied to the cell during the discharge. For comparison, the discharge curves of LiFePO, electrode
in bare EC/DMC/LiPF; electrolyte and composite electrolyte of EC/DMC/LiPF4 with 6.3 wt.%
SiO, (showing shear thinning effect) are also shown in the inset of (b). (c—e) Schematic representa-
tion of the protective mechanism of STF electrolyte [92]. Under the Creative Commons license

particles enhance the ionic conductivity due to their mutual repulsion. When the
electrolyte is impacted, the silica nanoparticles overcome the inter-particle repul-
sive force and aggregate in the electrolyte, causing the electrolyte to be solid and
show typical shear thickening phenomenon, resulting in the increase of suspension
viscosity. Hooke’s model proposes that the increase in viscosity slows down the
energy dissipation due to the basic function of restoring force. The overall effect of
this phenomenon is to slow down the rise in electrolyte temperature after impact and
effectively increase the stiffness of the battery. Conversely, battery systems without
shear thickening function are prone to undergo large deformations and a quick jump
in temperature during the impact, igniting the solvent.

Liu et al. [93] developed an electrochemically stable shear thickening electrolyte
to enhance the protection of LIBs. The electrolyte was designed by the integration
of (3-aminopropyl)triethoxysilane (APTES) modified glass fiber additives and
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typical liquid electrolyte. Compared with conventional electrolytes, shear thickening
electrolytes behaved as solid materials on impact, preventing bullets from penetrat-
ing them. The half cells with STF electrolytes showed great cyclability, in which the
capacity retention rate of STF electrolytes half battery was 95.2% after 500 cycles,
while the capacity retention rate of conventional electrolytes half battery was 61.1%
after 500 cycles. This phenomenon was most likely due to the functionalized glass
fibers (mGFs) in STF electrolyte, which may be attributed to form torturous struc-
ture and slow down lithium dendrite growth. In order to further evaluate the impact
resistance of STF electrolytes in the battery, the LFP-LTO bag battery with STF
electrolytes was prepared. A steel ball was impacted on the bagged battery and the
open-circuit voltage (OCV) of the bagged battery was tracked in real time. The volt-
age of the cell with the STF electrolytes was more stable than that of the bag cell
with the conventional electrolytes. The impact test of the battery showed that the
impact resistant battery can be realized by using STF electrolytes.

Recently, Wu et al. [94] developed an STF-filled organic gel electrolytes
(PVA/STF) to prepare STF-enhanced supercapacitor (SSC). Due to the shear thick-
ening rheology, the enhancement of SiO,, and the hydrogen bonding in the PVA
matrix, PVA/STF dissipates a large amount of energy during the impact process.
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Fig. 4.4 (a) Schematic diagram and photograph of SSC. (b) CV curves of SSC. (¢) Capacitance
stability of the SSC after a number of bending cycles. (d) Capacitance stability of the SSC after a
number of compression cycles. (e) Capacitance retention of SSC and PSC after different collisions.
Insets: schematic diagram of SSC and PSC under impact. (f) Practical applications of SSC in daily
life. (g) Photographs of the circuit with three SSCs before and after impact. A wearable wristband
composed of three SSCs is used as (h) an energy storage device [94]. Reprinted by permission
from Elsevier



4 Multi-Functional Systems Based on Shear Thickening Fluid 61

Figure 4.4a shows the manufacturing steps for SSC, which is obtained by sandwiching
PVA/STF between two carbon cloth clips. The voltage window of the SSC is
extended to 1.7 V (Fig. 4.4b), almost twice that of a traditional hydrogel-based
supercapacitor. SSC also has good bending and compression cycle stability. After
bending to 90° for 5000 times, only 11% specific capacitance attenuation is observed
(Fig. 4.4c). After 200 compression cycles, it still retains 90% capacitance (Fig. 4.4d).
In addition, SSC has a good environmental stability and thermal stability. Due to the
excellent impact resistance of the PVA/STF, the SSC maintains its integrity after
impact with minimal capacitance loss. When the hammer drop height is 110 mm,
the capacitance loss of SSC is only 12%, while the loss of ordinary hydrogel capaci-
tor is 59% (Fig. 4.4e), illustrating the good capacitance retention of SSC. According
to the results, SSC can be employed as a power source while providing flexible body
protection (Fig. 4.4f). In addition, the SSC can be bent into a wristband as a wear-
able energy storage device (Fig. 4.4g-h). It can also protect humans from shock
excitation. Therefore, SSC with good energy storage performance, high flexibility,
and excellent mechanical properties shows broad application prospects in wearable
devices, new power supplies, and protective structures.

4.3.2 Wearable Devices with STF

Nowadays, flexible sensors have attracted great attention due to their wide range of
applications in wearable devices [95-97]. Flexible sensors can be applied to elec-
tronic skin, touch sensing, health motion detection, soft robots, etc. [98—104]. In
addition, the STF has been applied in flexible sensors to improve the mechanical
and electrical properties. In this case, Liu et al. [80] reported on a CNT-/STF-/
Kevlar-based wearable electronic textile (ET) with sensing capabilities and protec-
tive properties. The yarn pull-out and stab resistance tests showed that the anti-
impact performance of this material is improved due to the STF and CNT fillers.
Compared to the neat textiles, the ET composite exhibited two times larger in peak
impact force and 50% increment in the stab resistance. This indicates that the ET
composite can be efficiently used under energy absorbing and anti-impact condi-
tions. ET is conductive due to CNT addition into the composite material, and thus
the prepared ET not only has an excellent protection performance but also shows
excellent sensing characteristics. Figure 4.5a-b shows a conductive circuit consist-
ing of ET fabric, LED bulb, and battery. When the circuit is connected, the LED
bulb lights up, proving that the ET has a good electrical conductivity. Figure 4.5c-e
shows the change in normalized resistance during the cyclic bending test. The
results showed that the response signals under different bending angles and frequen-
cies are distinguishable and stable after repeated cycles. Due to its high sensitivity
to deformation, flexible ET can be used to monitor human movement. As shown in
Fig. 4.5f-g, ET can clearly identify the movements of fingers and elbow joints, indi-
cating that ET sensors have the potential to be applied to detect various movements
of human or robot bodies. Figure 4.5h-i shows the sensing mechanism of ET. When
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Fig. 4.5 Illustration (a) and photograph (b) of a conductive circuit composed of the ET fabric, an
LED bulb, and a cell. Normalized resistance changes (AR/R,) of the ET sensor during a cyclic
bending test (¢). Photographs of the ET sensor on a steel clamp that undergoes a bending test (d
and e). Relative normalized resistance change of the ET in monitoring movements of finger (f) and
elbow at different angels (g). The illustration of partial magnification of the cross section of the
yarns of the CNT/STF/Kevlar composite (h and i) [80]. (j) Conductivity for [EOHMIm] [BF,]
STFs with different concentrations of silica microsphere. (k) Normalized electrical resistance ver-
sus time for the STKF-3 during different bending circles and static non-deformation, respectively.
() EMI SE dependencies of frequency for the STKF and the neat Kevlar fabric [36]. Reprinted by
permission from Elsevier

CNT/STF/Kevlar composites are bent by external forces, some parts of CNT con-
ductive paths are destroyed. In addition, when ET returns to its original shape, the
conductive path also quickly recovers by the effect of fluidity. Therefore, the con-
ductivity of ET sensor has a significant repeatability under external stimuli.

Qin et al. [36] developed a soft armor material (STKF) which is constructed by
high-performance textiles treated with a recently developed STF composed of silica
microsphere and ionic liquids (ILs). Besides the resistance to external loading, the
STKF exhibits a stable electrical conductivity and high sensitivity to the applied
deformation, which can be used to monitor the human body motions. The ILs are
used as dispersion medium to prepare STF with a high electrical conductivity. As
shown in Fig. 4.5k, the LED bulb is lighted up in a circuit composed of STKF, prov-
ing the conductivity of STKF. At the same time, the resistance of STKF is highly
sensitive to the applied deformation, which provides an opportunity to develop new
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types of armor with excellent protection and intelligent wearable characteristics. In
addition, due to the good electrical conductivity of STKE, it has a certain EMI SE
level, which can reach 27 dB near the 16 GHz frequency (Fig. 4.51).

Zhang et al. [42] designed a novel STF/Ecoflex composite by encapsulating STF
in Ecoflex-0030. The compression and drop tests proved that STF/Ecoflex compos-
ite has excellent impact resistance, and the increase in the STF amount is helpful to
enhance the anti-impact behavior of the composite. The STF can be conductive by
including CNTs into the suspension. Therefore, conductive STF/Ecoflex (C-STF/
Ecoflex) with sensing properties under different conditions is designed by including
CNTs into the STF. As shown in Fig. 4.6a, the electrical response of C-STF/Ecoflex
becomes apparent as the compression displacement increases. In addition, C-STF/
Ecoflex can respond to the impact signals in time under impact conditions (Fig. 4.6b),
and its resistance that changes under impact conditions is directly related to the
impact energy (Fig. 4.6c), indicating that C-STF/Ecoflex has the potential to be
used as a sensor with protective capabilities under impact conditions. Then, the
wearable multi-functional protective suit C-STF/Ecoflex/Kevlar is developed by
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Fig. 4.6 (a) Resistance change rate under different compression displacements. (b) The AR/Rvs.
time curves when the hammerhead fell from different heights. (¢) The fitting curve of IAR/R,| with
impact energy in the logarithmic coordinate system. (d) Schematic of the system for recording the
variation of C-STF/Kevlar resistance during the high-speed impact. (e) The curves of the resistance
signal of C-STF/Kevlar under 32.26 m/s. Shape programmable photographs of C-STF/Ecoflex/
Kevlar device: (f) worn on arm, (g) worn on leg, (h) worn on knee, (i) the overlying one provided
higher protection effect, and (j) the arrays were integrated into one pad with larger protection area
[42]. Reprinted by permission from Elsevier
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combining C-STF/Ecoflex and Kevlar. Ballistic impact tests show that C-STF/
Ecoflex/Kevlar can sense the impact behavior of projectiles (Fig. 4.6d-e). In addi-
tion, C-STF/Ecoflex/Kevlar is flexible and lightweight, which can be comfortably
worn on people’s arms (Fig. 4.6f), legs (Fig. 4.6g), knees (Fig. 4.6h), and waist
(Fig. 4.61). By bringing the four arrays together (Fig. 4.6j), a large scale area can be
obtained. Therefore, C-STF/Ecoflex/Kevlar can be used as an intelligent wearable
device with protective characteristics.

4.3.3 TENG Based on STF

More wearable electronic devices have been developed for daily life use. A battery
is required to supply power to the wearable devices; however, the need of charge or
replace of the power unit has been a challenging issue, apart from their heavy struc-
tures [105]. For this reason, triboelectric nanogenerators (TENGs) have been rising
as a promising energy conversion device due to a list of advantages such as light-
weight, easy fabrication, and low cost [106-113]. However, in order to obtain
energy, TENG needs to maintain various mechanical excitation for a long time, such
as compression, distortion, and friction, which is easy to damage the TENG equip-
ment. Because of its unique shear thickening properties, the introduction of STF
into TENG equipment is expected to enhance the structural durability and impact
resistance of TENG equipment.

Wang et al. [43] developed a multi-mode energy-harvesting and safeguarding
STF-based TENG (Fig. 4.7a-e). The TENG exhibits a high-energy harvesting effect
in which the maximum power density is about 27.05 mW/m? under compression. As
STF flows into the TENG, it rubs against the polymer, causing electron conversion
and output current (Fig. 4.7f-h). Therefore, this portable TENG shows the potential
of perceiving human movement due to the difference in amplitude and frequency of
movement during human moving. In addition, the Ecoflex/CI housing can be mag-
netically driven to deform, collecting mechanical energy and outputting voltage sig-
nals during deforming (Fig. 4.71). Because of the shear thickening property of STF,
the TENG has a good protective performance. A drop hammer test is used to inves-
tigate the protective properties of TENG. Figure 4.7j shows that TENG has the low-
est impact force. In addition, the TENG output voltage increases with the increase
of impact height (Fig. 4.7k). These results indicate that TENG can be used as a
protective self-supplied power sensor. Here, a TENG-based human hand array is
developed (Fig. 4.71). TENGs are able to detect bending excitation (Fig. 4.7m-n),
and they can detect pressure in real time for finger bending, grasping ring boxes and
apples. In addition, the wearable Kevlar/TENG composite fabric has been devel-
oped (Fig. 4.70). The Kevlar/TENG composite with wearable shape adaptability
has self-powered characteristics and protective effects, which can be used as intel-
ligent clothing in the fields of robotics, human-computer interaction, healthcare,
and protection. In conclusion, the STF-based TENG exhibits significant potentials
in power sources, healthcare, smart systems, and safeguards.
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Fig. 4.7 (a) Preparation procedures of the TENG device: uncured Ecoflex/CI were dropped on the
mold, (b, ¢, e) STF, Ecoflex/CI, and PDMS/MWCNT/CI were assembled and cured into TENG,
(d) schematic of the components of TENG. (f, g) Electrons transferred during STF flowing process
and (h) the corresponding voltages. (i) Magnetic-dependent triboelectric performance. (j)
Representative force curves comparison of TENG, Ecoflex/CI, and force sensor impacted from
30 cm height. (k) The corresponding triboelectric voltages of TENG during loading process. (1) A
TENG-based hand array, human gesture sensing performance of the device: (m) index finger bend-
ing and (n) the corresponding maximum voltages. (0) The wearable Kevlar/TENG array [43].
Reprinted by permission from Elsevier

Yun et al. [114] developed an STF-TENG benefitting from the shear thickening
rheology (Fig. 4.8a). The STF-based TENG shows an inherent anti-impact perfor-
mance, which is tested by dropping a steel ball on the device dropped from different
heights. Durability tests for contact separation are also carried out and the output
voltage does not decrease up to 102,600 cycles, indicating structural reliability and
long-term durability of the STF-based TENG. An STF-TENG is able to monitor the
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Fig. 4.8 (a) Working mechanism of the proposed NNFT. (b) Electrical output generated from the
NNFT-P with the various applied forces. (¢) The schematic illustration of the proposed NSTDS
and its working mechanism. (d) Photograph of the simultaneously turning 126 LEDs on using the
electricity generated from the NNFT-P. (e) The electrical output according to walking, running,
and jumping acquired from the NNFT-P [115]. Reprinted by permission from Elsevier

daily human movements such as finger sliding, touching, bending, hand shaking,
knee bending, ankle bending, elbow bending, and hand tapping. These characteris-
tics exhibit the potential of the STF-based TENG as a self-powered multi-functional
device. Finally, STF-TENG can be used as an impact monitoring system connected
to a smartphone that provided a warning upon receiving a strong pulse on the device.

Recently, Kim et al. [115] fabricated triboelectric nanogenerator (NNFT) using
the non-Newtonian fluid (NNF) with shear thickening rheology. The prepared
NNFT was operated in a single-electrode mode, consisting of cornstarch and
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water-based suspension, aluminum electrode, and rubber container, respectively.
The operating mechanism of the system is depicted in Fig. 4.8a. When the WAO-
treated aluminum electrode is taken out from the STF for the rubber container res-
toration, the balanced state of the electrical equilibrium is disrupted due to the
negative charge effect on the STF surface. For this reason, the electrons flow to the
WAO-treated aluminum electrode from the ground to establish an electrical equilib-
rium between the Al,O; layer and WAO-treated aluminum electrode. Upon complet-
ing the restoration, the electrical equilibrium is restored. By applying the external
loading again, the negative charge effect appears on the WAO-treated aluminum
electrode while the electrons are flowing from the WAO-treated aluminum electrode
to the ground for retaining the electrical equilibrium. Consequently, the AC electric-
ity is generated from the NNFT. The PVDF, which has a chemical formula of
(C,H,F,),, can enhance the triboelectricity due to the rich fluorine content in the
PVDE. The NNFT-P with stronger friction point effect is obtained by mixing the
STF with PVDE. Compared with the electrical output generated from the NNFT, the
NNFT-P is enhanced by 5.41 times for the Vo while the increase is about 5.6 times
for the Isc (Fig. 4.8b). Finally, a self-powered traffic detection system (NSTDS)
based on NNFT-P is developed, which alerts the pedestrians to the danger (Fig. 4.8c-
d). In addition, the developed NNFT-P can be employed as a sensor for motion
detection such as walking, running, and jumping on the road (Fig. 4.8e).

Wang et al. [116] fabricated a textile-based TENG by including STF, graphene,
and SSG with high performance fabrics. The TENG shows excellent energy-
harvesting capabilities. The triboelectric properties of the TENG are investigated
with an oscillator system. The effect of load amplitude and frequency on triboelec-
tric performance is studied. As the force increases, the electrical signal increases
(Fig. 4.9a). This is mainly due to the increased contact interface between the TENG
and PMMA. Afterward, the corresponding voltage signals of TENG at different
input frequencies are given in Fig. 4.9b, exhibiting a similar growing trend. This
increase is caused by the reduction of separation time and the accumulation of more
generated charges on the electrodes. The TENG shows a quite good electrical stabil-
ity in one thousand loading and unloading excitation cycles (Fig. 4.9c). As a power
unit, the TENG effectively provides a power for lightening up the LED array
(Fig. 4.9d). It can also charge the commercial capacitors through rectifier circuits
(Fig. 4.9e-f). The TENG shows enhanced protection properties under impact load-
ings. On the other side, the TENG can produce voltage signals due to the self-
powered sensing effect (Fig. 4.9g). The negative peak voltage increases with the
increase of descending height. In summary, the TENG not only shows a good impact
resistance but also has a self-supplied power sensing performance at low-velocity
impact conditions. In addition, the impact protection performance of the TENG
under high-velocity impact is further studied. The toy in the pristine textile suit is
completely penetrated, causing serious injuries. Instead, the bullet is effectively
stopped by the TENG-based textile suit (Fig. 4.9h). This result proves that the ready
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Fig. 4.9 (a) Force-dependent output voltages at 10 Hz. (b) Frequency-dependent output voltages
at 10 N. (¢) Cycling stability of TENG at 10 MQ. (d) TENG-harvested mechanical energy and lit
up LEDs. (e) Rectifier circuit diagram for charging the capacitors. (f) The cycle charge-discharge
curves of 0.47 pF capacitor by TENG at 40 N and 10 Hz. (g) The impact force and voltage vs. time
with impactor dropping from 100 to 500 mm. (h) The scenario of safeguarding properties of
TENG-based suit under high-speed shooting. (i) Voltage signals of TENG generated by the bullet
impacts with 82.3, 125.8 and 183.5 m/s. (j) Impact velocity-dependent voltage positive peak dura-
tion time and maximum positive voltage. (k) The sensing system contained TENG-based Bluetooth
and the interface of microcontroller and smartphone [116]. Reprinted by permission from Elsevier

TENG is able to prevent high-velocity impact damages. It is seen that the increase in
the impact velocity leads to a rise in the peak voltage, while the duration of the posi-
tive voltage (7,,) also shows a significant reduction (Fig. 4.9j). The results indicate
that the TENG has also good self-powered sensing capabilities under high-velocity
impact. At the end, a TENG-based wireless passive sensor alarm system is developed,
which is able to detect various kinds of impacting threats (Fig. 4.9k).
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4.4 Conclusions

The unique mechanical properties of STFs provide important applications in a wide
range of engineering and scientific fields. In this chapter, multi-function STF and
multi-function system based on STF are discussed. According to the previous
section, the STF can obtain the ability of multi-physical field coupling by changing
the morphology, roughness, and surface characteristics of dispersed phase particles,
or by adding additives. The force-thermal-coupled STF can change the shear thick-
ening effect of STF by adjusting the temperature, which expands the application
fields of STF. The color of the force-optical-coupled STF reflects the magnitude of
the applied load, and the ability to change color under different conditions provides
a wide range of potential applications for the STF in multi-functional soft armor
defense materials. Moreover, STF with force-electric coupling characteristics shows
high potential in the field of wearable protective devices.

Due to the special characteristics of STF, it can be used in different multi-
functional devices. The STF-based electrolyte significantly improves the impact
resistance and electrochemical stability of lithium batteries and supercapacitors,
confirming its applicability to protect lithium ion batteries and supercapacitors from
severe shocks. Nowadays, flexible sensors based on STF have been used in human
motion detection and impact monitoring. Due to the high sensitivity, advanced
impact resistance, and good flexibility, it is an important candidate for developing
the next generation of sensors with protective properties. TENG is considered to be
a promising energy conversion device because of its simplicity, lightweight, and
low cost. The introduction of STF into TENG equipment enhances the structural
durability and impact resistance of TENG equipment. Hence, smart STF fabrication
with unique rheological and multi-field coupling properties, or design of multi-
functional systems based on STF, proposes a broad application prospect in different
engineering and scientific fields.
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