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SUMMARY

Next-generation intelligent body armor requires high anti-impact
performance, low weight, flexibility, and integration with multifunc-
tional wearable devices. Shear stiffening gel (§SG), a kind of high-
molecular-weight polymer with interesting properties such as dy-
namic boron-oxygen (B-O) weak crosslinks, nonlinear mechanical
behavior, and high energy dissipation efficiency, has attracted
intensive attention from both scientific and industrial sectors. Due
to rate-dependent viscoelastic characteristics, SSG has achieved
mechanical enhancement following an increase in the external strain
rate. Therefore, it is important to understand the viscoelastic
behavior of SSG and its derivatives to design the new type of flex-
ible anti-impact devices. This article is a brief review of the recent
advances in SSGs, including preparations, mechanical properties,
mechanisms, and practical applications in sensors, energy devices,
damper controls, and body armors. Finally, the future development
potential of SSG as an intelligent anti-impact material is also fore-
casted.

INTRODUCTION

The shear stiffening effect, with modulus or viscosity significantly increasing
following increases in external strain rates, is a unique phenomenon in polymer ma-
terials and fluid suspensions. Materials that exhibit shear stiffening effects are
defined as shear stiffening materials.' The mechanical performance of shear stiff-
ening materials can adapt to the environmental stress field, showing a reversibly sen-
sitive response to external stimuli.”® Presently, there are two common types of shear
stiffening materials, shear thickening fluid (STF) systems’ and shear stiffening gel
(SSG) systems,® in which the STF is a thick suspension, while the SSG is a gel-like
polymer blend (without solvent). As a kind of smart material integrating fast respon-
siveness, self-healing ability, and stress field adaptability, both the STF and SSG

1

have shown great prospects in terms of impact protection,” ' vibration control,

and buffering structure.’""”

STF as a type of non-Newtonian suspension liquid obtained by dispersing micro-
and nano-particles into the polar medium, is the most traditional shear stiffening ma-
terial and has been extensively researched worldwide. For the STF suspension sys-
tem, the viscosity decreases with the external shear rate when the strain rate level
is relatively low, exhibiting shear thinning characteristics. Once the shear rate rea-
ches a certain critical value, the viscosity of the STF increases rapidly, showing a
representative shear thickening effect’®?° (Figure 1A). Furthermore, the perfor-
mance of STF is closely related to the dispersed phase particles and dispersion me-
dia. There are generally three types of common dispersed phase particles in STF sys-
tems. The first type is inorganic mineral particles, such as Si0,,%' CaCO3,%? and
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Figure 1. The Concept of SSG

(A) Shear thinning and shear thickening in the STF suspension system. Reproduced with
permission.'” Copyright 2009, American Institute of Physics.

(B) Cold flow effect of SSG in the natural state and impact hardening phenomenon of SSG under
impulsive loading.

(C) Transition from viscous-liquid state to rubbery state of SSG. Reproduced with permission.®
Copyright 2014, American Institute of Physics.

(D) The true stress versus true strain for SSG under high strain rate loading. Reproduced with
permission.® Copyright 2016, Elsevier.

(E) Micromechanism among the viscous-liquid state, rubbery state, and glassy state of SSG.

TiO,.”* The second type is variable particles, such as cornstarch particles.”” The third
type is synthetic polymer particles, such as polyvinyl alcohol (PVA),*® polystyrene
acrylonitrile (PS-AN),?® and polystyrene-ethyl acrylate (PSt-EA).?’ In addition, the
common dispersion media are mainly ethylene glycol and polyethylene glycol.
Based on the combination of various dispersed phase particles and dispersion me-
dia, the STF exhibits different rheological properties in terms of continuous shear
thickening (CST)?827 and discontinuous shear thickening (DST).2%*" STF can achieve
a phase transition between the liquid-solid state under the actions of an external
force. Therefore, STF-based composites have been widely applied to the fields of
human body protection,”*? safe batteries,* and multifunctional composite mate-
rials.***> However, the inherent sedimentation and chemical reactivity of STF partly
limited their further applications.®

SSG, once defined as Silly Putty, is another type of shear stiffening material that has

drawn the attention of researchers around the world in recent decades.®3%*” In
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contrast to the suspension system of STF, SSG is a kind of boron-siloxane polymer
silicone rubber with a low crosslinking degree, which is often synthesized using poly-
siloxane dimethyl silicone oil or hydroxy silicone oil, boric acid, and benzoyl
peroxide (BPO) at high temperature.’®?? Compared with STF, SSG possesses a
larger initial viscosity and more stable performance, making it easier to store and
overcome the problems of particle sedimentation and liquid volatilization.*“? In
the natural state, SSG behaves in a viscoplastic state like plasticine, with typical
cold-flow characteristics. Owing to the dynamic boron-oxygen (B-O) weak cross-
links, SSG exhibits a typical shear stiffening effect by phase transition among the
plastic, elastic, and glassy states with the altering of external loading conditions®"
(Figures 1B-1E). Because of the polymer blend character rather than a suspension,
this type of material is called SSG, and its mechanical performance is defined as
the shear stiffening effect. Interestingly, the rheological properties of SSG is revers-

ible even after it encounters a high-strain rate impact loading.®"’

In consideration of this reversible soft-rigid mechanical transforming behavior, SSG

1617 similar to the

shows great potential in damping and shock energy dissipation,
STFs. Inspired by the energy absorption behavior of SSG during impulse loading,
a series of SSG products have been fabricated for anti-impact devices for military
and sports use.?”*? D30 successfully introduced SSG into polyurethane to provide
impact protection for industrial purposes.*® According to previous reports, SSG
could relieve the harmful impact on joints during athletic training while maintaining
activity comfort.*” Using SSG as the filling material, the novel bulletproof helmet
provided better security assurance for soldiers in military actions.'"'? Many studies
have indicated that STF/Kevlar was favorable in improving the anti-impact ability
and reducing the weight of the body armor by the shear stiffening effect.!’*
Recently, it was demonstrated that SSG could further enhance the ballistic perfor-
mance of flexible anti-impact devices without sacrificing wearing comfort.”'~"?
Moreover, SSG was also verified to effectively restrict the formation of large Li-
branched crystals in a Li battery during the recycling charge-discharge loading pro-
cess, which successfully suppressed the “shuttle effect” and maintained the integrity

of the battery material.**

Notably, to make use of its unique rate-dependent behavior and reversible self-healing
property, SSG has been applied as a high performance polymer matrix for developing
intelligent stretchable devices.*'***” Many conductive fillers such as metallic particles,*®
carbon nanotubes (CNTs),*"*° graphene,S'18 and Ag nanowires’® have been incorpo-
rated into SSG to fabricate conductive-SSG composites. The addition of these reinforce-
ment particles not only improved the mechanical performance of SSG but also instanta-
neously changed the conductive paths in SSG structures according to the microstructural
distinctions under different external loadings. Therefore, the external stimulus could be
accurately sensed by the change in electric resistance.””>" Taking advantage of this me-
chanoelectric performance, the SSG e-skin,* flexible SSG viscoelastic cable,”® and high-
sensitivity SSG monitors®” have been designed, and these works expanded the potential
of SSG in advanced medical equipment and dynamic impact sensing. Very recently,
conductive SSGs were also successfully assembled as triboelectric nanogenerators
(TENGS) and they could effectively convert the mechanical energy of external loadings
into electrical energy.®*® By this means, the achieved self-powered ability endowed
the SSG-TENG with high potential for flexible battery technologies*® and portable en-
ergy conversion devices.”®

Overall, it is of great significance to deeply investigate the mechanical behavior and
the unique mechanism of SSG to achieve continuous innovations in application
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fields. In this review, the recent progress in functional modifications and practical ap-
plications of SSGs are summarized based on introductions to preparation methods
and mechanical properties. Meanwhile, the challenges in current research are dis-
cussed and the prospects of SSG materials are also investigated.

Preparation and Modulation of SSGs

SSGs and Elastic-SSGs

According to the existing reports, there are two universally acknowledged prepara-
tion methods to produce raw boron-siloxane SSG. In the first way, Seetapan et al.
prepared SSG by mixing boric acid with hydroxy-terminated polydimethylsiloxane
(PDMS) precursors at 120°C for 48 h.>” According to this method, the final shear stiff-
ening properties of the synthetic SSG materials were strongly affected by the reac-
tant concentration.”” It was reported that the elastic modulus of SSG primarily
decreased and then increased with the molecular weight growth of PDMS precur-
sors. Another method for synthesizing SSG is a more efficient and timesaving
method.*¢® First, the boric acid was heated at 160°C for 2 h to obtain pyroboric
acid. Second, a proportional simethicone was added to the pyroboric acid to
conduct the reaction at the same temperature for 7 h. Finally, by cooling down
the mixture to room temperature, the raw SSG was obtained. Using this preparation
method, the preparation time for SSG was significantly shortened from 48 to 9 h,
while a similar shear stiffening performance was ensured. Hence, SSG could be pro-
duced efficiently in large quantities, which guaranteed the production capacity for
its application issues.

In general, the mechanical properties of the SSGs are strongly dependent on the
network structures of polyborosiloxane. In the natural state, SSG exhibits an obvious
cold-flow phenomenon under the gravity effect, which has always been a nonnegli-
gible problem in certain practical conditions.®'" It was reported that some specific
polymer networks could modify SSGs with good elasticity and mechanical tough-
ness, while the noncovalent B-O interactions in SSGs could be preserved to provide
the shear stiffening effect.””** Wang et al.*" introduced methyl vinyl silicone rubber
(VMQ) into SSGs through vulcanization procedures under high temperature and
pressure to produce a new type of elastic-SSG. Combining the mechanical proper-
ties of SSG and VMQ, the elastomer not only possessed an obvious rate-dependent
mechanical response but also the satisfied initial elasticity;‘“"56 thus, it exhibited
great potential in anti-impact and sensing areas. Similarly, another type of “solid-
soft” elastic-SSG was fabricated by polyborosiloxane and PDMS to obtain a double
network structure. The covalent crosslinks formed by PDMS provided stable frame-
works for polyborosiloxane to overcome fluidity under natural conditions.®® In addi-
tion, the elastic-SSGs also showed outstanding self-healing recyclability against
shear failure. Even when rejoining two pieces of cutoff elastic-SSGs without other
decorations, the self-healed elastic-SSGs exhibited similar mechanical properties
to the original elastic-5SGs.*"*” Due to its high stretchability, flexibility strain-rate
sensitivity, and shape-recovery ability, the burgeoning elastic-SSG is believed to
be an ideal candidate for smart flexible devices in the area of anti-impact.

Multifunctional Composites Based on SSGs

The mechanical properties of the composite could be effectively controlled by intro-
ducing functional fillers.®'"%* Hence, it was shown that the mechanical behavior of
the SSG could also be directionally controlled by reinforcing phase particles. For
example, the shear storage modulus of the SSG increased with CaCO3 doping via
the particle enhancement effect.”"'" More important, many additive fillers possess
unique electromagnetic responses, which endow the SSGs with multifunctionalities
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in a wide range of applications. Here, the SSG polymer had a brilliant ability to
coexist with some reinforcing particles such as magnetic powders and conductive
medium.*®°? Basically, the overall mechanical performance of SSG was improved
due to the addition of functional particles.®>" The SSG is a kind of polymer gel
with good chemical inertness; therefore, it overcomes the particle sedimentation
problem often found in STFs and maintains long-term stability.*”*?

A series of high-performance SSGs with magnetically tunable rheological properties
were fabricated by introducing magnetic fillers into the SSG matrix. The mechanical
tests indicated that the hybrid method could endow the SSG with both a shear stiff-
ening effect and a high magneto-sensitive effect.***” The magnetic-SSGs were first
prepared by using the carbonyl iron particles (CIPs) and Fe3O,4 particles as the addi-
tives. In contrast to the pure SSG, the magnetic-SSG had a larger initial storage
modulus, and the relative shear stiffening performance was also improved by
applying an external magnetic field. Moreover, the soft magnetic CIPs were proven
to have a stronger enhancement than that of hard magnetic particles™*® (Figures 2A
and 2B). Based on this discovery, a magnetic susceptibility elastic-SSG with better
stretchability was further designed, and a linear magnetic dependence of the rela-
tive storage modulus was observed (Figure 2C). In addition, the shear stiffening per-
formance of magnetorheological elastic-SSG could also be controlled by the mass
fraction of magnetic particles”' (Figure 2D). Interestingly, a unique thermal self-heal-
ing property was observed in magnetorheological elastic SSG, in which the recovery
effect enabled the chapped samples to be connected together®' (Figure 2E). Goli-
nelli et al. also proposed that Fe-Co-Ni nanowires were another feasible additive
to fabricate magnetic-SSG.%® The magnetic particles in the composites aligned to
form a catenulate structure in response to the magnetic field and led to an increase
in the storage modulus®? (Figure 2F). To investigate the mechanical behavior of
magnetic-SSGs at high strain rates, an impact test machine was used to analyze
the influence of experimental parameters on the magnetorheological effect of mag-
netic-SSG.”° In particular, using a modified split-Hopkinson pressure bar (SHPB) sys-
tem,® it was found the magnetic-SSG entered a glassy state when the strain rate
reached 7,236 57", which further demonstrated the rubbery-glassy transition of mag-
netic-SSG at a high strain rate. In addition, according to the experimental results, a
qualitative explanation was illustrated to describe the strengthening effect based on
magnetic dipole theory.®’

The addition of high-performance conductive particles into SSG is another strategy
to prepare bifunctional SSG with improved mechanical behaviors such as elastic
modulus, yield stress, and strength. More important, the conductivity of SSG was
significantly improved; thus, it showed great potential in dynamic mechanoelectric
coupling applications. To investigate the mechanoelectric coupling effect of
conductive-SSG, a series of conductive fillers, such as CNTs,*”" carbon black,'**?

4657 and graphene sheets®“® were added to the SSG by

Ag nanowires (AgNWs),
mechanical mixing or solution mixing methods (Figure 3A). The conductive additives
were proven to be evenly dispersed within SSG due to macromolecule construction
and thus resulted in stable initial resistance under the natural state.’**? Once
suffering impact loadings, the inner structure of the conductive paths of SSG expe-
rienced temporary damage, and the redistribution of conductive particles domi-
nated the change in conductivity (Figure 3B).°° Evidenced by the low percolation
threshold, the conductive-SSG was recognized as a new type of high-performance
conductive gel system (Figure 3C).>' The investigation of the mechanoelectric
coupling performance illustrated that the conductive carbon black additive not
only improved the rheological properties but also decreased the creep effect of
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Figure 2. The Mechanical Enhancement Effect of Magnetic Particles on SSGs

(A and B) Storage modulus of magnetic SSG-CIPs (A) and SSG-Fe304 (B). Reproduced with
permission.” Copyright 2014, Royal Society of Chemistry.

(C) Relationships between the storage modulus and magnetic flux density of magnetorheological
elastic-SSG.

(D) Influence of volume fraction of magnetic particles on magnetorheological elastic-SSG.

(E) Self-healing performance with thermal treatments of magnetorheological elastic-SSG.
Reproduced with permission.”’ Copyright 2018, Elsevier.

(F) Chain-formation mechanism for magnetic SSG and the nonperforative particle aggregated
chains model. Reproduced with permission.®” Copyright 2018, Hindawi.

SSG*? (Figure 3D). Moreover, the change in the resistance showed linear relation-
ships upon mechanical stimuli, which endowed the final product with great potential
in the sensing area®?°%¢? (Figure 3E). All of the studies indicated that the electric
performance of conductive-SSG was influenced by external loading. Therefore,
the SSG was proposed to be feasible in developing the next-generation sensing de-
vices due to the mechanoelectric coupling performance.

Rate-Dependent Mechanical Behavior of SSGs

Shear Stiffening Performance of SSG

To fully understand the mechanical properties of SSGs, both experimental and theo-
retical methods were explored. With the assistance of rheological measurements,
the storage modulus of SSG in the natural state was found to be 10? Pa, leading
to a completely viscous character (Figure 4A). Different from the STF with the initial
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Figure 3. The Mechanoelectric Coupling Effect of Conductive SSGs
(A) Conductive medium used to prepare conductive-SSG.

(B) Evolution of conductive network for conductive-SSG under external stimuli. Reproduced with permission.”” Copyright 2019, Royal Society of
Chemistry.

(C) Impedence percolation threshold of CNTs/SSG. Reproduced with permission.”’ Copyright 2015, Royal Society of Chemistry.
(D) Creep and recovery behavior of conductive-SSG under shear stress.
(E) Linear dependence of resistance under compression and stretch loadings. Reproduced with permission.’* Copyright 2018, Elsevier.

modulus of ~107" Pa, the viscous SSG displayed a more stable structure in the nat-
ural state.””**”" However, the stiffness of SSG rapidly improved as the external
strain rates increased to the critical value."'*”"*> When this viscoelastic transition
was processed, a cross-point between the storage modulus (G') and loss modulus
(G") was displayed in the frequency sweeping curve.'®>*’? The viscous state domi-
nated the material behavior under the low-frequency region when G’ was less than
G". However, once G’ exceeded G” after the cross-point, the shear stiffening phe-
nomenon appeared and the SSG showed high-elastic behavior. In this case, the stor-
age modulus of SSG reached as high as 10° Pa, which far exceeded the STF of 102
pat’ /1 (Figure 4B). The high strain rate stress-strain relationship of CaCQOj3 parti-
cle-reinforced SSG was studied by using SHPB technology with a strain rate of up
to 14,132 s~'. Different from the viscoelastic behavior at low strain rates, an
elastic-glassy transition appeared. Under this condition, the SSG displayed higher
strength and obvious brittleness, with the maximum storage modulus approaching
108 Pa® (Figure 4C).

The theoretical analysis through viscoelastic constitutive models was another
method to study the shear stiffening behavior of SSG. Cross et al.”*’? proposed a
standard linear solid (SLS) model by combining a spring element in series with a clas-
sical Maxwell element and successfully explained the basic viscoelastic behavior of
SSG. To better clarify the creep effect of SSG, a modified SLS model by adding
another series of Maxwell elements®’ was proposed, and the model demonstrated
good consistency with the experimental results (Figure 4D). Moreover, Goertz
et al.”* also used a ternary Maxwell parallel element model to investigate the influ-
ence of temperature on the rheological properties of SSG, and the time-temperature
equivalence in SSG system could be clearly explained.
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Figure 4. The Mechanical Response of SSGs under Different Strain Rates

(A) Rheology property during frequency sweeping.

(B) Criterion for shear stiffening. Reproduced with permission.”’ Copyright 2020, Elsevier.

(C) Yield stress under different strain rate. Reproduced with permission.? Copyright 2014, American
Institute of Physics.

(D) Strain curves of magnetic elastic-SSGs in the creep measurements and modified SLS model.
Reproduced with permission.”’ Copyright 2018, Elsevier.

Microscopic Shear Stiffening Mechanism

The SSGis a kind of boron-siloxane polymer silicone rubber, and the shear stiffening
effect originates from the dynamic B-O crosslinking ligands. Obviously, the elec-
trons on p-orbital from the B atom were easy to escape, while there were plenty
of free electrons in the O atom (Figure 5A). Therefore, the weak electron cloud inter-

actions between B and O atoms could be assembled by sharing electrons*?>"7>

(Figure 5B). The Fourier transform infrared spectroscopy (FTIR) techniquesssj(”78
were used to analyze the microscopic shear stiffening effect. Typically, the stretching
vibrations of Si-CH3 (1,257 ecm™'), Si-O (1,015 cm™"), Si-O-B (892 cm™' and
862 cm™") and B-O (1336 cm™") were obtained in the SSG (Figure 5C). In general,
the current explanations for shear stiffening mechanism were mainly based on the
dynamic evolution of B-O crosslinks through unique breaking and recovering behav-
iors.”? Under low strain rate external loadings, the corresponding timescale for mo-
lecular chain motion was relatively large. The B-O bonds had enough time to be
broken, and the damping force caused by the entanglement of molecular chains
was the main obstacle to molecular deformation. Hence, the SSG exhibited viscosity
characteristics with flowability at the macroscale.*>*° However, as the strain rate
grew to a higher level, the timescale for molecular motions became much shorter
than the characteristic breakage time of B-O crosslinks. In this case, the unbroken
B-O bonds generated more resistance against the movement of molecular chains.
The molecular chains were too hard to untangle, and the rotation of the chain seg-
ments dominated the mechanical property of the SSG, which resulted in the high-
stiffness state at the macroscale.*®”%7% In addition, there was also a transition region
between the elastic state and the glassy state observed at a higher strain rate. At the
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Figure 5. The Mechanism of Shear Stiffening Phenomenon

(A) Crosslink-forming process of B-O dynamic bonds. Reproduced with permission.*>*° Copyright 2018, Wiley-VCH Verlag; Copyright 2019, American
Chemical Society.

(B) Possible structure of B-O dynamic bonds. Reproduced with permission.*” Copyright 2018, Elsevier.

(C) FTIR spectrum of SSGs. Reproduced with permission.'? Copyright 2019, IOP Publishing.

(D) Explanations for state transition process. Reproduced with permission.® Copyright 2016, Elsevier.

(E) Energy dissipation mechanism under impact loading. Reproduced with permission.”’” Copyright 2020, Elsevier.

critical point, all of the crosslinks were disabled to be disentangled in the loading
section and broke easily.® Therefore, the stress reached the yield point and led to
fracture failure for the overall structure (Figure 5D). Importantly, the broken dynamic
B-O bonds could be recombined once B and O atoms were close to each other after
the reloading period, and this interesting phenomenon was responsible for the
novel self-healing performance of SSG.””

Recently, the mechanism of SSG under impact stimuli was further characterized by
using a mechanoluminescence method. On account of additional ZnS:Mn particles,
the invisible mechanical response was converted into visible light signals.*” The
change in light intensity during the impact process originated from the microcrack
extension in the internal structure of the SSG. Under these circumstances, the micro-
cracks dissipated a large amount of impact energy before the failure of SSG, which
resulted in the weakness of light intensity (Figure 5E). Meanwhile, the elastic state of
SSG effectively decreased the stress concentration. As a result, both the shear stiff-
ening and fracture failure were recognized as the main mechanism responsible for
the anti-impact properties of SSGs.

SSG Composites with Anti-impact Performance

SSG Composites Strengthened by Porous Matrices

SSGs were favorable for constructing anti-impact composites due to their
outstanding shear stiffening effect at high strain rates. Using the good cushioning
characteristics of the porous structure, the SSG was added into the porous matrix
to further improve its energy absorption performance. In consideration of the low
viscosity under a low strain rate, the SSG could be easily integrated into the porous
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(A) Preparation method of SSG/PU and basic physical properties.

(B) SEM comparison between neat PU and SSG/PU.

(C) Improvement of the cold-flow effect of SSG/PU compared to pure PU.

(D) Comparison of the knee jump effect under impact between the SSG suffer and the SSG/PU suffer.
(E) Stress-strain curves among SSG, PU, and SSG/PU.

(F) Reliability of rebound energy versus cyclic loading impact.

Reproduced with permission.”” Copyright 2016, American Chemical Society.

matrix to form a stable structure. Polyurethane (PU) sponge was first used to carry
SSGs™ (Figure 6A. Scanning electron microscopy (SEM) imaging illustrated that
the SSG filled within the holes of porous PU®? (Figure 6B). The initial storage modulus
of the SSG/PU composite improved over 10 times that of pure foam, which further
enhanced the stretchability and reduced the cold-flow drawbacks of the SSG (Fig-
ure 6C). Because of the large stretchability and elastic deformation, the SSG/PU
showed reduced irrecoverable strain.’”*? Specifically, as a type of high-perfor-
mance elastic structure, a creative attempt was made to use the unique mechanical
behavior of SSG/PU during impact loading. Compared to the traditional PU, the
knee jump reflexing level was effectively decreased using SSG/PU as the buffer
layer'® (Figure 6D). Meanwhile, influenced by the shear stiffening effect at higher
strain rates, the stiffness of SSG/PU obviously improved’® (Figure 6E). Hence, during
the impact loadings, the overall elastic deformation of SSG/PU was generated to
disperse the energy in the central contact area, and most of the impact energy
was converted into elastic reversible energy during the unloading process. Benefit-
ting from the structural controlling strategy, the SSG/PU composite not only
achieved better strength against impulsive loading but also possessed fatigue resis-
tance performance, which ensured the mechanical stability under cyclic utiliza-
tion®”*? (Figure 6F). In addition, other porous structures such as elastic polymer pol-
yurea-urethane (PUU) were also reported to modify the SSG structure with high
stretchability and long-term stability, which expanded the structural optimization
method for SSGs.”’

SSG/Kevlar Fabric Composites

The SSG could be also introduced into fabrics to reinforce their anti-impact perfor-
mance. Compared with other ordinary organic fabrics, Kevlar showed high tensile
strength, high tensile modulus, and low break elongation; thus, it has been widely
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(D) Friction enhancement mechanism for SSG/Kevlar composites. Reproduced with permission.'” Copyright 2019, IOP Publishing.
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)
F) Stress dissipation effect of multilayer neat Kevlar and SSG/Kevlar under ballistic impact. Reproduced with permission.'” Copyright 2019, IOP

Publishing.

used as a basic material in soft body armors.?®®" Different from Kevlar composites
such as Kevlar/epoxy® and Kevlar/ceramic,®” the flexible Kevlar composites with
satisfied ballistic behavior® have attracted increasing research interest.®” Recently,
STF/Kevlar composite fabric was successfully developed as a novel kind of “liquid
armor.” Various efforts have been conducted to construct high-performance STF/
Kevlar body armor and investigate the real shear-thickening anti-impact mechanism.
However, the fluidic nature and weak stability partly limited their further application.
In consideration of the good shear stiffening effect and chemical stability, the SSG
was proposed to be a potential candidate to substrate the STF in the next-genera-
tion body armor.

The SSGs have been integrated into Kevlar fabric toward flexible anti-impact body
armors by two preparation methods (Figure 7A). The first method was the “dissolu-
tion-volatilizing” method, in which the SSG was immersed into the gaps of bullet-
proof Kevlar fabrics using a diluted SSG using the organic solvents such as ethyl
alcohol and acetone to dilute the $SG.*” Second, the SSG was found to be easily
combined with Kevlar fabrics through a simple “mechanical packing” method,
with a pure SSG layer sandwiched by two Kevlar pieces. As a high-performance fab-
ric composite, the SSG/Kevlar possessed an outstanding anti-impact effect
compared to the traditional flexible protective material'' (Figures 7B and 7C). Dur-
ing the shear stiffening process, the friction of fibers significantly increased with the
filling of SSG. Hence, SSG/Kevlar showed greater resistance against the penetration
impact than the neat fabric'? (Figure 7D). With combinations of anti-impact charac-
teristics originating from the structural advantages of Kevlar fabrics and the
enhancement effects of SSG, the attenuation of the impact center force for SSG/Kev-
lar under high strain-rate loading was up to 64.1%, which was much larger than the
neat Kevlar.'” Moreover, the STF/SSG/Kevlar composite can be further developed.
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As aresult of the synergistic shear stiffening effect of both SSG and STF, the compos-
ite displayed better stab resistance properties, as proven by yarn pull-out testing®*
(Figure 7E). In addition, anti-impact tests were conducted and both the effective en-
ergy dissipating and stress concentration weakening phenomenon were found in the
SSG/Kevlar, which further explained the high stability of the SSG/Kevlar structure
(Figure 7F). Moreover, by introducing reinforcement particles such as CaCOj3 and
carbon black into SSG, the modified SSG/Kevlar could decrease the impact force
and achieve a lower ballistic limit velocity value (Vso) according to the results of frag-
ment simulated penetration (FSP) tests.!"'® Based on the above analysis, it can be
concluded that the SSG/Kevlar composites would be attractive for designing the
flexible body armors.

Applications of SSGs

Based on the above-mentioned discussions, it can be found that the SSGs not only
achieved satisfactory shear stiffening effects but could also sensitively respond to
the applied stress fields. Meanwhile, with the decorations of specific dopant parti-
cles, the multifunctional SSGs with additional magnetic responses, electrical signal
feedbacks, and excellent self-healing properties are also achieved. Therefore, a se-
ries of investigations have been conducted to explore the SSGs in the fields of vibra-
tion controls, sensors, energy devices, body armors, and triboelectric
nanogenerators.

SSG Dampers

Similar to the STF, the SSG can be used in damper due to its unique shear stiffening
effect. The shock transmission unit (STU) is an innovative attempt for damper devices
to fill SSGs. Because of the different rheological responses to the external stress
fields, the SSG provided ease of movement for the STU under a lower external force.
However, once suffering from impact loadings, the STU achieved a rigid link and
restricted the movement of the piston in the phase transition process. In addition,
the SSG-based STU could provide greater damping force than the STF damper
because of its higher viscosity in the shear stiffening process.'® Due to the sensitive
mechanical properties under an external magnetic field, the magnetorheological
SSG further broadened the semiactive controlling characteristics for the damping
controls. In addition to the fast response of the speed locking function under
external impact excitations, the damping force of the magnetorheological SSG
damper could be accurately controlled by the applied magnetic field according to

a multiparameter and symmetry hysteretic model."’

SSG Sensors

The above-mentioned conductive SSG was considered to be an excellent candidate
for designing sensors because of its good flexibility and conductivity. The piezore-
sistive-type conductive polymer composites, often fabricated by polymer matrices
and conductive nanofillers, enable the transitions from loading signals into electrical
signals. Because of the easy preparation method and high sensitivity, this type of
sensor showed application prospects in terms of dynamic sensing.*® In addition,
owing to the shear stiffening anti-impact function of the SSG, the SSG sensors could
resist impact loadings, which were demonstrated to be superior to the traditional
piezoresistive-type sensors.’”*? The most original SSG sensor was produced by mix-
ing conductive CNT particles into SSGs, and it could dynamically control the inten-
sity of a light-emitting diode (LED) bulb with a fast response against external
loading. Once the conductive composite was struck, the intensity of the LED bulb
decreased clearly due to the sharp interruptions of conductive networks originating
from the shear stiffening effect (Figure 8A).”"
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(A) First-generation conductive-SSG resistance adjustment devices. Reproduced with permission.”’ Copyright 2015, Royal Society of Chemistry.

(B) Conductive-SSG/Kevlar and response against human paces and fist loading. Reproduced with permission.”” Copyright 2017, Royal Society of

Chemistry.

(C) Conductive-SSG@PDMS cable and the sensing ability to bending deformation at different angles. Reproduced with permission.”® Copyright 2019,

Royal Society of Chemistry.

(D) Tactile and acoustic perception behavior of SSG e-skin. Reproduced with permission.*® Copyright 2018, Wiley-VCH Verlag.

(E) Resistance change associated with a spider walking on graphene/SSG. Reproduced with permission.”” Copyright 2016, American Association for the

Advancement of Science.

The conductive-SSG could also be attached on the flexible matrix to form reusable
sensing devices. The movements of human paces and fist loadings were successfully
monitored by the conductive SSG fabrics (Figure 8B). Recently, a flexible viscoelastic
coupling cable with the wire-like CNT doped conductive-SSG encapsulated within a
PDMS shell was reported. Different from the plastic conductive SSG with a cold-flow
nature, the conductive-SSG@PDMS sensor was sensitive to external stimuli and the
sensitivity showed an interesting self-adopting manner. Thus, it could attach to the
nonflat surface to simultaneously monitor body actions®° (Figure 8C). Moreover, the
conductive SSG could also fill within the PU sponge to design the high-performance
strain sensor. The conductivity of SSG/PU varied quickly and maintained stability up
to 45 cycles of compression and stretch loadings.

Furthermore, the conductive SSG could simultaneously improve the mechanical per-
formance of sensors. The conductive SSG strain sensor could sensitively detect the
impact stimulus from 0.147 to 1450 mJ and decrease the attacking force by 63%
simultaneously.>” Recently, the increasing demand for ultrahigh sensitivity sensing
devices further promoted the development of SSG-based sensors. It was reported
that a new generation of multifunctional e-skin was created by assembling elastic-
SSGs, AgNWs, and polyester film (PET film) together. Different from the above-
mentioned sensors, the e-skin possessed excellent sensing characteristics, which
could be used to distinguish tiny activities such as light touch, stroking, and even

talking™® (Figure 8D). Analogously, Boland et al.*”

designed an ultrasensitive sensor
by doping graphene into the SSG. The graphene/SSG composites exhibited unusual
electromechanical behavior, such as special post-deformation temporal relaxation
of resistivity and nonmonotonic strain-dependent conductivity, which was associ-
ated with the mobility of the graphene in the low-viscositic SSG matrix. More impor-

tant, the addition of graphene produced extremely sensitive resistance changes
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Figure 9. Safeguarding Applications of SSG Composite

(A) Comparison of bulletproof material fabricated by SSG/Kevlar and neat Kevlar. Reproduced with
permission.'? Copyright 2019, IOP Publishing.

(B) Conductive-SSG/Kevlar hamlet and the resistance responses under multiple hammer impact.
Reproduced with permission.'® Copyright 2019, Elsevier.

(C) Anti-impact and dynamic sensing performance of conductive-SSG kneepad. Reproduced with
permission.*” Copyright 2018, Elsevier.

(D) Mechanoelectric performance of a hand protection device. Reproduced with permission.*”

Copyright 2017, Royal Society of Chemistry.
The illustration of the soldier in the center was reproduced with permission from https://699pic.
com.

under slight stress stimuli, such as finger swing, breathing, pulse beating, and even
the step moving of a spider®” (Figure 8E).

SSG Anti-impact Devices

As a smart material with shear stiffening performance, SSGs have been widely used to
produce next-generation anti-impact devices. Based on the investigation of the low-ve-
locity impact response of sandwich panels with SSG cores, it is found that the SSG sand-
wich structure led to larger energy absorption compared to panels with other cores, such
as chloroprene rubber and ethylene-propylene-diene monomer.*’ To fabricate flexible
anti-impact body armor, a lightweight SSG/Kevlar protection device was successfully
created. Different from the ballistic behavior of neat Kevlar fabrics, the SSG/Kevlar struc-
ture showed better performance in stress dispersion and energy dissipation. Moreover,
only smaller topography failures were observed in SSG/Kevlar, which indicated that the
hybrid structure was optimum for bulletproof materials'? (Figure 9A). Moreover, by
combining the excellent anti-impact characteristics and dynamic sensing performance
of conductive SSG fabrics, several flexible anti-impact sensing devices were designed.
The conductive-SSG/Kevlar fabric was attached to the surface of a commercial helmet
to manufacture an electronic helmet that could both resist and detect the impact simul-
taneously during the penetration process. With the optimized proportion of carbon
black and SSG, the helmet could not only maintain the mechanical stability under mul-
tiple impact loadings but also precisely monitor the damage evolution' (Figure 9B).

In addition, an anti-impact and sensing bifunctional kneepad was developed by re-

placing the middle part of the inner cushion with a conductive carbon black/SSG/PU
sponge. The modified kneepad traced the basic motion of humans within an
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extremely short response time of 3 ms and decreased the impact force by >40%
compared to the original kneepad. In this case, the smart kneepad could be widely
used in sports protection and signal feedback for athlete training®” (Figure 9C).
Moreover, the conductive SSG also could be applied in dynamic hand protection
with physical combinations of bulletproof fabrics*? (Figure 9D). With the outstanding
flexible safeguarding performance and fast self-feedback response to external
loading, wearable anti-impact hand protection devices also showed promising pros-
pects in security actions.

SSG TENGs

To further develop lightweight flexible electronic devices based on SSG composites, the
self-powered TENG has attracted universal attention in shear stiffening safeguarding
materials.?>®” Based on the triboelectric effect and electrostatic induction, the TENG
could convert mechanical energy into electric energy as a green and sustainable power
source. To date, the modification of TENGs with the ability to withstand large strains and
avoid failure under impulsive loadings has been a hotspot in current research. Inspired
by the kinetic energy harvesting properties of TENGs and the excellent electric-mechan-
ical coupling effect of conductive SSGs, a multifunctional self-powered force sensing
TENG composites was successfully developed by encapsulating liquid metal GalnSn
into the structure of SSG/PDMS>*°¢ (Figure 10A). Due to the friction electrification
and electrostatic induction effects of the SSG/TENG, the external kinetic energy could
be converted into electrical energy during the loading process.”® The output voltage
or current was proven to increase in accordance with the improvement of loading force
and frequency within a certain range (Figures 10B and 10C). Moreover, the output
voltage and maximum output power of the TENG with a size of 50 x 50 x 4 mm?
were 35.72V and 182.17 uW under a compression frequency of 10 Hz (Figure 10D). Inter-
estingly, benefitting from the high stretchability, flexibility, and sensitivity of SSG, the
TENG could also be used as a self-powered sensor to monitor different human move-
ments. To further improve the triboelectric performance of SSG/TENG, polytetrafluoro-
ethylene (PTFE) was introduced as an electrode com |oonent.53 The modified PTFE/SSG/
TENG displayed a larger output voltage (44.20 V) and maximum power (390.73 pW).

In addition, a wearable electronic skin array was made up of the PTFE/SSG/TENG.
The electronic skin transformed the external impact energy into electrical energy
while possessing excellent sensing performance, which could be verified by a force
distribution map in different impact regions (Figures 10E-10G). Very recently,
assembled by magnetorheological SSE, Cu foil, and metal wires, a magnetically sen-
sitive TENG with tunable electric-mechanical performance was reported.”® Using
simple testing equipment, the electric property of the TENG was found to be
remarkably controlled by the magnetic field (Figures 10H and 10l). The output volt-
ages for the TENG showed an almost linear positive correlation with the external
pressures, and the slopes of all of the fitted curves represented the sensitivity to
loading forces, which ensured sensing accuracy for the applications of the TENG
(Figure 10J). In addition, a CNT-SSG electrode was reported to endow the TENG
with the outstanding capability of adapting to differentirregular surfaces and instan-
taneous healing from mechanical damage. Meanwhile, the output property was also
improved due to the more effective contact electrification and introduced cation
dopants, which provided a power supply to soft electronics and robotics.””

Conclusions and Perspectives

The SSG and its derivatives possessed wonderful characteristics, such as shear stiff-
ening, multifield response, self-adaptive ability, and self-healing properties. Thus,
they attracted increasing interest during the past decade. Based on the in-depth
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Figure 10. High-Performance SSG/TENG Composite

(A) Electricity generation process of SSG/TENG.

(B) Generated output voltage of liquid metal-based SSG/TENG. under various applied forces.

(C) Generated current of liquid metal-based SSG/TENG under various frequencies.

(D) The electric power output of 4 mm liquid metal-based SSG/TENG at 500 MQ. Reproduced with permission.”® Copyright 2018, Elsevier.
(

E and F) SSG/TENG array acts as wearable power source to light up LEDs: (E) SSG/TENG array under natural state and (F) SSG/TENG array lights up
LEDs.

(G) Power distribution of SSG/TENG arrays excited by impact. Reproduced with permission.”® Copyright 2019, Elsevier.

(H) Influence of the magnetic field on SSG/TENG performance.

(1) Voltage responds to magnetic fields when a magnet passes over the SSG/TENG.

(J) Voltage-loading forces under different magnetic fields. Reproduced with permission.” Copyright 2020, Royal Society of Chemistry.

investigation of the shear stiffening effect and mechanism, an interesting “plastic-
elastic-glassy” phase transition process has been proposed in the boron-siloxane
polymer system by analyzing the dynamic evolution of B-O dynamic crosslink li-
gands. In consideration of its unique rate-dependent behavior and numerous modi-
fication methods with reinforcement particles, the SSGs have been widely applied in
damper controlling, flexible protecting, dynamic sensing, and TENGs.

With the continuous development of multifunctional protective materials, more re-

quirements have been put forward for high-performance anti-impact devices.
Owing to the excellent shear stiffening behavior and multifield coupling effect,
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the SSGs exhibit great potential in designing next-generation intelligent anti-impact
devices, which will make this lightweight flexible polymer play a more important role
in the field of personal protection and military security. Undeniably, there are still
some challenges in the development of SSGs. Thus far, it is an urgent task to estab-
lish precise and reversible relationships between the formulas of raw materials and
the final properties of SSG composites. In this case, the controllable performance
of SSG composites during the preparation process should be realized. In addition,
there is a lack of reports on the structural topology optimization design of SSGs in
the existing research. Hence, it is scientifically significant to discover the SSG struc-
tures with lighter weights and better anti-impact behavior based on the numerical
analysis method. Most important, the detailed shear stiffening mechanism of the
SSG is unclear; therefore, quantitative studies on demonstrating the relationship be-
tween the inner dynamic B-O ligands and the mechanical properties of the SSG on
mesoscopic scale are urgently required. Overall, as a high-performance rate-depen-
dent material, the SSG has broad scientific value and application prospects in the
field of intelligent anti-impact devices.
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