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Abstract

Nowadays, there has been demand for advanced cienpagerials due to their outstanding
characteristics in wide ranges of academic andsimidli fields. Composite materials usually possess
improved properties not being observed in pure ri#téself. Particularly, polymer composite
materials composed of constituents based on polymagnix have been widely researched due to their
highly enhanced capabilities (e.g., elasticityxifddity, conductivity, hardness, stretchable, sixdé,
and so on) in various fields. Polymers, which asenposed of structural repeat units with covalent
bonds, have been gradually becoming essentialratisbensable materials in the recent world owing
to their high flexibility, elasticity, ease of pregsing, low cost, light weight, and other uniqueperties.
Therefore, to utilize polymers more effectively smvanced composite materials, many fundamental
studies have been researched to discover fundaimeasans (i.e., molecular origins) for their insic

characteristics corresponding to the polymer plsyai@ rheology.

Recent experimental techniques offer some micrasdoformation. Nevertheless, it is still
challenging issue to conduct a full atomic levedlgsis through only experimental approach. As such,
depending on the rapid increase in computing pomeiti-scale computer simulation methods have
been developed to reveal the fundamental origin simme unique phenomena observed at the
macroscopic level. Therefore, we conducted a detaitumerical analysis on rheological and
mechanical properties of polymeric materials viamyanonequilibrium molecular dynamics (NEMD)
simulations and finite-element-method (FEM) simiolas (Abagus CAE and COMSOL Multiphysics).

In this dissertation, we first present comprehemsivalysis on the shear rheology of polymers
for various molecular architectures (linear, riagd short-chain branched) in the bulk and confined
systems using atomistic NEMD simulations. In corgmar to bulk polymeric system, the interfacial
chain dynamics near the boundary solid walls in t@fined system are interesting. Detailed
molecular-level analysis of the individual chaintions for various molecular architectures are edrri
out to characterize the intrinsic molecular mecssi for interfacial chains in three characteriftio/

regimes (weak, intermediate, and strong) regarttirige interfacial slip behavior (i.e., degree lid)s

Based on fundamental studies for polymers, we adadily modeled and analyzed polymer
nanocomposites to fabricate versatile sensor deviecgng FEM simulations collaborated with
experimental approach. Through a precise modelngonsideration to (particularly) mechanical
properties, we found the most optimized constructibthe nanostructured polymeric materials with
highly improved sensing performances (ultrahighsgesty, linear sensing capability, and broad
sensing range). Finally, we demonstrated highlgisige triboelectric, ferroelectric, mechanochromic

and piezoresistive sensors with a proper physioati@mental) mechanism to improve sensing ability.
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10 times longer than the longest relaxation timéhefsystem especially in the intermediate flowmsg
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Figure 3.3.19. Schematic illustration and pressure-sensing trehduulti-layered e-skin under (a) low
pressure range, (b) medium pressure range, arfugle)pressure range. The red line represents the
relative current change of the triple-layered puessensor based on the superposition of pressure-

dependent electrical current of each layer in rlajters.

Figure 3.3.20. Experimental results (symbol) and numerical res(dolid line) of the electric current
for singledayered pressure sensors with different sheet resistance; (a) 300 kQ /sq, (b) 60 R/sq, and (c)
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Figure 3.3.21. Simple numerical analysis of ideal electricalddgbrs on (a,b) double-layered and
(c,d) triple-layered sensors. The lower indBxi{gis 12,singla @Ndlssingid represents the inner layer for

both double- and triple-layered sensors. We addpina of the Heaviside step function,

H (AP—AF;)) , with the associated threshold pressif&, which is an ideal way to describe the
delayed conductive behavior of the inner layemfttti-layered sensors. Note that the overall
electrical behavior of the doubldusid and triple (wipie) layers are obtaineda the linear

+H(AP-APYI ¢y and

2,single

H (AP - AP)]

superposition of each single layer &g, = |

Itriple = I3,single+ H (AP _AP()I 2,sing|e+ 3,sing*



Figure 3.3.22. Numerical analysis of realistic electrical belwagiin (a) single-layered, (b) double-
layered, and (c) triple-layered sensors. The lan@ex (1,singis 12,singa @ndlzsingid represents the inner

layer for both double- and triple-layered sens@fe.adopt a more physical form of the Boltzmann-

type exponential functionl- e'(mp)y) to describe the delayed conductive behavior o¢inayer for
multi-layered sensors. Note that the overall eleglttbehavior of doubledounid and triple (wipie)

layers are obtaineda the linear superposition of each single layer as

— _ A= (B0P)2
ldouble_ l 2,sing|e+ [1 e ]I | and

1,sing

+[l - e—(B3AP)V3][1 - e—(ﬁzAP)yz] [

2,single

Liple = |3,sing|e+[1_e_%AP)y3]| 1,single*

Figure 3.3.23. Schematic illustration and pressure-sensing tresid&@) single-layered sensor, (b)
double-layered sensor, and (c) triple-layered seifdp Experimental results (symbol) and numerical
results (solid line) of the electric current fangle layered sensors (6Qksq and 226)/sq, respectively),
and double-layered sensor (2265q and 60 ®/sq). (e) Experimental results (symbol) and nunagric
results (solid line) of the electric current fonglie-layered sensors (30Qksq, 60 K2/sq and 22&)/sq,
respectively), and triple-layered sensor (226q, 60 K2/sq, and 300 ®/sq). (f) Experimental results
(symbol) and numerical results (solid line) of $atayered sensor (228/sq), double-layered sensor
(226 Q/sq and 60 K/sq), and triple-layered sensor (22fsq, 60 K/sq, and 300 ®/sq). Here, the

higher resistive layer represents the outer layeniulti-layered sensors.

Figure 3.3.24. Experimental results (symbol) and numerical reqlilte) of the ideal model (228@/sq,
2 kQ/sq, and 20 K/sq); single-layered sensor (228/sq), double-layered sensor (26 and 2 R/sq),
and triple-layered sensor (228sq, 2 K)/sq, and 20R/sq). The numerical results of electrical behavior

for the double and triple layers were obtainedegaations 3.1.3 and 3.1.5.



I. Research Background

1.1 Polymer physics

Polymer is composed of many repeating subunited¢ationomers as described in Figure 1.1.1.
As a result, it has numerous connectivities ingltisir microstructure. From these connectivities,
polymeric materials show different behavior in camgpon with simple fluid such as argon. Bond
connectivity induces the increase of internal stmad entropy (microstructure), which makes
interesting properties for polymeric materials. sgdty, the pure liquid is viscous, and pure solas$ h
elastic mechanical properties. However, due tovdmeation of polymer microstructures, polymeric
materials are not only viscous also elastic. Thesalled viscoelastic properties, which makes pelymn
materials to be promising versatile materials. Relgas of polymer chemistry, just focusing on this
polymer microstructure is important in polymer pilegs Therefore, entropic effects are mainly
dominant in polymer physics rather than energdfeces. Based on these perspectives, there are two
main models to describe polymer dynamics, RouseRaqtation (tube) model, in polymer physics.
Rouse model describes the polymer behavior by idigigolymer chain with a Brownian motion of
bead and Gaussian spring. Therefore, it is alsedas bead-spring model. This model was first
proposed by Rouse and effectively has been the lofghe unentangled polymer dynamics (dilute
solutions). Here, unentangled polymer corresporaisstort-chain length (under entanglement
molecular weightsMe) polymer. However, the molecular weight is longegh, polymer chain starts
to feel significant topological constraints. Theref, a polymer chain is almost confined in a tuke-|
region due to the surrounding chains. As a reayiglymer chain shows reptation motion in imaginary
tube. This is well-known reptation (tube) model femtangled polymer dynamics. Based on the
statistical mechanics, these models effectivelgiiles the scaling behavior of polymers in a view of
correlation length scale. With this aspect, uneggitsthand entangled models will be carefully disedss

in detail.

Connectivity =2 Internal entropy 1

o Polymer

Figure 2.1.1. Schematic illustration of polymer.



Unentangled polymer dynamics (Rouse model)

Unentangled polymer dynamics model, called Rousgeim@lso bead-entropic spring model),
describes the conformational dynamics of polymeircin a microscopic molecular level. In this mqdel
the single chain is represented by a Brownian maiideads connected by harmonic springs. Actually,
this model develops from the dilute polymer solasichowever there is no hydrodynamic interaction
(HI) and excluded volume (EV) effects. Therefoteeffectively describes polymeric melts system
rather than dilute solutions. Although there ame@ssumptions (i) macroscopic time scale (consider
only steady-states), (ii) Gaussian chain mode), itid HI, and (iv) no EV effects, Rouse model is
analytically solved without any empirical paramsteSpecifically, Rouse model describes the

unentangled polymer dynamics by dividing a polyciesin withN beads (1 bead size corresponds to
1 Kuhn length) anti-1 Gaussian springs (Gaussian spring constem?{?;kBT/b2 , wherekg, T, andb

denote a Boltzmann constant, temperature, and kargth). Spring constamtcan be derived from
2
the Gaussian distribution functior"rIJ(F)~~exp(—%)/r2 with a probability density function

W(r) and position vector . Here, a normalized factorri/comes from this analytical feature
IW(F)rzdrde¢=1. Then, a free energy and entropy of a polymeiinclsan be expressed as
following expressionsA(") = E() —TS(I") and S(I") =c+k; InW(I) , respectively, with energy

term of polymer chainE(F) . For conformational dynamics of polymer chains eatropic effect is

significantly dominant than an energetic effegbatymer. Therefore, we can consider only an entropi

effect in a free energy expression excluding energéfect and represent with a following expressio

AN =E(r)-TS(r) =-TS() = -k T InW(r) = 3;—;2- r2, (12.1.1)
In addition, a spring force can be expressed as:
. 0A(I) 3k T . ~
F(r)=- =- r=-kr. 1.1.2
(r) or b (1.1.2)

Likewise, a Gaussian spring constirtan be derived with this expressida= 3kBT/b2 . Here, the

Kuhn lengthb depends on polymeric materials. If the valud dficrease, a polymer chain could be
more flexible. On the contrary to this,bfdecrease, a polymer chain would be more stiff ragid.
Based on these observations, Rouse model canlbd edth a bead-(entropic) spring model. Since we
generally ignore energetic effect on polymer chaivis carefully adopt a bead-spring model to avoid
these systems (i) highly short chain length polysnéi) rigid polymers, and (iii) under high flovietd

corresponding to less conformational change inmelydynamics.



Now, we can further extend our analysis on the &gus of motion for beads of polymer

chains with following equation:

m

2D Spring
ddtii :E:_a%ﬁe‘ FEP+FF4EE (1.1.3)

wheremand F31 denote a mass and position vector of hesgbpectivelyFi, USP™9, FB, FF, FE indicate

a inertial force of beaid interaction potential, Brownian (thermal) randfmrce for each bead at certain
temperatureTl, frictional force, and external force, respectivdror Rouse model, there are some

d°R

assumption, (i) time scalar e

— 0 due to steady-state), (ii) Gaussian chain appraton (if

high flow field is applied, this assumption would hot allowed), (iii) hydrodynamic interaction is

neglected, (iv) excluded volume effect is neglectd (v) under equilibrium conditio~& — 0).

Following with these assumptions for Rouse modglagion (1.1.3) can be finally organized as follows

_FF _ OF:’ _ _GU Spring

— S (1.1.4)
ot R

This expression (1.1.4) is widely well-known thd@a& equation of Rouse model, wheée denotes
friction coefficient. Using Fourier transform, warcanalytically obtainR(t) and time correlation

information <Xpa 9] Xqﬁ(0)>. With these observations, we can obtain well-kngsoperties for a

212

Rouse chain such as (i) longest relaxation time, (Rouse time)7r; =
37k T

, (i) dynamical
e .- KT ... .
property: diffusion coefficientDg :N_é" (i) structural property: mean-squared end-td-distance

<|12te> =Nb*, and (iv) polymeric strese,, ~\%<I§alfﬁ> . As you can see, Rouse model can be

considered as two parameter models witlf and \/ﬁ b, which directly associated with dynamical

and structural aspects, respectively. If we knoshealue of these two parameters, we can obtain all

physical measurement through a precise statistieghanics.



Entangled polymer dynamics (Reptation/Tube model)

Generally, Reptation model is considered as extfttmise model for entangled polymers
above entanglement molecular weighits In Rouse model, we consider only single polynteic as
similar with dilute polymer solutions. Thereforepalymer chain can freely move with 3-dimensional
isotropic chain dynamics and there is no intermdbcinteraction. However, in Reptation model
(concentrated condition), we should consider intdetular interactions resulting restricted 1-
dimensional degree of freedom of chain dynamiasdans that a polymer chain has only itself contour
path due to surrounding chains (i.e., topologicalstraints) like in a tube-like region. Thus, Répta
model is also called as Tube model. As a resdttdhological constraints (chain entanglementsyidis
polymer chain dynamics, thus a polymer chain ubeetlike region cannot overcome its constraints due
to energetic effects. Therefore, in Reptation (Julnedel, we consider Rouse model condition plus
topological constraints. Reptation model was finsiposed by de Gennes to describe the restricted
chain dynamics only moving along its own contouhpzalled the primitive path (PP), which indicates
geometrically the shortest pathway in the tube-hli&gion connecting the chain ends, like creeping
motion of snake in the forest. This feature wakedalepation motion based on the Latiptare. By de
Gennes and Doi-Edwards, the tube theory (Reptatiodel) was established to describe entangled
polymer dynamics in consideration to the topologicastraints through an effective mean-field tube

and dynamics of the PP for each chain in the etedmmplymeric system. As a result, the contourtieng

of PP can be obtained aispp =Nb*/d whered,, denotes a tube diameter, since the mean-squared

pp’

end-to-end vector of the primitive chain shouldthe same wittNb? of Rouse chain. Furthermore, as

following with tube theory, the longest relaxatiime is also calculated with this expression
1 éN°p* o : . : , .

Ty =— ———, - Interestingly, in contrast to the Rouse timg (which is proportional th?), 7 is
g K Td5o

proportional toN® considering the effect of topological constraiats entangled polymer dynamics.

This demonstrates the crucial effect of topologazaistraints on the conformational change of polyme

chains in entangled polymer dynamics.

Although entangled polymer chain dynamics is alnestricted to its contour path by
surrounding chains, these topological constraiatstie additionally released itself (CR) and contour
length fluctuation (CLF) of chain ends is also &lphrelease of topological constraints. These two

factors have important influences on the entangtdgmeric system. As following with experimental

results, 7, is proportional td\*# rather tharN®. The value of 3.4 of exponent comes from the C&R an

CLF effects in real polymeric systems.



1.2 Polymer rheology

Polymer physics (models) are generally originatethfthe equilibrium condition for polymer
materials in the absence of the flowing conditibnerefore, to figure out the flow effect on polytiaer
materials under nonequilibrium condition, it is algnportant to understand polymer rheology.
Rheology is the study of stress and deformatioaticeiship under the applied flow condition (e.g.,
shear and elongational flow). For example, whenapply some shear flow or perturbation on the
polymeric system, we can measure material funcsoiet as viscosity or normal stress in response to
external field through proper constitutive equagionikewise, in polymer rheology, we elucidate the
relationship between stress induced by externak ffeeld and system response originated by
conformational deformation of polymer materialstugdly, the constitutive equations are well-defined
for only Newtonian fluid like water. However, thertstitutive equation for non-Newtonian fluid like
polymeric materials is still not established duéeir complicated behaviors. Therefore, in théifoe
rheology, to understand Weissenberg effect or @elphenomena, the final goal is to obtain well-
described constitutive equations of stress foragerpolymeric materials. In nature, the polymeric
systems can be divided with these two standarcesst bulk and confined systems. The major
difference between them is the existence of suréffeet. Due to the effect of solid surface, coaéin
(interfacial) polymers show different behavior iongparison with bulk polymers such as a solid-like
behavior, high viscosity, oscillatory density amdas. Still these days, there is less informatiboua
fundamental reasons to describe their macroscdpngmena even for bulk polymers. Generally,
microscopic behaviors directly affects to macrosc@poperties or material functions. That's why we
closely focused on microscopic level molecular dyita to understand their macroscopic properties.

Polymeric fluids exhibit a variety of distinctivérgctural and dynamic behaviors (especially
under flowing conditions) and associated versatitgerties due to the multiplicity of the intringime
and length scales inherent to polymers in associatith their diverse internal microstructures. sThi
enables many practical applications, such as palpnoeessing, lubrication, adhesion, nanocompagsites
and biotechnology. Importantly, the characteristite scales vary significantly with the chain leémgt
and molecular architecture (e.g., linear, ring,boanched polymers) in addition to the polymer
concentration and system conditions (e.g., tempexatnd pressure). This can lead to drastic changes
in the physical and rheological properties of padyim materials. In turn, the ability to manipuldte
spatial and temporal scales is tremendously adgeatss in practical applications because it allows
systematically controlling and tailoring the maaéiproperties. Thus, numerous research efforts have
been made in the past to establish the fundamlembaVledge on the dependence of the characteristic
scales and rheological properties of flowing polyimenaterials on the chain length and polymer

architecture in bulk or interfacial systems.



1.3 Polymer nanocompaosite materials

With these basic understandings for pure polymeniaterials, the advanced polymer
composites could be developed. Polymer nanocongsositnsist of polymer and nanofillers such as
nanopatrticles, fibers, clusters, and so on. There@untless cases considering factors like filepe,
dispersion, size, and the degree of interactioh patymer matrix. And then, with this mixture, thigh
a micromold or substrate, the polymer composites lsa generated considering the optimized
composition, surface nanostructure or morphologyd Ahen finally it will be constructed to final
product such as multifunctional real sensor deviclsvever, is it possible to cover all of thinggiwi
only experimental approach? There should be limitdike countless cases, high cost, inefficiency,
and limited length scale. That's why more fundarakahd systematic approaches are also needed to
advance polymer nanocomposite materials.

Nowadays, devices based on multi-functional snersasr techniques are gradually attracting
public attentions to improve the quality of perddifa (e.g., flexible, wearable, and skin-attacleab
devices, wireless and self-powered apparatus, refect and artificial skin). Based on above
fundamental studies for polymeric materials, weehauditionally researched to produce a versatile
sensor as applicational studies. We proposed thst aptimized nanostructured polymer composite
materials and demonstrated appropriate physicaisgmechanisms via the finite element method
(FEM) simulation. Note that it is quite difficuld tcarry out overall procedures to produce a vdesati
sensor covering from the research on specific rigdgen details and controlling their micro-struats
through only experiments, since there are countlestber of cases to consider as candidates and many
infeasible measurements throughout the micro- to+sale (e.g., the contact area, stress propagatio
and concentration, electric field distribution, agid.). Therefore, through a precise modeling with
multi-scale simulations collaborated with experitaprocessing, the most optimized construction of
the nanostructured polymer composite materials Witghly improved sensing performances (e.g.,
ultrahigh sensitivity, linear sensing capabilitypd sensing range, etc.) would be possible. Twes,
have researched considering that which polymer ositgp material would be utilized with deep
understanding of its real benefits and disadvastégrecertain sensors (in particular for triboelect
ferroelectric, mechanochromic, and piezoelectrigsees) with multi-scale simulations collaborated

with actual experimental approach.



1.4 Computer simulation

We utilized the multi-scale computer simulatiorathieve our research goal. Recently, thanks
to the enhanced computing power, there are varamges of computer simulation from the quantum,
atomistic, coarse-grained, and continuum leveldestribed in Figure 1.1.2 with respect to various
time and length scales. In particular, the molecdimamics (MD) simulation in the atomistic and
coarse-grained levels are usually executed to fipate the fundamental origin or molecular
characteristics underlying macroscopic observatianthe field of polymeric materials. Through a
detailed analysis using MD simulation, we can dlyeobserve molecular dynamics, microscopic
properties and phenomena based on the Newtoniastaistical mechanics, which significantly affects
to macroscopic observations.

In addition, for applicational research, the coaysgned and continuum level simulation (e.g.,
FEM) are performed to describe real polymeric pssoey or collaborate with actual experimental
approach. For example, considering the microstractusurface morphology (e.g., interlocked micro-
dome, -pyramid, and -square arrays, porosity, stgckiserting nanoparticles, and so on) with aise
physical (fundamental) mechanism to improve sensbiity, we can demonstrate each multi-
functional versatile sensor based on the nanosedtipolymer composite materials with these nano-
controlled compositions of composites.

Likewise, computer simulation can be a bridge roiween theory and experiment to
complement their limitations. Through computer dation, we can reveal microscopic fundamental
characteristics underlying macroscopic phenomermserve infeasible measurements, guide to

experimental conditions, and demonstrate theottetité experimental results.

1 Continuum
ms
..................... COMSOL (Multiphysics)
ABAQUS (Structural)
2 Ms Atomistic ANSYS (Str.ucturaIICFD)
© Commercial Software
(&}
N ns Finite Element Method (FEM)

Q Computational Fluid Dynamics (CFD)
E ~ Kremer-Grest (KG) " ~
i: & Brownian Dynamics (BD) e morphology-

p Dissipative Particle Dynamics (DPD)
" Molecular Dynamics (MD)
fs (F=ma) €
Density Functional Theory (DFT) In-house Code
(HY=EW) .
pm nm MM mm m

Length scale

Figure 1.1.2. Multi-scale simulation methods with respect to various time and length scales.



I1. Shear Rheology of Polymers

This chapter includes the materials from:

1.

Jeong, S. H: Cho, S.: Ha, T. Y.; Roh, E. J.; Baig, CStructural and Dynamical Characteristics
of Short-Chain Branched Ring Polymer Melts at lfi@ee under Shear Flowolymers 2020, 12,
3068.

Jeong, S. H; Cho, S.; Roh, E. J; Ha, T. YI; Kim, J. MI; Baig, C. Intrinsic Surface

Characteristics and Dynamic Mechanisms of Ring mehg in Solution and Melt under Shear
Flow. Macromolecules 2020, 53, 10051-10060.

Cho, S: Kim, J. M; Baig, C’ Scaling Characteristics of Rotational Dynamics Rheology of
Linear Polymer Melts in Shear FloMacromolecules 2020, 53, 3030-3041.

Jeong, S.Cho, S;; Kim, J. M.; Baig, C.Interfacial Molecular Structure and Dynamics oh@oed
Ring Polymer Melts under Shear Flowacromolecules 2018, 51, 4670-4677.

Jeong, S. H; Kim, J. M: Cho, S.; Baig, C’ Effect of short-chain branching on interfacialyrokr
structure and dynamics under shear fl&oft Matter 2017, 13, 8644-8650.

Cho, S.; Jeong, S.; Kim, J. M.Baig, C. Molecular dynamics for linear polymer melts inlbahd

confined systems under shear fl&gientific Reports 2017, 9004.
Jeong, S.Cho, S,; Kim, J. M.; Baig, C. Molecular mechanisms of interfacial slip for polm
melts under shear flowournal of Rheology 2017, 61, 253-264.

2.1 Introduction

Polymeric fluids exhibit a variety of distinctivérsctural and dynamic behaviors (especially

under flowing conditions) and associated versatiigerties due to the multiplicity of the intringime

and length scales inherent to polymers in assoaiatith their diverse internal microstructures. Thi

enables many practical applications, such as palpnoeessing, lubrication, adhesion, nanocompagsites

and biotechnology. Importantly, the characteristite scales vary significantly with the chain ldmgt

and molecular architecture (e.g., linear, ring, dmanched polymers) in addition to the polymer

concentration and system conditions (e.g., temperatnd pressure). This can lead to drastic changes

in the physical and rheological properties of payim materials. In turn, the ability to manipuléte

spatial and temporal scales is tremendously adgeats in practical applications because it allows

systematically controlling and tailoring the maaéproperties. Thus, numerous research efforts have

been made in the past to establish the fundamiembatledge on the dependence of the characteristic

scales and rheological properties of flowing polyimenaterials on the chain length and polymer

architecture in bulk or interfacial systefms.

In the field of rheology, it is still challengingsue how to elucidate general scaling behaviors

of macroscopic rheological responses (i.e., matduactions) with fundamental origins under
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nonequilibrium conditions for both unentangled aedtangled polymeric materials. In linear
viscoelastic regimes, viscoelastic properties agarlg invariable showing a Newtonian plateau,
whereas in nonlinear viscoelastic regimes, polyngdergo significant deformation (i.e., distorted
intrinsic molecular networks) exhibiting a variety interesting phenomenon (e.g., shear thinning
behavior for shear stress and normal stress) depeod several important factors such as chaintkeng
polymer architecture, and type of imposed flow.phrticular, the scaling behavior of the material
functions (e.g., viscosity) for polymer solutiorrsnaelts with respect to the flow type and strergthie
been informative to characterize material properéied tune the product quality for various polymer
processes. Accordingly, numerous experimental &edretical studies have been conducted for

decades, revealing a variety of rheological scatimgracteristics. For instance, above a certaiicali

flow strength, which can be roughly estimated &sWeissenberg numbéM =1 as defined by the
product of the longest characteristic relaxationetiof the system and the imposed flow rate, it is

typically observed for polymeric liquids that tHeear viscosity; and the first normal stress coefficient

Y, decrease as the applied shear rgteincreases (i.e., shear-thinning behavior preveipgcifically,

W~y 0.40<h < 0.9t |

. . ~p .
simple power-law expressions of the forfh™Y "~ and with

13sh, <17 have been reported for most polymer solutionsraatls both experimentafy2and

through simulation:2°In perspective of the structure—property relatimssuch nonlinear rheological
behavior is supposed to be directly associated stitictural (conformational) changes in the polymer
chains due to the flow. In this respect, optical.(ebirefringence) measurements have been extnsiv
applied in practice to estimate the stress of deéol polymeric materials under various flow
fields 12421-23Flow birefringence measurements have been usafidstimating the stress of flowing
polymeric liquids via the linear relationship betmehe stress tensor and the birefringence tettser [
so-called stress-optical rule (SOR)] in the rangiboav strength spanning from the linear up to gaia
(rather weakly) intermediate flow regime under shawaelongation. This indicates that the degree of
anisotropy in the chain orientation and stretchhwigspect to the flow strength is an important
fundamental structural characteristic governingrttemlogical behavior.

However, birefringence measurements become lesamative for polymer systems at high
flow fields where chains are highly stretched am $OR is likely to break down, as has been shown
in various experiments and simulatidrts:?1-2%In fact, SOR has a rigid molecular basis only wtren
chain is not too much deformed or stretched. Tloeeefit would be useful if we could find certain
(empirical) scaling relationships that may workotighout the intermediate-to-strong flow regime
(which will be shown in this study). Attempts haween made to modify SOR through introduction of
the chain stretch and the corresponding stiffenintpe chains under strong flow. However, we might
find simpler relationships in a sense similar toeaperimental approach correlating rheological and

structural data.



Severe failure of SOR under very strong flow fietds be readily understood by considering
that the degree of chain orientation and stretohgathe flow direction would be eventually satudate
in such fields. Therefore, it is necessary to antdar the rather complicated dynamic influences
beyond the purely structural ones to properly regméthe stress variations in the strong flow regim
An additional important factor that determines stress for entangled polymer systems is the degree
of entanglement (topological constraints) betwekaires, which has been well established in both
theory and experimentg;81519-20.24

It is widely known that even with the same chemmahposition and molecular weight, the
structural and dynamical properties of polymerslwasignificantly altered by varying their moleaula
architecture, i.e., by using either a linear omsheed structuré 33 Thus far, however, most research
efforts aiming to explore the fundamental role drizhes in polymer science have mainly focused on
long-chain branched polymers, although it is equatll known that short-chain branching generally
significantly affects a wide variety of physicabperties such as crystallinity, melting point, minguy
and the hardness of polymeric materials. From artbdynamic viewpoint, the standard approach
would be to analyze the structure of polymers iaotsm or melt by accounting simultaneously for the
energetics (polymer-polymer and polymer-solvent) @ntramolecular and intermolecular) entropy of
the system, and then to determine the propertiethefsystem based on the resulting structural
information. This conventional approach, thoughagatly effective for long-chain branched polymers,
may cause significant errors in the case of poljermeaterials containing chains with branches along
the main backbone that are rather short, as thHikaly to lead to the presumption of a negligible
entropic contribution by such short branches. Stlaain branches are able to play a prominent role i
polymer dynamics on account of their intrinsic fesietic nature, which enables them to exert angtro
influence on the overall structural and dynamicaperties of the system. A concrete understanding o
the structure-property-phenomenon-process linkagaldvbe attained only by truly grasping the
distinctive roles of long and short branches.

Over the past decades, intensive research hashe@d out to understand the structural and
rheological behaviors of ring polymers in dilutdusions and melt$*3’ In comparison to linear
polymers, ring polymers exhibit a variety of distine structural and dynamical properties. Pratifica
ring polymers are directly relevant to biologicgisems, and they serve as a model system for
biophysical problems, such as circular plasmid BNAand chromatin packing in nucleosom@%.It
is generally known that ring polymers possess ixet compact structures compared with their
corresponding linear analogs. For instance, vameperiments and simulations have reported thgt rin
melts display unusual chain-dimension scaling bemawith respect to molecular weight,, e.g., 1/3
< v < 0.4 for the chain radius of gyratid® ~ M,,’, which is in sharp contrast to= 0.5 for linear
melts54246pyre ring melts typically exhibit a smaller visitpslarger diffusion coefficient, and faster

relaxation behavior compared with their correspogdinear analogs. These structural and dynamical
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features have also been supported by several tiwdranalyses, such as the Flory-like mean-field
approach,14 lattice animal mod&f® and crumpled globule mod#l>°5! Other theoretical and
numerical works looked into the minimal surfaceaaoé ring polymers, which has been applied to
analyze the physical characteristics of inter-ricwncatenation or penetration and the effective
topological constraint¥>®® Notably, the well-known reptation or tube theomyhich has most
successfully described the rheological behavientdingled linear polymer systems, cannot be prpperl
applied to the ring system because of the abseindeain ends that are necessary for chain reptation
through a one-dimensional curvilinear confined (m&ald) tube.

Recent nonequilibrium molecular dynamics (NEMD) slations for bulk ring polymeric melt
systems under shear and planar elongational fldwsved that ring polymers exhibit a stronger
resistance to structural deformation against thaiegh flow field, leading to a substantially lower
degree of chain stretch and alignment in the flowation®’ This feature results in less shear-thinning
and extension-thinning behaviors for ring systerompgared with their linear analog/sSimilar
characteristics were observed in experimétits Another NEMD study on confined ring melts
undergoing shear flow revealed that the ring polyméibits a weaker interfacial (wall) slip in the
weak-to-intermediate flow regime compared withlitear analog® This was attributed to the longer
chain dimension of the ring polymers in the neutliaéction at the wall, thereby resulting in large
polymer-wall friction. This study further revealetlaracteristic molecular mechanisms, such as loop
wagging, loop migration, and loop tumbling dynamios interfacial ring chains. Other simulation
studies have reported additional dynamical mechaifor ring chains, such as mutual threading
dynamics*%® tank-treading dynamic;®? and hydrodynamic inflatioff:®3-¢ Other coarse-grained
NEMD simulations using the Kremer—Grest model fimgrmelts under uniaxial extensional flow
showed the formation of supramolecular rings linkétth multiple individual ring chains, resulting in
a distinctively high strain-hardening of viscosiég, reported in previous experimefite

There still remain many unresolved rheologicaliéss (especially from the microscopic
viewpoint) for polymeric materials in bulk or conéid system, e.g., fundamental mechanisms
underlying stress overshoot, interfacial slip, areldt instability for polymer melts under shear flolo
systematically control such rheological phenomeine, most essential to comprehend the intrinsic
molecular dynamics of individual polymer chainsamgpely in bulk and confined situations and how
they compare to each other, which would greatly Hmlild the general knowledge of accurately
capturing physical aspects underlying such compiexroscopic responses of polymer systems and
tuning the materials properties in response to dotrary external flow field. Molecular-level
information attained by directly tracking down imdiual chain motions is applied to understand
rheological behaviors of representative meso- aadrascopic structural and dynamical properties in

response to the applied flow field in a wide ranflow strengths.

11



2.2 Simulation M ethodology

In this work, we conducted atomistic canonical rgpaikbrium molecular dynamics (NEMD)
simulations of polyethylene (PE) melts using thdl<keown p-SLLOD algorithnt® implemented with
the Nosé—Hoover thermostat and the Lees—Edwards sliding-brick boundary coratit?

c.Iia =&-'-qia DDU
Ma , (2.1.1)

P = Fa =Py Mu-mg, MuMu-Jp;, (2.1.2)

Z:& p(:z Zpi—az—DNkBT
Q i a ma

—_ 2
 Q=DNk,T7r* (2.1.3)

whereqis, Pia, andFia denote the position, peculiar momentum, and feexdor of atora of the mass

Ma in moleculel, respectively. Correspondingl){, , pf, and Q to the coordinate-like variable, the
momentum-like variable, and the mass parametgreotisely, of the Nosé—Hoover thermosta.N,
andrz denote the dimensionality of the system, the tatahber of atoms, and the thermostat relaxation

time parameter, respectivelywas set equal to 0.24 ps for all simulatidsdenotes the Boltzmann

constant. The velocity gradient tens&'{) for simple shear flow is written as

, (2.1.4)

where y is applied shear rate.

The well-known Siepmann-Karaboni-Smit (SKS) unitgdm potential mod& was adopted
for all PE melts because of its high accuracy iedmting rheological properties of linear alkanes,
except for that the original rigid bond was repthty a flexible one with a harmonic spring. In the
SKS model, the nonbonded intermolecular and intfaoutar interactions are described by a pairwise

6-12 Lennard-Jones (LJ) potential:

12 6
w\) = il = | |
J L T

, (2.1.5)

where are based on the standard Lorentz-Berthelot mixing
rules between atomic unit&indj. The LJ energy and size parameters were set tqulkg = 47 K and

o = 3.93 A for the Chlunits, andt/ks = 114 K ands = 3.93 A for the CHunits. A cut-off distance

equal to 2.50‘3'*2 was employed in the simulations. Note that theamblecular LJ interaction was

active only between atoms separated by more thae thonds along the chain. The bonded atomic
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interactions [bond-stretchindJ¢), bond-bendingWser), and bond-torsionaldr)] were described by

the following expressions:

U, = %(I—qu)2

: (2.1.6)
k
U, (6) = 2 (g-g Y
ben( ) 2 ( eq) ' (217)
Un(@ =D a,(cosp)’
m=0 , (2.1.8)

where the bond-stretching consthsatks = 452,900 K/A&, the equilibrium bond lengtls, = 1.54 A, the
bond-bending constakte/ks = 62,500 K/rad and the equilibrium bond anghe, = 114°. The bond-
torsional constants are setaafks = 1010 K,ai/ks = 2019 K,ax/ks = 136.4 K, anags/ks = —3165 K.

In the present united-atom potential model, we g&tbhe flexible harmonic C-C bond spring
with a very strong spring force constakidks = 452,900 K/&) which was taken to be in accordance
with experimentally measured spectroscopic dataoasistent with the general MM3 force fiéld
This gives rise to a bond-length fluctuation of ~a%und the equilibrium bond length (1.54 A) even
for high flow fields applied in this work, as seenFigure 2.2.1 corresponding to the probability
distribution results for the C-C bond length. Wedltonsider all the structural and dynamical de¢me

in strong flow regime reported here to be essdytimlaffected due to the (very stiff) harmonic sgs.

o] WI:TO(EquiIibrium) o Wl:i9.35 (Intermediate) (e] Wl:=0(Equi|ibrium) m] Wl:= 108 (Intermediate)
0.07 4 WI=0.935 (Weak) O Wi =187 (Strong) 0.07 A Wi=1.08 (Weak) O Wi=21600 (Strong)
C78 «—1,=154 A Cc400 <« [,=1.54 A
< oﬁb <
Q gc OQ 1 l r
(-}
o.ool,,,_,,_”M .00 I
145 150 1.55 1.60 1.65 145 150 155 1.60 1.65
Bond length, / (A) Bond length, / (A)

Figure 3.2.1. The probability distribution of C-C bond length for C7sHss and CaooHsoz linear PE melts under shear
flow.

The set of evolution equations for each PE systeas mumerically integrated using the
reversible reference system propagator algorithRE8PAY* with two different time scales in the
molecular dynamics (MD) step: the small time sq@lel7 fs) for bonded (bond-stretching, bond-
bending, and bond-torsional) interactions, andafge time scale (2.35 fs) for the nonbonded Ledwar

Jones (LJ) interactions, the Nosé—Hoover thermoatad the external flow field. Specifically, we
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utilized the r-RESPA algorithm to numerically intatg the evolution equations. The time propagator

G(AY) for each atom can be derived as follows:

G0 =exly o2 oo lexpl £ )—]exp[ a > %]
« oot ()2 pepE S (o), K(00),, 2]
4 | ap| 2 [ input input apl

& LRV NN o

XGXq 2 Pi [un)input apl]ex 2 Q 0s ]exp[ r EGD )|nput ]

At %i]

At
xexpliL ;At] eXFi—ri [{Ou )mputa_] 2 Q 0s

xexp[_%pi EGD )mput —]eXp[——mr l:q )lnput l:q )lnput ap ]

At At p, 0
xexp[—f () -lexd—— =P E#] Xﬁi—f(r)—]eXp[ =
4 ( )ap| 2 Q ap (219)
The Liouville operatot r of the reference system is defined as
: .0 0
L=y ar, e g,

(2.1.10)

All NEMD simulations were executed at constant terapure ofT = 450 K and density
corresponding to a pressureRf 1 atm. A sufficiently large simulation box wam@oyed for each
system to minimize any undesirable effects by ystesn size. Furthermore, considering that chains
become increasingly oriented and stretched aloagfltw direction as the shear rate increases, an
extended box dimension in the flow) direction was employed for each system. Thedimensions
in they- andz-directions were set as more than twice as largheashain radius of gyratidr, of the
system. A wide range of flow strengths coveringdinup to highly nonlinear viscoelastic regimes was
applied in the simulations. Here, the large-scdlaracteristic relaxation time of the system was

estimated by the integral below the stretched-eaptal curve describing the decay of the time
{u(t) (o))
conditions using the stretched-exponential KohichusVilliams—Watts (KWW) function of the form

<U(t) m(0)> = expt € T ¥ ).76-78 The |

autocorrelation function of the unit chain end-to-end vectar under equilibrium

Kww andp are the characteristic relaxation time and

stretching exponent parameter, respectively. Theslation time I can be analytically evaluated

using the formula’c = Frww (rd/p) /'B).
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We additionally note that in this study, the strés®d thus the shear viscosityand the first

- . , . 7
normal stress coefficiet:) and all the molecular properties (e.g., the aye@ientation angle< >

2
. . Z .
the mean-square chain end-to-end dISta§W06>, the average numbe§ > of chain entanglements,

and the average Iengt{ﬂdes> of an entanglement strand) were directly and irddpntly calculated
from atomistic NEMD simulations without any (coagmining) theoretical assumptions or hypotheses
such as the Gaussian or the finitely extensibldimear elastic (FENE) entropic spring force that is
typically adopted in standard coarse-grained potymedels and simulations. That is, in the present
analysis of nonlinear rotational and rheologicdidagors, the stress tensewas calculated based on

the rigorous Irving-Kirkwood statistical-mechaniéatmula for homogeneous fluitfs
1 DN
° :<VZZ(—""""" +qiaﬁa)>
e Ma , (2.1.11)

wheregia, pia, Ma, andFia are the position vector, momentum vector, mass farce vector of atom
in polymer molecule, respectively, an¥ is the system volume. In this expression, thectliaomic

force vectorFi, of atoma in polymer moleculé was applied as

— b bb b i - i -L
T e e (2.1.12)

in accordance with the SKS atomistic potential mhéti€he superscripts bs, bb, bt, intra-LJ, and inter-
LJ denote the bond-stretching, bond-bending, borglenal, intramolecular LJ, and intermolecular LJ
interactions, respectively. It is thus understduat the forcd=i; acting on each individual GHbr CHs

unit in linear polyethylene molecules is purely imeaical and natural one without any coarse-graining
theoretical assumptions or hypotheses, i.e., reacéested with any of chain orientation and stretch
and/or their degree of coupling as typically assdimeviscoelastic models and mesoscopic simulations
such as the Gaussian or FENE chain entropic sfoicg. Therefore, the stress data obtained from the
present atomistic NEMD simulations are practicatiyivalent to those measured in corresponding real

experiments.

For the confined (i.e., interfacial) system, thawdiation systems were confined by rigid simple

. . . . . =1.33,
cubic lattice walls where the lattice parametahefsimple cubic wall was set equal %V CH, |

The LJ energy parameter of wall atoms in all PEesys was set ag/ks = 939 K, which is comparable
to that of a mica surface (~200-400 m3Ah Each wall atom was kept fixed at its lattice siteing the
simulations. The atomistic NEMD simulations wereexted with the modified-SLLOD algorithm

with a Nosé-Hoover thermostat:
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P
g, =—+q; u
m

, (2.1.13)
p; =F () —p; [Du -mg; (Du [Mu - P Pi = P, (M@; [Mu-mu(a;))
Q Q (2,114
5=
Q. (2.1.15)
ps = Fs(p|) , (2116)

whereqis, pia, andFi, denote the position, (nominal) peculiar momentand force vector of ato@of

the masdama in moleculei, respectivelys andps are coordinate-like and momentume-like variables,

DNK,T7?

respectively, of the Nosé-Hoover thermostg(.: is thermostat mass parameter, where

andr are the dimensionality and relaxation time parameespectively. Thewas set equal to 0.24 ps

for all simulations. U(ai) is the streaming velocity at positionwhich was evaluated based on a 5th

order polynomial fitting throughout the total regiin every MD step during simulation. The real

real

peculiar momentumP  of each atom was then calculated by subtractiegtteaming velocity at its
position from its laboratory momentum:

- real

P =P tmg; DDU—mU(CIi)_ (2.1.17)
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2.3 Results and Discussion

2.3.1 Shear rheology of bulk polymers

Correlation of Rheological Properties with Conformation for Linear Polymers Under Shear Flow

(C) P (c)

T L AL IR | Rl | i I e | L 1 SRR AL

: 0.60 100 - 0.95 -

£ o O c78 3

= [ 0.47 {9'C 0.56 7 & — 10 VN S“\ A ca00 ]

o 10" - 5 A gD [7) O ceoo

= : o fa 4o i © 10-2 [ & ]

P ¢%14l ! X4 D 3 2 L \ % ]

~— [ —T A 0 .54 | E0O0 B 3

400 L o Ol A pamy e % & 0 00800} (046

10 0 > oo S10°: |1 C0ke] 4E o 1

O AT 11 0.05 A ca00 7 E D&c "\E‘%ﬂ

-1 | 1 1 d 1 = CIGUO ] 10..4 3 e -0.40 -0.44 71

10 RN d - o

10100 10" 102 10° 10¢ 105 (d) 406 I 11Mas ot

£ Olf ;

s F Aa A ca00

Wi N"; r = E\ O ce00 +

(b) I Orientation | ,” - 10-9 r \A on 'g

(g Stretching ,* Intermolecular collision © £ A D 151 1

O |Neari ,7 | Tumbling (Rotation) " O¢ ‘1-53\15 EJD % -

o learly 7 - 128 © b AA o E

% |affined II B Unentangled -10 3 Oq _1.46 N& O 1

5| L o S D AN

g m‘ ” \ _—~"Entangled 15!- -1.331N4G -1.50 A 4

& T erangte _polvmer e
o~~~ 11 10" 10° 10" 102 10° 10* 10°

Shear flow Wi

Figure 2.3.1.1. Shear stress and material functions. Plots of (a) the shear stress oy, (c) the shear viscosity #, and
(d) the first normal stress coefficient ¥, for the simulated unentangled (C;sH;sg) and entangled (CaooHso2 and
CsooHi202) PE melts as a function of Wi number. The vertical dotted lines (black for C;sHiss, green for CagoHsoo,
and blue for CsooH1202) distinguish the distinctive scaling behaviors of the three characteristic (weak, intermediate,
and strong) flow regimes. A schematic description in (b) illustrates the general trend of oy, for unentangled and
entangled linear polymer melts under shear for the respective flow regime.

Unentangled Chains in Intermediate Flow Regime: Figure 2.3.1.1 presents the plots of shear stress oy,
vs. Wi for the simulated unentangled (C7sHiss) and entangled (CapoHso2 and CsooHi202) PE melts. One
can identify the distinctive scaling behavior of oy, for each of the three (weak, intermediate, and strong)
characteristic flow regimes. The standard Newtonian behavior, o, ~ Wi' (i.e., constant viscosity),
emerges in the weak flow regime for all systems, which reflects the stress being proportional to the
orientation anisotropy (as described by the stress-optical rule valid in the linear viscoelastic regime). In
the intermediate flow regime, the scaling exponent v in gy, ~ Wi* becomes smaller than unity, as typically
observed in experiments.'™ This shear-thinning behavior arises from the increase in the degree of the
average chain orientation toward the flow direction with increasing shear rate, thereby alleviating the
stress imposed by the flow. While unentangled and entangled melts show a qualitatively similar

behavior, the entangled systems exhibit significantly stronger shear-thinning than the unentangled
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system, which confirms experimental observations.!™ This difference is attributed to the reduction in
the degree of entanglement between chains for entangled systems as a result of collective chain

alignment and stretch, as schematically depicted in Figure 2.3.1.1b. — see the intermolecular part

OJ;(r;,ter of shear stress presented in Figure 2.3.1.2.
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© | 4 z
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:' [ O ﬁ‘ A & E'A@@ﬁn/v 1
.E ) 10° £0 a Oocrs 3
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Wi

Figure 2.3.1.2. The variation of the intermolecular part of shear stress oy, as a function of Wi number for the
simulated unentangled (CssHisg) and entangled (CaooHso2 and CgsooHi202) PE melts. The vertical dotted lines
represent the same as with Figure 2.3.1.1.

Figures 2.3.1.1(c and d) summarize the overall scaling behavior of /7 and ¥ with respect to

Wi under shear flow. The results are in good agreement with known experimental and computational
results?56°20 where the scaling exponents of /7 ~Wi™ and W, ~Wi™ are in typical ranges of

0.40<b < 0.95and 1.3<h, < 1.7 for most polymer solutions and melts in the intermediate flow

-0.53

regime. It is noted that the viscosity scaling of 77 ~Wi found for the unentangled C7sHss melt in

that regime appears very similar to that of 7 ~Wi %2 observed for the dilute DNA solutions in
experiment.>® Also notable is that the degree of shear thinning for # and P, at high flow fields beyond
the intermediate flow regime, described by 77 ~Wi™©*7%%) and W ~Wi 45D pecomes

quantitatively very similar between unentangled and entangled PE melts; the physics underlying this

rheological characteristics is discussed later.
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Figure 2.3.1.3. Representative molecular scaling variables. Plots of (a) the average chain orientation angle 8 with
respect to the flow (x-)direction, (b) the mean-square chain end-to-end distance, and (c) the intermolecular
Lennard-Jones (LJ) potential energy as a function of Wi number for the unentangled (C7sHiss) and entangled
(Ca00Hso2 and CsooH1202) PE melts. Variations of (d) the average number Z of chain entanglements, (e) the average
length d.s of an entanglement strand, and (f) the probability distribution of entanglements P(Z) along the
normalized chain primitive path (PP) contour segment s ranging from 0 to 1, as a function of Wi number for the
entangled (CaooHso2 and CeooHi202) systems. The vertical dotted lines represent the same as with Figure 2.3.1.1.
All the properties from (a) to (e) are the statistical ensemble averaged ones for which the standard angular bracket
marks (i.e., <>) have been removed for notational simplicity in the main text.

The primary molecular characteristic behind these shear-thinning behavior of 77 and W lies in

the variations in the degree of chain orientation and structural deformation with the flow strength. Thus,

we extracted the average chain orientation angle <¢9> and the mean square chain end-to-end distance
<R2> from the simulation, and examined their dependence on Wi. <9> was calculated based on the
well-known formula 2(6) = tan’l( z, 1€,-¢, )) where &, denotes the/-component of the
second-rank conformation tens@r= 3<RR>/< R2>eq of the chain end-to-end vectRr Note that this
<6?> is identical to the angle formed between the flawation and the eigenvector (called the director)

corresponding to the largest eigenvalue of therdedesor S = <(3uu -1 )>/2 whereu represents the
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unit chain end-to-end vector ah@ second-rank unit tensor.

It is noticed that bothg and R? vary steeply witiM in the intermediate flow regime and
relatively slowly in the strong flow regime in Figu2.3.1.3(a and b). These features appear to be
consistently reflected in the rheological behawibry andW¥: in Figure 2.3.1.1(c and d). Quantifying
the characteristic scaling behavior gfand ¥, with respect to the variation of the average chain
configurations under the applied strong flow (Bease similar to an experimental attempt of caireja
rheological and structural data), we propose tHeviing scaling expression for unentangled polymer

systems in the intermediate flow regime:
f~60%R* and W, ~ 9"R?, (2.1.18)

Here, 77, qu, 0 ,and R? represent dimensionless quantities normalizeti&y ero-shear viscosity

1, zero-shear first normal stress coefficiest, ,, zero-shear orientation anglg, (: 45°) ,and RezOI

at equilibrium, respectively. In equation 2.1.18& exponent value of 2 for tiRedependence of and
¥, is deduced from a consideration of the Gaussitmogn spring force. For higher accuracy, we can
consider the finitely extensible nonlinear ela@HENE) spring force by incorporating the multipliva

2

2
ax

-1
factor (1— R j whereRmax is the maximum stretched chain length.

It should be emphasized that the average orientaigle under shear flow appearing in

equation 2.1.18 is not uniquely related to a giyanéipresenting shear orientation anisotro(pxuy>

(becaused is calculated astan 29 = Xuxuy>/<uf—u§> ). Consequently, the proposed scaling

relationships (equation 2.1.18) do not corresporile frequently utilized stress expression comiide
the entropic tension along the chain backbone, &, ~ < F, Rﬁ> ~ kh< RaRﬂ> ;here, F, =khR, is
the entropic spring force expressed in terms of3hassian spring constamt = 3k, T /<RZ>eq and a
non-Gaussian spring contributidn This expression witlh = 1 is equivalent to the well-established

stress-optical rule (SOR) and has a rigid moledwdais under weak flow. Under strong flow, SORsfall

and the expression is often modified &g, ~ kh<R2><uauﬁ> via the decoupling approximation. As

a substitute for this approximate modification, adopt the experimental sense of thinking explained
above to propose equation 2.1.18 as a relatiomstipeen the rheological properties (or stress)laad
chain conformation under strong flow: If we can swgadandR for polymer chains under strong flow,
equation 2.1.18 may serve as a basis for resobviognformational origin(s) of nonlinear rheological

behavior. (At the same time, under weak flow, S@Rcansidered to be more fundamental and
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guantitative compared to equation 2.1.18).

The present simulation results for the moderatéigng flow (Figures 2.3.1.1c, 2.3.1.1d,

2.3.1.3a, and 2.3.1.3b) can be cast in the sctdimg of equation 2.1.18 to givé ~ 8“****R* and

P, ~ F**#*R? for the unentangled &Hiss PE melt, which demonstrates highly nonlinear

dependence of bothand¥; on the chain orientation. (Thédependence of and¥; appeared fairly
similar between the Gaussian and FENE models, Bectdne average chain dimension is still much
smaller tharRnax under shear flow) Notably, the exponent for theependence d¥; turns out to be
approximately twice that of. This result would be characteristic to the nagdinrheological behavior

of unentangled chains under moderately strong {leith representing the strongérdependence of

¥, thanz in this flow regime), although a superficial sianity is noted for that resultyf / Y, being
insensitive tod) and the shear-rate independence of e W, ratio rigidly established in the linear

viscoelastic regime where chain deformation ismeglnegligible (i.e.,R2 = Rezq) and related to SOR.

We confirmed that previous simulation data for umagled polymers were re-cast in the
scaling form of equation 2.1.18 to give the scakmgonent values similar to those shown above. For
example, our analysis of the NEMD simulation wofés unentangled GoHz02*? and GasHzsg® PE
melts gave/ ~ 8*"°R? and ¥, ~8>"R? for CiocHz0s and /7 ~ F**°R? and ¥, ~ 8*¥R? for

CiogH2s8 system (although eH2ss is located in the crossover zone between the anglgd and

entangled regimes and the agreement of its exp®negy be rather fortuitous).

We also note that the scaling relationships foutientangled &Hiss melt appear very similar
to those found in experiments for the dilute DNAusions5® /7 ~ 8°R? and W, ~ 8**R? and in

additional Brownian dynamics (BD) simulations obead-rod coarse-grained linear chain including

the hydrodynamic and excluded volume interactiata/ben the beads (thereby mimicking real chains
in dilute solutions), 7 ~ 8-**R? and W, ~ 8**R?. This apparent similarity possibly reflects theka

of the rheological influences from the effectivpda@gical constraints (entanglements) between shain

in both systems.

Considering these observations and the numerichktatistical uncertainties in the NEMD
simulation data, we estimated possible rangeseoéthling exponent for the &dependence of and
¥, for unentangled linear PE chains of various lengths; a1 = (1.5~1.7) for anda, = (3.2~3.6) for¥s.
We note that these scaling relationships were nigallr extracted from the NEMD data without any
a priori theoretical assumptions between the stiesss and¥:) and molecular variable¥@andR),

each of which was directly and independently messuirom atomistic NEMD simulations.
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Nevertheless, the properties calculated from simigleoelastic models, such as Giesekus and FENE-
P models, numerically obey somewhat consistentpopposed scaling relationships (although these

relationships are not analytically deduced fromriazlels).

Entangled Chainsin | ntermediate Flow Regime: Now, we focus on the nonlinear rheological behavio
of entangled chains. For the entangled melt systéhesdegree of interchain entanglement is an
important factor for determining the rheologicahbeior. As is well known in polymer physics and
rheology (e.g., in the tube theory and polymer oekwheory)!? the entanglement segment vector is
the primary object determining the stress tensaleéérmed entangled polymer systems. Accordingly,
we compared? and¥; of entangled o and Goo PE chains with structural characteristics of the
entanglement segments (not of the chain as a wisnlef) as the average number of entanglements per
chain,Z, and the average orientation angle and lengtose segmentgksanddes, all being normalized
by respective values at equilibrium (obtained frthra primitive path analysis of the entanglement
network via the Z-code). In this comparison, wgeéted the following scaling relationships, agaiain
sense similar to an experimental approach of aingl rheological and structural data, with

incorporating the number of entanglement segmen&hadditional molecular variable:
i~8%7%d? and ¥, ~8%7"d2, (2.1.19)

The exponent foraes appearing in equation 2.1.19 was set to be 2 atlassumption of Gaussian

entropic force acting on the entanglement segnansifilar to the assumption underlying equation
2.1.18 for unentangled chains). Additionally, thEMD simulation data for the &, and Ggoo PE melt

systems was found to exhibit a quantitatively siamdcaling behavior betwe&handd.s with respect
to W number. Therefore, the use of eith(ifS or R? in equation 2.1.19 gives rise to practically the

same scaling result for entangled melt systemsals the scaling expression mpfincludes two
independent variable®dsandZ with unknown exponeni, andy, it is impossible to uniquely separate
the shear rate dependenceyaito the &:sandZ dependencies. This situation is the saméMorThus,
assuming that the entanglement strands considemedldehave similarly to the whole backbone of
unentangled chains in their contributions to thesst, we set the exponeisand/f; to be identical to
the exponents for the unentangled chamné& 1.59+ 0.13) andx, (= 3.41+ 0.24), respectively. This
assumption would work under fast flow (althougbhbuld fail under slow flow in the linear regime).
With this assumption, the exponeptgnd)s can be evaluated from the shear rate dependemg&Hof

andésobtained from the simulation and the dependenZeesfimated from the primitive path analysis.

Fitting the NEMD data ofy andW¥; together with those & andd.sfor the Goo and Goo PE
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melts to equation 2.1.19 with the above assumptiga, find the following scaling behavior:

i~ é;j% 0.135 392 o.zaes: and q_,l _ é:s.m 0.245 243 0.16651 for Cuo and 7 ~ é;S.SQt 0.135 372 0.26651 and
P, ~ G027 205 049 for Cyoo The scaling exponent for ttdependence off appears to be

larger than that d#,. Consistent behavior has been obtained by appthimgresent analysis based on
equation 2.1.19 to previous NEMD simulation dataG@oHsoz'°> and GodH1407° PE melt systems, i.e.,
f~6-07%92 and W, ~ 832> 2 for Croo, lending support to the scaling approach adopted i
this study. We should point out that there may Isenall discrepancy between the present results and
those of GooH1402 PE melt$’ due to some improved corrections in the Z-codeeatl in this study for
obtaining the entanglement network of the systerautih the contour reduction procedure, which
might have made a small influence on the valuehef $caling exponent af. Based on these
observations, we estimated a possible range fasdhling exponents regarding teependence of

andW; for entangled linear PE melts, i.e.= (3.8~4.0) for7 andy, = (2.1~2.4) folV,.

While the Goo and Goo PE melts employed in this study are rather shodt @nly mildly
entangled systems, we believe that the basic featfithe scaling expressions deduced for thosesha
remain valid for longer, strongly entangled chaimighin statistical uncertainties. Nevertheless,
considering the rheological influence of entanglensegments near the chain ends (e.g., the effect o
the contour length fluctuations in the tube théprwhich is particularly important for rather wegkl
entangled melt systems, the scaling exponent toZdtlependence reported here may change slightly
and approach gradually an asymptotic value ashiihimdength increases to highly entangled polymer
melts. Furthermore, the scaling relationships (8gn&.1.19) may be adapted to entangled branched
polymers with additional scaling component of th arientation and stretch at the junction points

along the chain backbone whose scaling behavtorhie the same as that of entangled linear polymers

Linear Chainsin Strong Flow Regime: We now consider the scaling behavioraindW; at high flow
strengths. As shown in Figures 2.3.1.1c, the sgaxponent of7 with respect toM number in the
strong flow regime is significantly smaller tharathn the intermediate flow regime for each melt

(similarly for Wy, but with a rather small change). If we keep tteisg expression equation 2.1.18, we
obtain the following result77 ~ 8>*°R? and W, ~ 8**R? for C;s PE melt under high flow fields,

which is quantitatively inconsistent with that b&tintermediate flow regime. This inconsistencgesi
from the weak variations @andR with shear rate in the strong flow regime. In félaé average chain
orientation anglé@becomes very small (<pat the end of the intermediate flow regime, daadbsolute

variation at high shear rates is practically negleg Thus, we expect a rather insignificant rdiéhe
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@ variable in determining rheological behavior undegpng flow fields. Similarly, the average chain

dimension does not change much vihin the strong flow regime.

In short, both chain orientation and chain stretch nearly saturated at highi, and
accordingly, their rheological influences would hegligible. Therefore, the scaling expression
equation 2.1.18 forp andW¥: would no longer be valid under strong flow. Furthere, a large portion
of the entanglements become located closely tatiban ends at highM as a result of a high degree of
collective chain alignment to the flow directioruc® entanglements are likely to be easily destroyed
in a relatively short time under fast flow and watterefore not contribute effectively to the (&ls

stress of polymers.

In this regard, we consider another essential phAysnode which becomes particularly
important in the strong flow regime. We can imadimn&t the chain motion in this regime is very fast
and irregular in association with intensive chatation and tumbling dynamics. Consequently, the
degree of intermolecular collisions between chaiosald be very high and govern the overall polymer

conformation and dynamics — see Figure 2.3.1.3@fdramatic increase of the intermolecular LJ
energy EiLTer in the strong flow regime, which is in contrasithwits gradual decrease in the

intermediate regime via the mutual chain alignnaewat stretch. Physically, the intermolecular cadlis
enhance the momentum transfer process betweerschiails increasing the stress. Therefore, we need
to take into account the effect of interchain sodins to correctly describe the dependencg afdW¥;
onW in the strong flow regime. We assert that thesstgoverned by the collision-induced momentum
transfer can be a general feature under strong filelds emerging for any polymer architecture and

flow type (e.g., shear or elongational flow).

Precise quantification of the rheological contribatof the intermolecular collision is very

difficult due to the intricate dynamic nature of lexular collisions. Instead, we propose the follugvi

ad-hoc scaling expression fgrand W, indirectly in terms of the average chain rotattome 7,

assuming that the intermolecular collisions domilyamfluence the chain rotation and tumbling

dynamics at high shear rates for both unentangiddeatangled polymer systems:

f~t% and W, ~7% (2.1.20)

rot rot*

Here, T

ot IS made dimensionless as normalized by the clarstit rotational relaxation time of the
system at equilibrium. Based on the above arguneeoition 2.1.20 would be valid for both entangled

and unentangled polymers in the strong shear femime, regardless of the chain length. Confirming

this scaling characteristic, the NEMD simulatiortadahow that/j~ 7% and ®, ~ 2% for Gy,

rot rot

201 for Csoo PE melts based on the

rot

A~12* and W, ~ 755 for Cuo, and 4~7o" and ¥, ~ 7

rot rot rot
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results of rotational time 7, in Figure 2.3.1.4. From this result, possible ranges for the scaling

exponents for the 7,, (common for unentangled and entangled linear polymers) are estimated to be d

= (0.5~0.6) for 17 and J, = (1.8~2.0) for W,.
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Figure 2.3.1.4. Variations of the whole chain rotation (tumbling) time 7, with respect to the applied flow

strength for CrsHiss, CaooHsoz, and CeooHi20o PE melts. Here, T, is directly computed by measuring the
accumulated orientational angle of the chain end-to-end vector in the flow-gradient (xy) plane as a function of

time. T, is practically identical to the time scale extracted from the power spectral density analysis through

Fourier transformation of the time autocorrelation function <U(t) EU(O» of the unit chain end-to-end vector

u(t). We further note that the complete results for CeooHi202 melt could not be obtained in this work because a very
long simulation trajectory (i.e., over 10 times longer than the longest relaxation time of the system especially in
the intermediate flow regime) is required to obtain statistically reliable data for each state point. However, our

preliminary results for CeooHi202 melt in the strong flow regime exhibit consistent scaling behaviors for 7, in

comparison with those of the Cs3Hisg and CagoHso2 melts. The vertical dotted lines represent the same as with
Figure 2.3.1.1.
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Intrinsic Surface Characteristics of Ring Polymersin Solution and Melt under Shear Flow

@ (ii) (iii)

M
5

9,
.31 2%

5/=<2>=o 5,:
)

ghost atom

SRR

Schematic illustration of constructing intrinsic ring surface

<AylAp 5 — = (Toy) O (Dilute) O (Melt)
<A JA> (Toy) O (Dilute) I (Melt) ing (Dilute] in el
(b) <AjA,>; ~~~~~~~ (Toz) A (Dilute) A (Melt) (C) —— Toy O Dilute Melt (d) 2 Einega(rtigijl‘ut)e) finega(l"v('N:;)It)
1-0 T T T T T T T T g B B B B
A 0.8 _,Ju“‘”n_ AH 1.0 raRge oo, 0006 007
S 061 Leg80s ] N a
<§ 0.4 TETERR 00834 X 05 S4m00"
v 0.2f VWP o 2
0‘0 | | | | 0‘0 | 1 | 1 \Y 0‘0 | 1 | |
10" 10° 10" 10% 10° 10" 10° 10" 10% 10° 10" 10° 10" 10% 10°
Wi Wi Wi

Figure 2.3.1.5. (a) Schematic description of the numerical algorithm for constructing intrinsic ring surface. (b)
Area projected from the intrinsic surface of the ring into three xy- (circles and dashed line), xz- (squares and solid
line), and yz- (triangles and dotted line) planes for melt (orange symbols), dilute (black symbols), and toy model
(dark green lines) as a function of Weissenberg number (Wi). Note that these projected areas were normalized by
the total area of the intrinsic ring surface 4. (c) The ratio between A, and A.. vs. Wi for melt (orange circles),
dilute (black circles), and toy model (dark green line). (d) The zz-component of the gyration tensor G normalized
by the equilibrium value for linear (triangles) and ring (circles) polymers with respect to Wi.

Starting from the viewpoint that the ring polymer, with its closed molecular geometry,
naturally defines an intrinsic two-dimensional topological surface, we devised a simple and efficient
numerical algorithm that could accurately describe the geometrically complex curved surfaces exhibited
by flexible ring polymers. Figure 2.3.1.5a illustrates the main steps of the algorithm and how it allows
for the extraction of the characteristic surfaces of the ring chains. Specifically, (i) we start to construct
all the non-overlapping local triangular planes, each of which are constituted by three consecutive
neighboring atoms (or beads) along the ring backbone; these triangles effectively depict the outermost
ring surface. (ii)-(iv) We then apply the same procedure to successively build the inner surfaces of the
ring in a step-by-step manner by forming new triangles with the remaining active atoms (which define
a new inner closed-loop), excluding the middle (apex) atoms of the previous triangles. Here, to
accurately extract the geometrical surfaces of the rings, ghost atoms were added in the middle of each
line if the line connecting two neighboring atoms was longer than the original bond length. This
procedure was repeated until only three atoms remained at the end to form the last triangle. This simple

algorithm was numerically fast and could properly represent a variety of geometrically complex
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surfaces formed by ring polymers, as exemplifiedriapshot of Figure 2.3.1.5a.

From the constructed ring surface composed of nouseflocally-planar) small triangles, we
obtained detailed geometric information of the rimghree-dimensional space, including the intdgnsi
surface shape and surface area. In particularpuld ceadily determine a set of the local normateoes
corresponding to each triangle over the entire sinface. Here, we propose the average normalwvecto

Navg Of the entire surface as a useful physical meathat can effectively characterize the global
Np Np

orientation of a ring chain. The chain end-to-erdtor Rete:Zri = Nb[Zri/NbJ with each
i=1 i=1

bond vector; and total number of local bontls geometrically represents the average bond vegtor f

NS NS
the whole onetimensional linear chain; while N, = Zni = NS(Z ni/NS] with each surface
i=1

i=1
normal vectorn, =r,, Xr, for two bond vectorsl,, and I, constituting a triangle and the total

number of local triangular surfachls represents the average surface normal vectohéoerttire two-
dimensional surface formed by a ring chain. Theeefthena,y of the ring polymer that defines the two-
dimensional characteristic surface is consideredhtiinsically correspond witlRee for the linear
polymer. Additionally, the magnitudes ofandn; geometrically represent the local bond length and
local triangular surface areaif#{2), respectively. We demonstrate that these seifeoperties are very
useful for analyzing the fundamental structural dgdamical characteristics of ring polymers under
flow conditions.

Next, we analyze the basic structural charactesigif the surface orientation and stretch for
ring systems under shear flow. For an in-depth tstdeding of the fundamental aspects of actual ring
polymers, we first set up a simple ‘toy model’ withfixed two-dimensional flat square surface
comprising four beads and rigid rods, simply minmgka closed-loop geometry of ring polymers. This
model was analyzed by applying free-draining (withBY and HI) bead-rod BD simulations. From
the BD simulations, it can be clearly seen thatritjiel surface tends to lie down preferentiallythie
xz-plane. Furthermore, the simulations without randloermal noise show that the most stable position
of the two-dimensional surface is the lying positia thexz-plane, except for certain special initial
surface orientations. While the geometric surfameneéd by the actual flexible ring polymers is
generally curved and much more complex, their fumelstal orientational characteristics are
considered to be essentially similar to those efaforementioned rigid structure.

This was confirmed by the results for the projeceshs of the curved ring surface for each
system, i.e.Ay on thexy-plane Ay, on theyz-plane, and\ on thexz-plane in Figure 2.3.1.5b. The total
surface ared: of the ring could become significantly larger &artual ring polymers with increasing
shear rate. This is because the flexible ring aht@nd to be stretched and expand from their dmjiuiin

coiled conformations. Therefore, we analyzed eaofepted area normalized Byfor ring systems, in
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comparison with the toy model which had a constaritiotably, both the dilute and melt ring systems
exhibited rapid overall increasing and decreasimdabiors for <A<z / A} and <A(y / A> :
respectively, as the flow strength increased. balgvior by the actual ring polymers is fully catent

with that of the toy model, indicating essentialy same fundamental orientational characteristics

(preferentially lying in thexz-plane) of the ring surface under shear flow. Hosvethe degree of
(AKZ/AQ and <A<y/A> variation appears to be somewhat smaller forahcystems compared
with the toy model. This observation in real rir@ypners can be attributed to local surface fluctures

in association with many local loops that protrudehe velocity-gradientyj-direction along their

flexible backbone. We further notice a Iarg{sA(y/A> and smaller<AQ/A> for the ring melt

compared with the dilute ring system in the intedrate-to-strong flow regime. This can be closely
associated with the higher degree of ring polymenter-loop tumbling dynamics (via strong

intermolecular collisions) in the melt relativeddlilute solution. Additionally, Figure 2.3.1.5costs

the ratio between<Aw> and <A<Z> representing the degree of surface orientatitative to the

kinematically stablexz-plane under shear flow as a function of the appliew strength. While both
the dilute and melt ring systems show an overaltekesing behavior o(A(y> / <A<Z> with increasing
shear rate, which is consistent with the toy moitléd, weaker for the former compared with thedatt
This is because of the significant dynamical rdiéooal loops in actual ring polymers, resulting in
considerable surface fluctuations. It was additignabserved that the melt system exhibits a lower

overall degree of surface alignment parallel toXhplane than the dilute system in the intermediate-

to-strong flow regime.

As a distinctive structural feature of ring polymewe observe tha(Gzz>/<Gzz>eq of the

gyration tenso6 is considerably larger for a ring polymer thanddmear polymer for both dilute and

melt systems in the intermediate-to-strong flowimeg(Figure 2.3.1.5d). Note that the gyration tenso
1 N
can be defined as5,; :NZ(ri’a =, )(Ii 5 =T.z) , wherer;, re, andN denote the position of
i=1

particlei, the center of mass of the chain, and the nunmftarticles per chain, respectivelg.contrast

with the overall monotonically decreasing tende(Jf:y<Gzz>/<Gzz>eq with increasing shear rate for

the linear system, ring systems exhibit a plategion for <GZ>/<GZ>eq in certain intermediate flow

regimes and even exhibit an increasing behavioeuhdyher flow strengths. Further, the dilute ring

systems also possess significantly larger valuee{@;z>/<Gzz>eq in comparison to the ring melt
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systems in the whole flow regime. This result fibute ring systems appears to be consistent with th
existing experimental and numeric&F°® observations of hydrodynamic inflation in the malt
(z-)direction for a diluted ring chain under shead planar elongational flows. The rather large value
for G as well asA,, and A, for the ring polymers are expected to have a &agmit rheological
influence. For instance, these geometrical charatitss would generally promote the degree of
transient structural coupling between chains duttiegr rotational and tumbling dynamics in sheawfl
which results in an effective increase of momenttansfer and correlation between chains, thereby
enhancing the overall stress (or viscosity) of et system. This has been confirmed by the lower
shear-thinning behavior of the ring melt in compani with the linear melt in the intermediate-t@aagy

flow regime.

Synergigtic role of ring geometry and short branchesin bulk polymer rheology
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Figure 2.3.1.6. (a) The steady state shear viscogjtsgnd (b) the first normal stress coeffici@htas a function

of the Weissenberg numbaf for the GogHasglinear (Linear; black triangles) 46Hsoo ring (Ring; black circles),
Ci178H358 SCB linear (SCB_L; orange triangles), an@s31130SCB ring (SCB_R; orange circles) PE melt systems.
The error bars are smaller than the size of thebsysrunless otherwise specified. The slopes imigd) (b) were
calculated by fitting theg and¥, in the shear-thinning regime through simple polagr-expression of the forms

n ~Wi®L and¥; ~ Wi 2 with slopesl andb2 (Linear; black solid line, Ring; black dotteddirSCB_L; orange
solid line, and SCB_R; orange dotted line).

To help interpret the general behavior of rheolaljicharacteristics for the short-chain
branched (SCB) ring polyethylene (PE) melts in ewbf the synergistic role of ring geometry and
short branches, we performed comprehensive anagsbkear rheology in connection with underlying
fundamental molecular mechanisms via direct corsparwith linear, ring, SCB linear, and SCB ring
polymers. In Figure 2.3.1.6, we present the maomsaheological properties of shear viscogjtsind
first normal stress coefficiet,. Figure 2.3.1.6a shows the results of shear vitgcgsas a function of
Weissenberg numbaiM for the GagHasglinear (Linear), GodHsoo ring (RiNg), GreHsss SCB linear
(SCB_L), and GssH1130 SCB ring (SCB_R) PE melt systems. It is noted Watdecided to compare
CaooHsoo ring PE system with unentangled.#i.ss linear PE system to avoid the significant effefct o

interchain entanglements. As seen in Figure 2.8, Aléfour PE systems exhibit a typical shearsihig
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behavior asM increasesW > 1) with respect to the molecular characteristicshain orientation and
stretching toward the flowk{)direction. However, the detailed shear-thinniegpdwvior of each system
has qualitatively different tendencies dependingia@ir molecular architectures and flow strengths
according to the simple power-law expression offo ~ W ™., In case of the pure linear PE system
(Linear), it shows two different slopés of 0.68:0.05 and 0.380.02 for# in the intermediate (1 W
< 20) and strong flow (40 W < 2000) regimes, respectively. In the intermediate regime, the linear
system displays the shear-thinning behavior gelyeatifibuted to the chain orientation and stretghi
with respect to the applied flow strength. In ttrersg flow regime, the chain orientation and stigtg
of molecular chains are nearly saturated and thewlogical influences would be negligible. Instead
in the strong flow regime, the degree of intermolac collision significantly increases as another
essential molecular characteristics due to the -flauced collisions and intensive chain rotation
dynamics, which effectively contribute the streépalymers. Therefore, the shear-thinning behavior
is generally weaker (i.e., less shear-thinmindecrease of sloga) than the intermediate flow regime.

Compared to their linear analoguesfor the pure ring system (Ring) shows qualitagivel
similar tendencies on the overall flow strengttmybver the detailed degree of shear-thinning the.,
value of slopdn,) is slightly smaller than those of thadar system; two different slopes b; of 0.5%0.05
and 0.3%0.03 for 7 in the intermediate (0.5 W < 20) and strong flow (40 ¥ < 2000) regimes,
respectively. Although the employed linear and reygtems in this study have different molecular
weights, the lower degree of shear-thinning behrasfidhe ring system than that of the linear sysiem
gualitatively consistent with the results in praxgostudies simulated in the condition of the same
backbone length at 78 and 400 carbon atoms foadinad ring systems. The lower degree of shear-
thinning behavior for the ring system than thaielr analogous is generally attributed to the catpa
structure and less degree of chain orientation tduthe intrinsic closed-loop geometry [e.g., the
inflation of ring toward neutralz)direction and the structure of the double strands

In comparison with the pure linear and ring systeimplaying two different degrees of shear-
thinning behavior with respect to the applied flstnength, interestingly the SCB systems (SCB_L and
SCB_R) apparently show one degree of shear-thinméhgvior on overall flow strengths as described
in Figure 2.3.1.6; one slope by of 0.46:0.02 and 0.440.02 for SCB_L (10 4M < 2000) and SCB_R
(5 <W < 2000), respectively. It should be noted thdtalgh SCB systems display one slope behavior
of shear-thinning in both intermediate and strdog/fregimes, it cannot imply that their structuaabd
dynamical molecular characteristics are also sartfeeise flow regimes. Thus, it is apparently olgdin
result due to the effect of short branches on poligmer rheology. As well known in recent studies,
the short-chain branches generally execute thedagom thermal Brownian motions associated with
their short characteristic relaxation time duehteirt very short chain length (e.g., 2, 4, and ®oar
atoms in PE molecule). It indicates that their dgitas are practically unaffected by the externahflo

field. Therefore, short branches disturb the clmiantation and deformation of the backbone chain
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against the applied flow field leading to more caweipstructures than their pure linear and ring
analogous. As a result, as seen in Figure 2.3(36B_L and SCB_R), the SCB systems exhibit a lesser
degree of shear-thinning behavior in associatiah thie more compact and less deformed (stretched)
structure than their pure linear and ring systemhéintermediate flow regime. However, in the styo
flow regime, the chain conformations of SCB PE malte also nearly saturated and intermolecular
collisions are also considered as a crucial rajandiess of molecular architectures (i.e., fundaalen
molecular characteristics in the strong flow regimesulting similar values of slofe for all four PE
systems in this flow regime. That is, since SCBays have less degree of shear-thinning (i.e.,lowe
value of slopeb:) due to the significant effect of the short braegtat the chain backbone in the
intermediate flow regime, SCB systems apparenthstiat they have one slope of shear-thinning on
the overall flow strengths.

Furthermore, in contrast to pure linear and ringteays that have almost similar values of
slopeb; and general tendencies even though they haveahtfenolecular weights, the SCB_R system
shows a significantly lesser degree of shear-thimtiehavior and higher values of shear viscogity
rather than those of SCB_L system. These featudisdte that the synergistic effect of short-chain
branches and ring geometric (closed-loop) backl@waegronounced on shear rheology inducing the
less shear-thinning behaviors with respect to fied flow field.

As another interesting rheological feature, thst firormal stress coefficielt; as a function
of W for the Linear, Ring, SCB_L, and SCB_R is obtaiireHigure 2.3.1.6b. All four PE melt systems
also exhibit a typical shear-thinning behaviordaf with power-law expression of formg; ~ W%
slopeb; of 1.45:0.02, 1.440.01, 1.280.05, and 1.1#0.1 for Linear (5 < Wi < 2000), Ring (5 <
2000), SCB_L (5 M <1000), and SCB_R (5W < 1000; orange dotted line), respectively. One can
easily identify that (i) SCB systems exhibit highedues of¥; than those of pure linear and ring
systems and (ii) SCB systems apparently show tapesbehaviors of shear-thinning ¥f [i.e., the
slopeb fitting in the intermediate flow regime cannot efatn the strong flow regimé\{ > 1000)] in
contrast to the one slope behaviorjoThese features are reasonably consistent re§shear-thinning
behavior ofr in Figure 2.3.1.6a. That is, in case¥f, less shear-thinning behavior for SCB systems
due to the effect of short chains at the chain baok apparently induce two slope behaviord ofor

SCB systems in contrast to one slope behavigrfof pure linear and ring systems.
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2.3.2 Shear rheology of interfacial polymers

Here, we analyzed the degree of slig) (for the confined polymeric system defined as

A =1=Veea! Vigea=V o/ V %, whereVs is the total slip velocity occurring at the topdasottom walls

andVy is the applied velocity of the moving top wall tand the flow direction in shear flow. Whereas

the ideal (nominal) shear ratéceal =Vu/H is based on the assumption of the no-slip boundary

condition withH being the box dimension in the velocity gradign)direction, the real shear rate
Viea= (Vs =V H accounts for a finite slip at the boundary watiactically, we evaluated the value

of Vieal for theds of the confined systems as follows: fhdimension of the simulation box (i.¢1)

was divided into several bins with a constant wdkrand the streaming velocity in the flow direati
for each bin was calculated by averagingxtmmponent of velocity for all atoms belonging hatt
bin. Then, the final streaming velocity was obtdify applying a fifth-order polynomial fitting thé

velocity data measured in each MD step and avegabimresulting velocity profile over a sufficigntl

long system trajectory.yrea' was then calculated by applying linear regresgidhe average streaming

velocity data along the velocity gradient directi@vie also note that the degree of slip is direetlsted

_l — ~_l ~ =
to the standard slip lengthg by d;” =1+L, with L, =L,/H )
1.0 / l T L] T
% DN
LA 2
w0.5 B é o ? o 8 gz a 4
S NIty
0.0 l I i # : A Linear -
5 O ¢ | | ORing
: ‘ i i AscB_L
5 i i P : SCB_R
10* 10° 102 107" 10°

y

Figure 2.3.2.1. Degree of slipds) as a function of the reduced shear rayc*eE 1% mo” | & for the simulated

Cio8H2sg linear (Linear; black triangles), C1o8H2s56 ring (Ring; black circles), C17gH3sg SCB linear (SCB_L; orange
triangles), and GaHsse SCB ring (SCB_R; orange circles) PE melt systems. The vertical black dashed lines
(Linear), black dash-dotted lines (Ring), and omdgshed line (SCB_L and SCB_R) separate the dbasdic
flow regimes with respect ts for each system. It is noted that while the lingad ring polymers exhibit three
distinct characteristic ds regimes (increasingre®sing, and increasing) as a function of shear, tae SCB
systems show almost constant behaviadsaf the weak and intermediate flow regimes andaasing behavior
of ds in the strong flow regime. The error barssamaller than the size of the symbols unless otiserimdicated.

Figure 2.3.2.1 presents the variation of the degfeép for the simulated linear:ésH.sg, ring
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Ci2eH2s6, SCB linear GrgHsss, and SCB ring GsHsss PE melts with respect to the applied shear rate
over a wide range of flow strengths for the cordirsgstems. The pure linear and ring melts exhibit
three distinct characteristis regimes with respect to the shear rate, i.e.namasing, decreasing, and
increasing behavior afs in the weak, intermediate, and strong flow reginmespectively. In contrast,
the SCB linear and SCB ring melts display almosistant behavior afs in the weak-to-intermediate
flow regimes, followed by a rapid increase dfin the strong flow regime. To understand these
distinctive slip behaviors ads for each system, it is essential to examine timeldmental molecular
mechanisms of polymer chains at interfaces as etitmof the applied shear rate by considering the

dynamical influences of the external flow field ggalymer—wall interactions.

Figure 2.3.2.2 depicts the characteristic moleaukechanisms for each polymer system in the
three representative (weak, intermediate, and g}rilow regimes. To systematically understand the
influence of the ring and short-chain branches tan interfacial chain dynamics, we illustrate the

mechanisms of the linear polymer as basis.
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Figure 2.3.2.2. Schematic description of the characteristic mokcaiechanisms for the interfacial linear, ring,
SCB linear, and SCB ring polymers in the three espntative (weak, intermediate, and strong) flogimes.
These mechanisms underlie the general behavioheofrterfacial slip ds) for each system, denotes the
polymer-wall friction coefficient.

In the weak flow regime, the applied shear forckiges the interfacial linear chains to undergo
z-to-x chain rotation while residing in the-plane, and the degree of chain alignment in tbe fl
direction increases as the shear rate increasesefféctively reduces the dynamic friction of poigr

33



chains moving against the wall in the flow direntidhereby increasing the degree of slip. The ring
polymer also exhibits a similar in-plarzeo-x rotation, enhancing the interfacial slip. Howeuer,
comparison to the linear polymer, the ring polyimas a relatively larger chain dimension in the radut
(z)direction owing to its intrinsic closed-loop moldar geometry, which promotes the dynamic
friction of ring chains against the wall. This lead a relatively smalleds value and less pronounced
increase irds for the ring polymer in the weak flow regime inngparison to the linear analogue, as

observed in Figure 2.3.2.1.

Looking into the effect of short-chain branchingg ISCB linear polymer similarly exhibits
to-x chain rotation, thus reducing the overall intedhdynamic friction and enhancing the wall slip.
However, in contrast to the general alignment ef ¢hain backbone in the flow direction, the short
branches tend to be oriented rather perpendiciuar ligned in the neutral direction) than palatib
the backbone owing to their bonded and nonbondeshiolecular LJ interactions with the neighboring
backbone atoms around the branch points. Thistatienal tendency of short-chain branches along
the zdirection effectively increases the polymer—waittion, diminishing the interfacial slip. These
two contrasting contributions between the backkamshort branches cancel each other out to result
in a nearly constant behavior of ds in the weak flegime for the SCB linear polymer. We furtherenot
that the short branches have intrinsically fasdosm Brownian kinetics owing to their very short
characteristic relaxation time scale (e.g., ~ @®6or GHq2 atT = 450 K and® = 1 atm), and thus their
dynamics are practically unaffected by the extefioaV field. Such fast random movements of short
branches along the chain backbone constantly diste overall chain conformation and tend to
diminish the degree of structural deformation & golymer chains in response to the applied flow.

This further facilitates the overall chain dimemsad SCB polymers in the neutral direction.

By combining the respective influences of the timgology and short-chain branching on the
interfacial dynamics, we can reliably predict thegral behavior of ds for the SCB ring polymer. As
mentioned above, the ring polymer, owing to itselbloop topology, has a larger chain dimension in
the neutral direction in comparison to the lingaalague. Furthermore, the fast random motionsef th
highly mobile short branches along the backbonesteartly disturb the overall chain conformation,
leading to lesser degrees of chain stretch andtatien along the flow direction and also a relalyv
larger chain dimension along the neutral directidhus, both the ring geometry and short-chain
branching are expected to diminish the overallitleatiension and alignment in the flow direction and
increase the chain dimension in the neutral divectsynergistically enhancing the dynamic frictain
interfacial chains moving against the wall. We #fere consider that the SCB ring polymer would
exhibit significantly lower values ak in the weak flow regime in comparison to the offfieear, ring,

and SCB linear) polymers, which is confirmed by tésults shown in Figure 2.3.2.1.

Let us now examine the slip behavior of each polysgstem in the intermediate flow regime.
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Two representative molecular mechanisms were ffightfor the interfacial linear polymer in this
regime: (i) an out-of-plane wagging mechanism ,[irepetitive motions of the (outer) parts of the
interfacial chains between detachment from the diadl to the external flow field and attachment to
the wall due to the attractive polymer—wall int¢i@a] and (ii) a disentanglement mechanism between
the interfacial chains and nearby surrounding bhkins via chain alignment and stretch along the fl
direction. These two molecular processes effegtik@tigate the movement of interfacial chains &t th
wall in the flow direction, resulting in an overalecreasing tendency df for the linear and ring
polymers in the intermediate flow regime. Notalierfacial ring polymers, in addition to the loop
wagging mechanism, exhibit a loop migration dynaméchanism where locally created loop segments
can propagate along the chain toward the flow torcBecause the loops can be created locally and
randomly along the ring chain via thermal Brownmaation, the applied flow field, and intermolecular
collisions, the loop wagging and loop migration dgrics may occur at any position of the chain, which
is in contrast to the case of the linear polymar idnich the out-of-plane wagging mechanism
commonly occurs near the chain ends. Furthermbee ldop migration mechanism facilitates the
movement of the whole ring chain in the flow difentand thus enhances the polymer slip at the wall.
Also, the closed-loop topology of ring chains résuh relatively fewer entanglement interactions
compared to linear chains. These two factors tegdidad to a smaller decreasedinfor the ring

polymer compared to the linear polymer in the imediate flow regime.

In contrast, both the SCB linear and SCB ring paggrexhibit nearly constant behavior for
with respect to the shear rate throughout the warak intermediate flow regimes. As mentioned
previously, the highly mobile short branches mdies dverall chain structure more compact and less
deformed (with highly curvy backbone structuresaiagt the applied flow. This structural feature
entails smaller entanglement interactions betwekains and less variation in the degree of
entanglement with respect to the flow strengthmaltely weakening the degree of the out-of-plane
wagging and disentanglement mechanisms and congggaéording the apparent constant behavior

of ds for the SCB polymers.

In the strong flow regime, the external flow fiekl sufficiently strong to overcome the
attractive polymer—wall interactions and causernisitee dynamical collisions between interfacial cisai
and the wall. This leads the interfacial chainfreéguently detach from the wall and undergo irragul
(chaotic) chain rotation and tumbling dynamics.sTdhiynamic feature underlies a rapid increase in the

degree of slip in this flow regime for all of thelpmer systems.

It is interesting to note that whereas the tumbtiggamics occurs exclusively with the chain
ends for the linear polymer, it can occur with #mogal loop(s) along the chain in the case of thg ri
polymer. This fact leads to two distinct types wihbling mechanism: end-loop tumbling and center-

loop tumbling. The end-loop tumbling mechanisrmiduiced by the local loops situated near the ends
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(outermost parts) of the stretched ring backboonegathe flow direction, which is essentially simila
to the typical end-over-end tumbling mechanismhaf inear polymer. In contrast, the center-loop
tumbling mechanism is driven by the loops locatedhe middle of the stretched ring backbone.
Therefore, whereas end-loop tumbling practicallgurs in the shear or flow-gradienty{)plane, the
center-loop mechanism exhibits a diagonal chaiatiant lying through both th&y- andyz-planes.
These dynamic mechanisms were observed for bothnng and SCB ring polymers at the interface
under strong flow fields (specific quantificatiof the individual loop-tumbling mechanisms will be

presented later).

Another interesting feature is that the interfa@&B linear polymer exhibits not only the
hairpin-like end-over-end tumbling behavior (simila the linear polymer) but also additional distin
mechanisms such as head-roll and tail-roll tumbdipgamics, which is essentially caused by the short
branches forming the compact head or tail partsgatbe chain backbone during the tumbling event.
However, such rolling mechanisms were rarely olexin the case of the SCB ring polymer studied
here. This is attributed to the relatively largkainr dimension along the neutral direction for &§&B
ring polymer compared to the corresponding SCBalinaolymer in addition to the rather double-
stranded stretched ring conformations at strong fields, both of which may have effectively impede
the whole chain rolling along the flow directiordtionally, the Gz backbone length of the present
Ci78H3s6 SCB ring PE might not be sufficiently long to figate chain rolling). Also important is that
the short branches promote the interfacial chaiaattenent from the wall by constantly disturbing the
chain conformation via their fast random motionisTieads to a steeper increasing behaviak of
the strong flow regime for both SCB linear and npadymers in comparison to the corresponding pure

linear and ring polymers.
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Figure 2.3.2.3. Streaming velocity profiles (normalized by the apglwall velocity Vi) along the velocity
gradient direction at a certain intermediate shet for the simulatediggHoss linear (black triangles), GeHase
ring (black circles), &sHsss SCB linear (orange triangles), angr4Elsss SCB ring (orange circles) PE melts. The
solid line represents the ideal streaming velogitffile assuming the no-slip boundary condition.
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Figure 2.3.2.3 displays the steady-state strean@hagity profiles in the flow direction along
the velocity gradient direction for the four polynsgstems at an intermediate flow strength. In gane

the nonlinearity of the velocity profile for a paheric material is associated with the degree of

interfacial slip. As noted earliery,.,, was calculated by applying linear regression & dtreaming

velocity data along thg-direction. Clearly, the pure linear and ring pobns exhibit a noticeable
deviation from the ideal velocity profile (i.e.,sagning the no-slip boundary condition) due to &nit
slip at the walls. Interestingly, the correspond81@B linear and ring systems at the same shear rate
display velocity profiles rather close to the ideaé @~ 0), indicating apparently small interfacial slip.
This behavior results from the enhanced polymerHweation due to the highly mobile short branches.
Furthermore, owing to the additional wall fricticaused by its closed-loop geometry, the SCB ring

polymer exhibits even smaller interfacial slip tiiha SCB linear polymer.
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Figure 2.3.2.4. Thexx, yy, andzz components of the gyration tengaffor the interfacial chains whose center-of-
mass is located within a distance of 2.5om the wall for the (a) GaHasg linear (black triangles) and:fsHass
SCB linear (orange triangles) and (h}4E2s6 ring (black circles) and zgHsss SCB ring (orange circles) systems
as a function of the applied shear rate. To allomjgarison with the pure ring and linear systems; tire chain
backbone, excluding the short branches, was careside the calculation d& for the SCB systems. The symbols
and vertical lines have the same meaning as inr&igu3.2.1. The error bars are smaller than the sizhe
symbols unless otherwise indicated.
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To further understand the interfacial charactasstin conjunction with the dynamic
mechanisms, we analyzed the structural propertittgeadnterfacial chains with centers of mass ledat
within a distance of 2.6 from the wall. Figure 2.3.2.4 presents #xg yy-, andzz-components of the
gyration tenso6 of the interfacial chains for each system as atfan of the applied flow strength. It
should be noted that to examine the influence oftsthain branching on the overall chain structure,
only the chain backbone (excluding the short braaghvas included in the calculation &ffor the
SCB polymers. First, as the shear rate increagbg iweak flow regime, the linear polymer exhilaits
increasing behavior db« (which approaches a plateau value) and a decgelsimavior of botlG,,
and G. This is directly related to the z-to-x rotatiorechanism of the interfacial chains with their
decreased y dimension via chain alignment andcstietthe flow direction. Upon further increasing
the flow strength to the intermediate flow regirfsg, shows almost constant behavior while bGh
and G, continue to decrease until reaching a minimum ezalthese features can be understood by
considering the aforementioned out-of-plane waggamgl disentanglement mechanisms of the
interfacial chains in the intermediate flow regirBeth mechanisms lead to significant suppression of
the rotation and tumbling dynamics for the inteidhchains moving away from the wall. In the strong
flow regime, as the shear rate increasgg,appears to rapidly decrease, whereas Bihand G,
display a gradual increase. This is directly asgedi with the irregular rotation and tumbling dym@am
mechanism of the interfacial chains via their sgrdgnamical collisions with the wall, which facites
the detachment of the interfacial chains from ttadl &nd their frequent movement toward the bulk
region. Overall similar behavior is exhibited b tting polymer, which, however, owing to its ingio
closed-loop molecular geometry, shows somewhatlemadriation in each componer@y, Gy, and
Gz) with respect to the flow strength compared to lthear polymer. It is also noted that the ring

topology gives rise to an increasedn and a decrease (By.

In contrast, the SCB linear and ring polymers eiimisreasing behavior @, and decreasing
behavior of Gy, and G, throughout the weak-to-intermediate flow regimegth all components
remaining almost constant in the strong flow regirRarthermore, the SCB polymers display a
significant reduction it and increase i,y andG, in comparison to the corresponding pure linear
and ring polymers. This feature is directly asstedawith the fact that the structural disturbangehe
fast random motions of the short branches resutigghly curvy backbone structures and lesser @sgre

of chain stretch and alignment to the flow direatior the SCB polymers.

It can be summarized that (i) the closed-loop gegmetry tends to reduce bdd andGyy

and promoté&s, and (i) short-chain branching tends to redGgeand promote bott®,, andG..

38



2.4 Conclusion

In this study, the nonlinear rheological propertier linear PE melts (reflecting substantial
deformation of polymer chains under intermediatsttong flow fields) were closely examined with
respect to the following molecular characteristi€d: chain orientation, (ii) stretching, (iii)
disentanglement, (iv) intermolecular collision, af@ end-over-end tumbling dynamics. Here,
properties (i)—(iii) conform to the well-known poher kinetic theory:? Through a detailed analysis of
the variations in the molecular characteristiceegponse to the applied shear rate, we proposegcal
expressions for the shear viscosityand the first normal stress coefficiekt for unentangled and
entangled linear PE systems with respect to thadeaular variables. Comparing tkié dependence
of the structural parameters (defined for the whalain backbone and/or entanglement strand) and
rheological properties, we examine the scaling hufsé properties with respect to the structural
parameters. Specifically, in the intermediate flegime, we find scaling relationships for the visitp
n and the first normal stress differengg with respect to the well-known fundamental molecul

characteristics in polymer rheology such as theinclmientation, chain stretch, and interchain

entanglement: (i) /7 ~ 8"R* and W, ~O0%R* with oy = (1.51.7) andez = (3.2-3.6) for
unentangled melts and (ily ~ §22"d? and W, ~ 872Z":d? withy, = (3.8-4.0) andy, = (2.1-2.4)

for entangled melts. Heré (&9, R, Z, and des are the average chain orientation angle (that of
entanglement strand), the mean chain end-to-enthndis, the average number of interchain
entanglements, and the average length of an eetaeglt strand, respectively. While thedand Goo

PE melts employed in this study are rather shattaary mildly entangled systems, we believe that th
basic features of the scaling expressions dedumethbése chains remain valid for longer, strongly
entangled chains within statistical uncertaintidsvertheless, considering the rheological influevice
entanglement segments near the chain ends (e gffdct of the contour length fluctuations in thiee
theory), which is particularly important for rather wegpldntangled melt systems, the scaling exponent
for theZ-dependence reported here may change slightly gpreach gradually an asymptotic value as
the chain length increases to highly entangled rpelymelts. Furthermore, our proposed scaling
relationships may be adapted to entangled branobigchers with additional scaling component of the
arm orientation and stretch at the junction poaitsig the chain backbone whose scaling behavior is
to be the same as that of entangled linear polyrikrder moderately strong flow, those relationships
may serve as a supplement (or substitute) for S@iRhahas a rigid molecular basis under slow flow.

In the strong flow regime, the above scaling exgimes become invalid and another empirical

rheological scaling is found in terms of the chéestic rotational timer,

rot

as the representative

%
rot

dynamic variable to accommodate intermolecularisiothal effects: (iii) 77~ r% and W ~r

rot

with 1 = (0.5-0.6) and)> = (1.8-2.0) for both unentangled and entangled systenmespidposed scaling
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relationships in this study well describedand W, obtained from the NEMD simulations under
intermediate flow, thereby allowing us to correlgtandW¥; with the molecular variable¥(R, Z, and

dey), in particular the scalar orientational variabli@ the experimental sense (of correlating rheaalgi
and structural data) explained earlier. Thus, thietsionships are believed to serve as a supplemen
(or substitute) for the modified SOR under thenmiediate flow.

Additionally, we carried out a comprehensive stodythe intrinsic structural characteristics
of ring polymers under shear flow with both dilaed melt conditions. Our analysis began with the
advanced viewpoint that ring polymers intrinsicglgssess two-dimensional surface characteristics
because of their closed-loop geometry, which oimrast with the one-dimensional line charactiegst
of linear polymers. Based on this view, we intraglliceveral representative physical measures that
could effectively describe the structural and dyitatrcharacteristics of ring polymers, such asoie!
and projected surface areas and the average neettalrn.,g of the ring surface, which corresponds
with the chain end-to-end vect&.. of a linear polymer. Knowing the variation of tbesurface
measures in response to the applied flow was fdiontbe very informative for analyzing the
characteristic molecular dynamics mechanisms gf cimins. An efficient numerical scheme was also
developed that allowed us to effectively descrhme complex curved surface formed by flexible ring
chains. Applying this algorithm, we could accurateieasure the overall surface shape and total or
projected areas. The obtained surface informatias found to be very useful for analyzing the
characteristic dynamic mechanisms of ring polymerder shear flow. This scheme can be further
applied to extract the intrinsic geometrical chégastics for various ring-type polymers (e.g.,dalk-
like polymers) and ring/linear blend systems. Femore, the numerical algorithm can be used to
directly quantify the degree of penetration betweiierent ring chains, thereby enabling a systénat
analysis of the dynamical role of interchain pegt&n for ring melt systems; this has been an itgmbr
(and rather controversial) rheological issue inl#st decades.

Finally, we performed a comprehensive analysighefinterfacial structural and dynamical
behavior of confined polymer melt systems possgsgarious molecular architectures (linear, ring,
SCB linear, and SCB ring) under shear flow usimgrastic NEMD simulations. We placed a particular
focus on the combined rheological influence of tiesed-loop ring geometry and short-chain
branching on the general structure and dynamitiseoihterfacial chains. In doing so, we examined th
degree of interfacial slip, the underlying charésti&E molecular mechanisms, and the detailed chain
conformations for interfacial chains with respeattheir molecular architectures. In general, the
interfacial linear and ring polymers exhibit thidistinct characteristic regimes for the degreelipf s
(ds) with respect to the applied shear rate: an irsinga decreasing, and increasing behaviodsaf
the weak, intermediate, and strong flow regimespeetively. In contrast, the interfacial SCB linear
and SCB ring polymers display almost constant benaf ds throughout the weak and intermediate

flow regimes followed by rapidly increasing behavad ds in the strong flow regime. To elucidate the
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interfacial slip behavior, it is very informative analyze the fundamental molecular mechanisms with
respect to the three representative (weak, integateedand strong) flow regimes. In the weak flow
regime, all of the interfacial polymers (lineamgj SCB linear, and SCB ring) undergto-x chain
rotation from the neutral direction to the flowatition, which effectively reduces the dynamic wall
friction against chain movement along the flow diien. However, in comparison with its linear
analogue, the ring polymer possesses a relatigatydr chain dimension in the neutral direction awin
to its intrinsic closed-loop geometry, which enhesthe dynamic friction of the interfacial ring ol
moving against the wall in the flow direction. letcase of the interfacial SCB polymers, whereas th
main chain backbone becomes gradually alignededlégw direction with increasing flow strength
(thus decreasing the dynamic wall friction), thersibranches tend to be oriented more perpendicular
(i.e., aligned in the neutral direction) than pialatio the backbone (thus increasing the dynamit wa
friction) in conjunction with their intrinsicallyalst random motions that are practically unaffetigd
the imposed flow fields. These two contrastingdestancel each other out to result in almost eortst

in the weak flow regime for the interfacial SCB yokrs. Furthermore, owing to its relatively larger
chain dimension in the neutral direction associatéth the ring topology, the SCB ring polymer
exhibits the lowest degree of slip among all ofplo/mers. In respect to the overall chain dimemsio
the closed-loop ring topology tends to enhaBgebut diminish bothGx andG,y, while short-chain
branching tends to enhance b@&j andG, but diminishGy.
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[11. Mechanical Propertiesof Polymer Nanocomposites

This chapter includes the materials from:

1. Lee, YI; Myoung, J'; Cho, ST: Park, J.; Kim, J.; Lee, H.; Lee, Y.; Lee, S.; ®aC.; Ko, H.
Bioinspired Gradient Conductivity and Stiffness fditrasensitive Electronic Skiné&CS Nano
2021, 15, 1795-1804.

2. Park, J; Lee, Y; Barbee, M. H; Cho, S.!; Cho, S.; Shanker, R.; Kim, J.; Myoung, J.; Kim, M
P.; Baig, C.; Craig, S. L; Ko, H." A Hierarchical Nanoparticl-Micropore Architecture for

Enhanced Mechanosensitivity and Stretchability ieckbknochromic Electronic Skingdvanced
Materials 2019, 31, 1808148.

3. Lee, Y.; Park, J.€ho, S.; Shin, Y.-E.; Lee, H.; Kim, J.; Myoung, J.; Cha; Bang, S.; Baig, C.;
Ko, H." Flexible Ferroelectric Sensors with Ultrahigh RBrege Sensitivity and Linear Response
over Exceptionally Broad Pressure Ran@S Nano 2018, 12, 4045-4054.

4. Ha, M Lim, ST: Cho, S Lee, Y.; Na, S.; Baig, G.Ko, H." Skin-Inspired Hierarchical Polymer

Architectures with Gradient Stiffness for Spaceedsr Ultrathin, and Highly Sensitive
Triboelectric Sensor&\CSNano 2018, 12, 3964-3974.

3.1 Introduction

Recently, significant interests in internet of #sn(loT) boost the rapid development of
flexible, wearable, and skin-attachable electrgnicgluding artificial sking;®* human-machine
interface systerft® sustainable power managem&hiand wireless signal transductit? For the
practical applications of wearable electronicsha fields of 10T, long-term sustainability as wa$
highly flexible, lightweight, and miniaturized dgss are required to provide convenience and
comfortable feelings for users as well as to achi@hable and human-friendly electrical deviced an
sensors. Even though a great progress has beenimagarable platforms integrated with flexible,
stretchable, and sustainable power syst&gtfisnergy storage systems still remain premature and
insufficient for practical use because of the innp&ment lifetime, limited capacity, and safety isfare
the highly flexible and deformable designs of wedradevices?® On the other hand, self-powered
wearable devices, which can generate power by htingeambient energy sources such as kinetic
energy from human daily motion and thermal energynfbody temperature, show great potential to

address power issues in wearable electrdrits.

To convert human bodily energy into available eleity, a variety of energy conversion
systems have been developed based on piezoeféetrithermoelectrid® electromagneti€’ and
triboelectric effect$?2° Triboelectricity, a common phenomenon of chargeegation occurring on the

contact surface of two different materials, canused to effectively convert frictional contact into
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electricity2° The triboelectric devices can provide more divetsgices of flexible materials and higher
power generation than other energy harvesting dnesddition, triboelectric devices can be used as
self-powered sensors as well to detect pressurenatidn. Previously, Jiang et al. demonstratedfa se
powered tactile sensor based on micro-textured(giohethylsiloxane) (PDMS), which showed the
pressure sensitivity of 2.28 mV/kPa and the maxinpower generation of ~130 nW.21 Li et al.
fabricated a dual-mode triboelectric sensor (TH®} perceived the tactile stimuli with the force
sensitivity of 0.028 V/N and the generated outmlitage of 10.6 V at 140 N.22 To achieve both high
sensitivity and output power, most of the previd&Ss utilized bulk spacef$arch shape¥,and 3D
structure$’ to provide a large variation of gap distance betwspposing surfaces, which is
proportional to the triboelectric output voltatjé>2¢Although these designs based on high volumetric
structures enhanced the performance of triboetedavices and sensors, the bulky geometry impeded
their applications in flexible and wearable devi€eRecently, ultra-thin and flexible TESs that were
based on single-electrode device structures wese mdported as motion tracking senséfs.
Nevertheless, the single-electrode based TESs Imited applications in pressure sensors, because
the generation of triboelectric charge is not umifaand can be randomly affected by the contact of
different charged materials instead of the apphiexsure. In addition, the single-electrode bade8 T

is not a monolithic design which requires additicsennections to induction and reference electrodes
to provide the potential differences between tR&mstjll causing the space constraints for use in
wearable devices.

Moreover, the voluminous or non-monolithic desigrigriboelectric devices also make the
device packaging a challenge for applications irstn&nvironment. High air conductivity of humid
atmosphere causes discharging of triboelectric gasarand thus reduces the triboelectric output
performanceg!3*In these applications, fully packaged triboel@ctiévices are necessary for reliable
and sustainable wearable devices. To achieve biyhpackaged designs having large flexibility and
maximal triboelectric charge generation, morphatagand structural control of triboelectric matéria
and devices is highly required for the body-wearabid high performance self-powered TESs with
ultrathin and flexible form factors.

The multi-functional mechanical sensitivity of ligical tissue$3*®such as skin, is difficult
to reproduce. In polymers that incorporate forapomsive molecules (i.e. mechanophores),
mechanical force induces chemical transformatiohsmechanophore¥;*® enabling controlled
colour/luminescence chang®s$! mechanocatalysi€;** isomerisatiort; release of small moleculés
5 and self-healing behavioutsMechanochromic polymers that undergo colour chamgeesponse
to mechanical stress can be used to directly uisahe stress distribution and mechanochemical
activations within polymers, which is advantagedwrs application in stress/strain sensiffy and
damage monitoring in polymeric materiél§! To induce stress-driven mechanochemical

transformations, efficient transmission of mechahgtress through the polymer matrix and coupling
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to the mechanophore is critical. Various factofecfthe efficiency of mechanochemical activation,
including the mechanophore position in the polymieain?® polymer molecular weigh? polymer
chain alignmerit and temperaturé.Mechanochemical activation can also be enhanceabiyolling

the hard and soft blocks within the polymer. Istipproach, soft polymer chains can be alignedigbra
to the tensile direction via localised stress athhrd polymer block3%® or soft mechanophores and
hard ligands enable mechanochemistry even undémojso compressive forc®. However, most
previously reported mechanochromic polymers exhib@chanophore activation after irreversible
plastic deformatiott or provide reversible stretchability at the expens mechanosensitivityf:>3>7>9
For use in sensing applications, e.g. electroninsskmechanochromic polymers with high stress
sensitivity and reversible stretchability undemgkrstrain are needed. Furthermore, although several
mechanophores based on fluorescent and phosphatregmeperties have exhibited fast
response/relaxation times to track force-inducednimescence changes in real-tiffié!
mechanochromic polymers with sensing capabilityhimfh-frequency dynamic forces over a few
hundreds of Hz are still required for multifunctadne-skins®?%* However, multifunctional
mechanochromic materials with all these properresyet to be demonstrated.

With human skin-like sensing capabilities, e-skimstemerged as one of the promising
technologies of wearable devic€$® soft roboticS’ % artificial prosthese®,’° and healthcare
monitoring device$:’? E-skins can perceive different external stimuficliding magnitude and
distribution of mechanical stimuli, temperature dasubtle textural differences through electrical
signals™” Among various e-skins with different sensing medtms (e.g., piezoresistivity,
capacitance, piezoelectricity, and triboelectrigif§?® piezoresistive sensors have attracted
considerable interest due to their simple fabrézaprocess, low cost, and easy readout mechahism.
While conventional sensors relying on piezoresistanf bulk materials have shown rather low
sensitivity®®>  recent  approaches based on micro/nanostructures.g., (e micro-
domes/pillars/pyramid$;2-#?micropores? and sea-urchin nanopartid@save proven to improve the
sensitivity because the piezoresistance is predamtln affected by the deformation of surface
microstructures rather than the bulk material, ltegyin a significant change in the contact resise
rather than bulk film resistance. Electrode dessganother factor affecting the sensitivity. Insted
piezoresistive materials sandwiched between top lwoitom electrode¥;®® coplanar electrode
structures (two electrodes on the same side ofatfive layer) have shown enhanced pressure
sensitivity’°° due to the dominant role of contact resistancsuoface microstructures. In addition,
employing slit* or interdigitate®° patterns on the electrode induce high initial stesice, thus
resulting in enhanced pressure sensitivity. Howeasdsting sensors have shown non-linear or narrow-
range sensing, because piezoresistance is mainvgrigged by the variation in contact resistance,
showing rapid resistance saturation. In ordernwfaneously obtain a linear response as wellgls hi

sensitivity over a large pressure range, hieraatfichollow* and multi-layered microstructufés
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have been suggested to further increase the carcthange and control the deformation pattdrns o
active materials under pressure. However, mostirgisensors still exhibit sensitivities less tt#h
kPa?l, which are insufficient to detect the subtle difieces in bio-signals, such as pulse pressure
variation and intracranial pressure. For practiggilications of e-skin, the combined pressure agnsi
capabilities of linearity, high sensitivity, anddei detection range are critical. However, exiséng

skins do not have the full extent of these properti

3.2 Methods

The Finite Element Method (FEM) simulation is a ruiwal method of solving systems of
partial differential equations (PDES) in variousldis of engineering and mathematical modeling. FEM
is based on the concept of a continuum which caiobgnually sub-divided into infinitesimal elemsnt
with properties being those of the bulk materiad, described in Figure 3.2.1. Therefore, many
engineering problems (e.g., electrostatics, haasfer, structural mechanics, fluid flow, acoustadd
S0 on) can be expressed by appropriate “Goverrgqngtens” and “Boundary conditions”. Based on
these equations, we can obtain the algebraic emsator each element in complicated systems and

solve PDEs for each element.

same properties
with bulk materials
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Figure 3.2.1. Schematic illustration of the Finite Element Method (FEM) simulation.

In this dissertation, through collaboration witlpexmental group, almost structural analysis
to develop advanced polymer nanocomposite matewale performed by the FEM simulation
(ABAQUS and COMSOL software), including stress @gation, gap distance and surface contact
area between two polymeric layers under verticasgure and bending strain. All simulated conditions
of the sizes, compositions, surface morphology,elastic modulus of polymer nanocomposites were
consistent with the actual experimental conditidrsimplement the mechanical contact interaction in
response to the applied physical force betweerptomeric layers for interlocked microdome sensors,
we executed the general surface-to-surface comtaraction with linear elastic deformation of the

interlocked and different surface-structured polgsne
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3.3 Results and Discussion

Tribodectric sensors: The gradient stiffness between stiff epidermid apft dermis with
interlocked microdome structures in human skin aedueffective stress transmission to underlying
mechanoreceptors for enhanced tactile sensingiréalspy skin structure and function, we fabricate
hierarchical nanoporous and interlocked microdomsctired polymers with gradient stiffness for the
spacer-free, ultrathin, and highly-sensitive trieotic sensors (TESs), as shown in Figure 3.30&. T
skin-inspired hierarchical polymers with gradietastic modulus enhance the compressibility and
contact areal differences due to effective transimmsof the external stress from stiff to soft lesye
resulting in highly sensitive TESs capable of dégchuman vital signs and voice. In addition, the
microdomes in the interlocked polymers provide d#iective variation of gap distance between
interlocked layers without using the bulk spaced #ivus facilitate the ultrathin and flexible design
TESs that could be worn on the body and detectiatyaof pressing, bending, and twisting motions

even in humid and underwater environments.

T « Interlocked microdome ;
* Inner and outer nanopores ,*
. .. ’
» Gradient stiffness /
’

Stres\s\ High

A%

E}
Do st il

Skin.inspired Low *Elastic modulus, E wsssm Ag electrode

Figure 4.3.1. Structural characteristics of highly-sensitive triboelectric sensors.

Specifically, in this work, ultrathin, highly-setisie, and wearable TESs were developed by
the hierarchical polymeric architectures of nanopsrand interlocked microdome structures with
gradient stiffness. The hierarchical geometry afiamorous and interlocked microdome structured
polymers could enhance the effective variatiorgagf distance between interlocked layers withowk bul

extra spacers and be an ultrathin and highly flexdlesign for wearable TESs as shown in Figur@3.3.
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Figure 5.3.2. Theoretical analysis of the gap distance change in the interlocked films. The finite element
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simulations by using ABAQUS software for the gap distance change (Ad) from the initial gap in the interlocked
microdome-structured and planar films with respect to the applied vertical pressure. Note that while the elastic
modulus of P(VDF-TrFE) is constant as 1 GPa for all sizes of microdome arrays, that of PDMS decreases with
the larger width/pitch size of microdome arrays due to the effect of nanoporous structure.

In addition, inspired by gradient stiffness offstpidermis and soft dermis layers, which can
effectively transfer the external stress, the gmdelastic modulus of interlocked P(VDF-TrFE) and
PDMS layers significantly enhanced the triboelectrutput performances as well as pressure and
bending sensitivity to perceive the minute pulseegsof radial artery and finger bending motion (see
Figure 3.3.3).

Gradient stiffness

Figure 6.3.3. Theoretical analysis of the stress distribution in the interlocked films under the vertical pressure.
The finite element simulations of the stress distribution depending on the elastic modulus of interlocked and
microdome-structured polymers by using ABAQUS software. The elastic modulus of P(VDF-TrFE) and PDMS
is 1 GPa and 3 MPa, respectively. Left and right panels show the result for the contact interaction for the
interlocked PDMS-PDMS and the P(VDF-TrFE)-PDMS layers, respectively.

To further understand the structural effect of hierarchical microdome arrays on the
performance of TESs, we analyzed the vertical stress propagation (Figure 3.3.4) and contact area
(Figure 3.3.5) of TESs having different width (w) and pitch (p) size of microdome arrays (w/p = 25/30,
50/60, and 100/120 um) via theoretical and experimental methods. As shown in Figures 3.3.4 and 3.3.5,
hierarchical PDMS microdome arrays with w/p of 100/120 pm exhibit the largest deformation and
increase of contact area between the interlocked P(VDF-TrFE) and PDMS microdome structures due

to the lowest elastic modulus (which demonstrated with experimental results).

(i) 25/30 ym (ii) 50/60 pm (iil) 100/120 ym
P(VDF-TrFE)

P(VDF-TrFE) P(VDF-TrFE)

Vertical Pressure under 40 kPa

Top view of lower PDMS layer (contact stress distribution)

Figure 7.3.4. The finite element simulations for the comparison of vertical stress concentration with the different
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width/pitch size of interlocked and microdome-structured polymers by using Abaqus software under the applied
vertical pressure (40 kPa). The elastic modulus of P(VDF-TrFE) is 1 GPa, and that of PDMS is varied depending
on the width/pitch size of microdome arrays.
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Figure 8.3.5. The finite element simulations for the comparison of the numerical calculation of (a) contact area
and (b) relative contact areal change with the different width/pitch size of interlocked and microdome-structured
polymers by using Abaqus software under the applied vertical pressure. The elastic modulus of P(VDF-TrFE) is
1 GPa, and that of PDMS is varied depending on the width/pitch size of microdome.

Figure 3.3.6a theoretically verifies that the ptitdrdifference from hierarchical microdome
arrays increases by increasing width and pitchssiadich can be attributed to the increase of gap
distance (Figure 3.3.2) and large amount of triecteic charge density, resulting from the increaise
effective surface contact area (Figure 3.3.5) betwgiboelectric layers. The experimental results
coincide with the theoretical estimation very w#llhile the resulting contact stress between the two
layers shows an overall uniform (homogenous) distron throughout the microdome arrays under the
vertical pressure, a nonuniform (inhomogeneou®sstdistribution appears in the case of bending
process. This is because the microdome array dbfhéayer contracts inward and that of the bottom
layer expands outward during bending process. EBurtbre, given the same value of the radius of
bending curvature, the degree of geometrical misimiat contact between the two microdome arrays
and thus the concomitant inhomogeneity for theaxirdtress distribution relatively increases wiith t
larger width/pitch size of the arrays. As a reghi, effective contact area becomes smaller folatiger
size of interlocked microdome array. With thesdeddnt aspects between the vertical pressing and
bending process, as contrary to the response twalepressure, the theoretically calculated electr
field of interlocked films from the bending stragxhibits that the electric field of hierarchical
microdome arrays increases via decreasing width @tuth sizes (Figure 3.3.6b). Similarly, the
triboelectric output voltage and current densitgré@se by reducing the width and pitch sizes of

microdome arrays.
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Figure 9.3.6. (a) Schematic illustration of gap distance change of TESs under vertical pressure and theoretically
calculated electric field distribution and (b) density of point contact between interlocked microridges under
bending strain and coincident theoretically calculated electric field distribution by COMSOL simulations
depending on the width (w) and pitch (p) size of interlocked microdome arrays (w/p =25/30, 50/60, and 100/120
um) and planar structures.

Our TESs exhibited the highest power density (48V7cn?), and pressure (0.55 V/kPa) and
bending (~0.1 /) sensitivities ever reported on the flexible TESSo, the fast responsive TESs could
detect the dynamic stimuli from low frequency ohtart vibrations to high frequency of acoustic wave
for recognizing human voice. The spacer-free andatihic design of ultra-flexible TESs could be
not only worn on human hands but fully packagechfghly reliable and sustainable wearable devices
as well. All of these outstanding functionalitieb @aur skin-inspired and ultra-flexible TESs are
available for both power generation and detectidruman vital signs, voice recognition, and realdi
monitoring of bodily motion even in a harsh enviment, which facilitates the broaden applications fo
wearable health monitoring devices, self-diagnostystem, popular biometric security system,

prosthetic limbs, rehabilitation devices, and huaidmobotics.

Ferrodectric sensors. Flexible pressure sensors with a high sensitigitgr a broad linear
range can simplify the wearable sensing systemsowitadditional signal processing for the linear
output, enabling device miniaturization and low powonsumption. Here, we demonstrate a flexible
ferroelectric sensor with ultrahigh pressure seiitsitand linear response over an exceptionallyadro
pressure range based on the material and strudiesin of ferroelectric composites with a multday

interlocked microdome geometry, as shown in Figuge7.

—Electrode~—

Adhesive c Interlocked
layer microridge

Figure 3.3.7. Structural characteristics of highly-sensitive ferroelectric sensors.
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Specifically, in this work, we demonstrated a fld&iferroelectric sensor with high pressure
sensitivity and linear response over an exceptiptabad pressure range. The suggested ferroalectri
sensor is based on the rGO/PVDF ferroelectric caitg® with a multilayer interlocked microdome
geometry. Figure 3.3.8a shows the calculated cbataa change of three different multilayer e-skins
as a function of applied pressure. The contact afdhe interlocked microdome structures rapidly
increases from almost zero in the initial unloaditege to an extremely high value in the high-press
loading state, which can be attributed to the cottated and amplified stress at a small spot batwee
interlocked microdomes that greatly deforms therlotked microdomes, resulting in the significant
increase of the contact area. With increasing nurabstacked layers, the contact area dramatically
increases due to the increased number of contatcie@domes. The contact area change in Figure
3.3.7a also indicates that the linearly increasmgtact area starts to decrease at a pressure @vier
and 148 kPa for double- and single-interlocked rgyeespectively, which is consistent with the
experimental observations for the relative curr@ft) of e-skins with multilayer geometry with
different numbers of stacked layers and planar g#gnm response to applied pressure. The multilaye
geometry can enhance the linearity of pressurdarsgbscause the multilayer interlocked microdomes
can distribute the applied stress to each stackest (Figure 3.3.8b). As a result, pressure sertgiti
and linearity increase with an increase in the nermtf layers in multilayer e-skins. We also
investigated the effect of the rGO loading conaitn on the pressure-sensing performances of

multilayer e-skins.
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Figure 3.3.8. The finite element simulations of (a) the contact area change as a function of pressure for different
numbers of stacked layers and (b) the local stress distribution for different numbers of interlocked layers showing
the concentrated and amplified stress at the small spot between interlocked microdomes under a pressure of 100
kPa.

Our multilayer e-skins showed a simultaneous a@m®nt of linear sensing capability with
an ultrahigh sensitivity of 47 kPaover an exceptionally large pressure-sensing rémoge 1.3 Pa to
353 kPa. The ultrahigh pressure sensitivity andaimresponse over an exceptionally broad pressure

range can be achieved by the effective stress otmaten, increased contact area, and stress
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distribution between multilayer interlocked microde arrays, which has been also verified by the
theoretical calculations. These sensing capalsilégigabled our e-skins to monitor diverse stimuolirfr

low to high pressure range. For example, our esskam precisely monitor the weak gas flow and
acoustic sound in a low pressure regime, respiratiad pulse pressure in a medium pressure regime,
and plantar pressure monitoring in a high pressegéane. The suggested e-skins may be useful for
diverse sensor applications requiring precise tieteof pressure from extremely low to high pressur

range such as robotics, prostheses, and wearaditbdae devices.

Mechanochromic sensors: Biological tissues are multi-responsive and fiorl, and similar
properties might be possible in synthetic systesnsnbrging responsive polymers with hierarchical
soft architectures. For example, mechanochromignpets have applications in force-responsive
colourimetric sensors and soft robotics, but thatiegration into sensitive, multi-functional dewsce
remains challenging. Herein, we report a hieraameanoparticle-in-micropore (NP-MP) architecture
in porous mechanochromic polymers to enhance theham®sensitivity and stretchability of

mechanochromic electronic skins (e-skins), as shovigure 3.3.9.
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Figure 3.3.9. Structural characteristics of highly-sensitive mechanochromic sensors.

Specifically, in this work, this study demonstrateat a hierarchical NP-MP architecture in
porous mechanochromic composites can enhance bethamochromic strain/stress sensitivity and
stretchability. The experimentally determined gtmue—activity relationships and computational
modelling results suggest the following generalgtegrinciple: reducing pore size while increasing
SNP size should enhance the mechanochromic sétysifio demonstrate this design principle, we
analyzed the simulated localized stress numericallgulated by finite-element analysis (FEA). From
the stress—strain curves of the porous PDMS/SP asiteg, the required critical stress for theiriahit
color transition is 0.17-0.2 MPa, whereas the plaomposites exhibit a critical stress of 0.67 MPa.
The decreased critical stress (3.4-3.9 times)Herporous structures can be attributed to the yighl
localized stress concentration that originates ftioenlarge difference in mechanical modulus between

the polymer matrix and air. As summarized in Fig8r8.10, the higher stress localization can be
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observed following great circle of pore than plas@ucture, which induces to be higher than ciitica
stress for mechanochromic activation of SP neaptine. All of the porous structures exhibit 1.6d8n
higher maximum localized stress, than that exhibiig the planar structure under a strain of 100%
(Figure 3.3.10b), which result matches with theegitpental result that depicts a decrease in thieari
strain (55%) for the porous structures as compaittdthe planar one (150%). Furthermore, the porous
structure with the smaller pore size possessegle&hiPDMS/air interface surface area, which can
increase the mechanochromic activation sites of@atnated stress near the interface, resulting in a
considerable increase in color contrast, strairsiteity, and strain sensing range. Based on these
results, it is worth noting that the number of ation sites for localized stress around the pavala

be crucial for dependence of pore size on mechaantb sensitivity, rather than maximum localized
stress. For the porous mechanochromic compositesth&NPs, the greatly reduced critical stress at
strain values of 35%, 45%, and 45% corresponds.@8-0.14 MPa, which can be attributed to
significant enhancement in maximum localized stbgssp to 5.7 times near the SNPs (Figure 3.3.10c).
Further, the maximum localized stress near SNPduatly increases with the size of SNPs (Figure
3.3.10c), leading to significant reduction of @i stress (35%) for mechanochromic activation and

thereby enhancing mechanochromic sensitivity utfteesame strain.
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Figure 3.3.10. The finite element simulations of (a) stress distributions of mechanochromic polymers with
different pore sizes (left) and with 300-nm SNPs and a 5-pum pore size (right) under a tensile strain of 50% and
maximum localized stress near the pore surface in porous mechanochromic polymers with (b) different pore sizes

and (c) different SNP sizes and a pore size of 5 um as a function of strain (see Figure 3.3.11 for the initial system
configuration).
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Figure 3.3.11. Simulated surface areas of porous mechanochromic composites with different pore sizes based on
face-centered cubic (FCC) unit cell arrays. The porous structures are modelled according to average pore sizes of
50, 25, 10 and 5 um with the same porosity (26%) based on FCC unit cell arrays. Volume is determined as the
total material volume, excluding the pore volume. Area is the total surface area of the porous structure.

Likewise, the porous structure with the smallesem@ize amongst the samples possesses the
highest PDMS/air surface area, resulting in a greatmber of mechanochromic activation sites of
concentrated stress near the interface (Figurd3.3This produced a considerable enhancement in
colour change and strain sensitivity. For the psroamposites decorated with SNPs, additional stress
concentration occurs in the pore region near thesSbecause of the load-bearing support provided by
the hard SNPs at the inner surfaces of the soéspéiurthermore, the maximum localised stress near
the SNPs gradually increases with SNP size (Figugel3), thereby enhancing mechanochromic
sensitivity. Based on the FEM results, we can amfekhat both the amount of activation sites aed th
maximum stress localized around the pores and Siteésmine the overall mechanochromic sensing
properties (relative colour intensity and strainsstivity). Most material modifications that enhartbe
onset of mechanochromism also reduce extensibiiggause mechanochromism is triggered by
polymer chains approaching their maximum extensibn.constrast, the hierarchical NP-MP
architecture of the porous composite structurehis study simultaneously reduces the onset of
mechanochromism and enhances the extensibilitys Tddvance will allow us to introduce
mechanochromism to devices which operate undergeraf strain conditions, from very small to large
amounts of deformation. As a proof of concept, alitated an e-skin based on the composite material
and used it as a wearable motion sensor and dudé-rwaich audio sensor. The e-skin enabled the

detection of static/dynamic force without any em&dpower source.
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Figure 3.3.12. The finite element simulations of stress distributions of porous PDMS/SP composites with different
pore sizes (25, 10 and 5 um) placed under 50% tensile strain calculated numerically using Abaqus software. For
simplicity, the elastic modulus is set to 1 MPa with the same porosity (26%) for all porous composites (see Figure
3.3.11 for the initial system configuration).
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Figure 3.3.13. The finite element simulations of stress distribution of porous PDMS/SP composites (pore size =
5 um) decorated with SNPs with different sizes (300, 100 and 20 nm) placed under 50% tensile strain calculated
numerically using Abaqus software. For simplicity, to understand the role of the SNPs at the pore walls, the elastic
modulus of the porous matrix is set to 0.24 MPa (consistent with the experimental data). The elastic modulus of
the SNPs is set to a general value of 180 GPa for all sizes.
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The hierarchical NP-MP architecture of the mechlhnmmic composites also enhances the
mechanochromic sensitivity in response to normat€fdn addition to tensile strain. This property
allows the composites to be applied in touch-seesinechanochromic e-skins. We evaluated the
changes in the RGB color parameters of the congmgit response to normal forces applied using a
force gauge. Under a normal force of 6 N, the pe®®DMS/SP/SNP compaosites exhibit more vivid
mechanochromic color than the nonporous and postustures. Compared to the nonporous and
porous structures, the changes in the relativamedisities were larger for the hierarchical NP-MP
structures, indicating a more vivid color chandee Telative red intensity decreased from 0.4224 0.
in conjunction with decreasing pore size (Figu®@B4a). This phenomenon is attributed to the irezea
in the area of stress concentration with decregsarg size (Figure 3.3.14b). Meanwhile, decorating
the porous structures with SNPs further increasegynamic color transition range to 85% over awid
range of force (1-12 N). Amongst the composited wlifferent SNP sizes, the composite with the
largest SNPs (300 nm) exhibits the largest coloatian (85%) without saturation (Figure 3.3.15a).
Decorating the pores with 300-nm SNPs further impsothe pressure sensitivity, thus enabling
detection at a minimum force of 1 N, six times lowean the minimum detection force of nonporous
polymers (6 N). The improvement in mechanochroraitsgivity achieved by the addition of SNPs is
attributed to the drastic increase in localizedsgmear the hard SNPs. The FEM calculations itedica
that amongst the tested SNPs, the 300-nm SNPsietthébstrongest localized stress in response to
normal force (Figure 3.3.15b). The low detectiomiti (1 N or 1 MPa) represents a significant
enhancement (~50 times increase) over previouglgrted mechanochromic polymers (50 and 375
MPa). The porous mechanochromic composites repbtegin also provide a high lateral resolution
for force sensing, enabling the mapping of locaspure distribution without the need for complex

Sensor array patterns.
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Figure 3.3.14. (a) Relative color changes of porous PDMS/SP composites with different pore sizes in response to
applied normal pressure. (b) The finite element simulations of stress distributions in porous PDMS/SP composites
with different pore sizes under applied normal pressure. The simulation conditions are identical to those in Figure

3.3.12.
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Figure 3.3.15. (a) Relative color intensities of porous PDMS/SP composites (pore size = 5 um) decorated with
SNPs of different sizes (20, 100, and 300 nm) as functions of vertical pressure. (b) The finite element simulations
of stress distributions at the surfaces of pores in porous PDMS/SP composites with SNPs under applied pressure.
The simulation conditions are identical to those in Figure 3.3.13.

In the future, this strategy could be extendedriprove the stress-reporting capabilities of
other mechanophores. Previous work has indicatad(ifhthe extent of mechanophore activation can
be directly related to the first invariant of tleedl strain, independently of whether the straimpiglied
in a uniaxial or biaxial manner, and (ii) while thbsolute magnitude of mechanophore activation
depends on the mechanophore, the relative amoumeofianophore activation as a function of strain
is constant across a range of strains in filled FDNastomers. The strain-focusing approach destribe
here should therefore carry over to other mechamrgsh and we anticipate that further work in this
and similar composite materials will provide aduil insight into the design of more active
mechanochromic materials. Our hierarchical NP-Mitiework is expected to allow the development
of multifunctional and multiresponsive mechanocleahmaterials for user-interactive devices, smart

robotics and wearable healthcare/diagnosis apitsatn future.
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Piezoresistive sensors: Hierarchical and gradient structures in biolob&astems with unique
mechanical properties have inspired innovationsdterials design for construction and mechanical
applications. Analogous to the control of streasdfer in gradient mechanical structures, the obntr
of electron transfer in gradient electrical struetushould enable the development of high-perfoaman
electronics. This paper demonstrates a high pedooa electronic skin (e-skin) via the simultaneous
control of tactile stress transfer to an activessem area, and the corresponding electrical current
through the gradient structures, as shown in FiguBe.6. The flexible e-skin sensor has extraorilina
high piezoresistive sensitivity at low power amngehrity over a broad pressure range, based on the

conductivity-gradient multilayer on the stiffnessdient interlocked microdome geometry.

N
~
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~

Interdigitated electrode

on microridge ~ High Medium Low
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Figure 3.3.16. Structural characteristics of highly-sensitive piezoresistive sensors.

Specifically, in this work, we introduced the cama electrode design, because its
piezoresistance variation highly depends on thegh@n contact resistance of surface microstrusture
compared with the sandwiched top and bottom eldesdesign, thereby enabling giant piezoresistance
variations from the insulator (~1A9) to the conductor (~102), according to the contact area and
conductivity of the active material (see Figure. B73. In addition, the conductivity of each layeihe
PEDOT:PSS/PUD multi-layers on the PDMS microdonsedeisigned to gradually increase from the
outer layers to the inner layers for the cascadevadion of piezoresistive current pathways.
Furthermore, the interlocked microdome structurabées effective stress concentrations at small
contact spots between the microdomes, leadingetm#itantaneous and drastic increase in the peessur
induced contact area and the resulting decregsezdresistance. As one of the most important featu
on this work, the interlocked structures with st#és-gradient can also be observed in the intextbck
micro-ridge structures on the human skin. In the& skin, owing to the modulus difference between
the interlocked epidermal and dermal layers, agplaetile stimuli are highly concentrated at the
interface of the stiffness-gradient interlockeayadctructure and efficiently transferred to theerhdng
mechano-receptors, allowing highly sensitive tacénsing functions. The design of the stiffness-

gradient interlocked structure is important in emtiag the pressure-sensing performances by the
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effective stress concentration effect, as showkigare 3.3.18. In addition, the use of TPU withighh

Young’'s modulus enables stable working of the otiaterdigitated electrode.
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Figure 3.3.17. Comparison of pressure sensors with sandwiched electrode and coplanar electrode. (a) Working
mechanism of the pressure sensor with sandwiched electrode. The total resistance (Rt) depends on both contact
resistance (R.) and bulk resistance (Ry). (b) Pressure-sensing mechanism of the pressure sensor with coplanar
electrode. The total resistance depends on sheet resistance (Rs) and contact resistance, but mainly on contact
resistance.

. Stress
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Figure 3.3.18. The finite element simulations of the local stress distribution for piezoelectric sensors with (a) top
and bottom PDMS layers and (b) the stiffness-gradient interlocked structure with top PDMS layer and bottom
TPU layer using Abaqus software. The simulated top and bottom layers were composed of PDMS or TPU
materials corresponding to each condition, with interlocked microdome structures with a diameter of 10 pm and
a pitch of 12 pm (i.e., unit cell of hexagonal arrays). The elastic modulus of PDMS and TPU materials were 1.98
MPa and 65 MPa, respectively, which were consistent with the experimental values.
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Typically, multi-level mechanical structures ardrémluced in piezoresistive e-skins to
enhance sensing performances over those basedrmar plulk materials. However, improving sensing
performances by engineering of multi-level mechanistructures still has severe limitations in
enhancing the linear sensing capability and seitgitiin contrast, engineering of gradient electkic
structures in combination with gradient mechangtalctures can significantly enhance the sengjtivit
and linearity of piezoresistive e-skins. Figure.B93schematically illustrates the piezoresistivessey
mechanism of the multi-layered sensor with gradoemiductivity. In the conductivity-gradient multi-
layers, the outermost PEDOT:PSS/PUD composite Iglierd layer) with highest resistance is firstly
activated under low initial pressure, inducing lowrrent flows through the highly resistive layer
(Figure 3.3.19al3). As the pressure is gradually increased, thetredat current pathway is steadily
expanded into the inner secorg) @nd first (1) layers with lower resistances, owing to the press
induced increase in the contact area and decredbe ithickness of the elastic multi-layers (Figure
3.3.19b and 3.3.19c), leading to the gradual irsmreaf current flows through the multi-layers.
Therefore, ripples of cascading electrical activadi are generated from outer to inner layers until
reaching the saturation current by the innermgsrlar herefore, through the superposition of pressu
dependent electrical currentt, (12, I3) of each layer in the multi-layers, the condutyhrgradient
structure enables ultra-high pressure sensitiwitthie large current differences between the inétrad
saturation currents, and linear pressure detectien a large pressure range by the gradual adivati
of current pathways from outer to inner layers witbher to lower resistances, respectively (Figure
3.3.19¢).

(a) ressure (b) i High pressure

I'?

Alll,
Aln,

Pressure Pressure Pressure

Figure 3.3.19. Schematic illustration and pressure-sensing trends of multi-layered e-skin under (a) low pressure
range, (b) medium pressure range, and (c) high pressure range. The red line represents the relative current change
of the triple-layered pressure sensor based on the superposition of pressure-dependent electrical current of each
layer in multi-layers.

To demonstrate this sensing mechanism, we put fdritoretical and numerical analyses of

the physical basis of the remarkably enhanced thatysand linearity over a broad range of pressure

for the conductivity-gradient multi-layered sensdrs achieve a systematic numerical analysis fer th
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multi-layered sensors, we first describe the eleaitbehavior for each single layer in responsthéo
applied pressure by introducing a simple, modieitzmann-type exponential function:
L=1,+(l,—1,)e ™ (3.1.1)
Here,lo denotes an initial electric current at very snaglplied pressureAP=0) andl.. is an
asymptotical current in the limit of high pressyteandy represent the effective pressure sensitivity,
especially in the low-to-intermediate pressure megi and stretched exponential behavior in the
intermediate-to-high pressure regime, respectivélyus, bothg and y generally depend on the
mechanical modulus and electrical conductivityhef tayer, the layer geometry, the applied pressure
type, and so on. This simple expression is fourlgeta reasonable description of the overall belhavio

of electric current in each single-layered sen860(i2/sq, 60 K)/sqg, and 22&/sq) when compared

with the experimental results across the entirequie range (Figure 3.3.20).

(a) 40k , (b) , (c)
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Figure 3.3.20. Experimental results (symbol) and numerical regsibdid line) of the electric current for single-
layered pressure sensors with different sheet resistance; (a) 300 kQ /sq, (b) 60 K/sq, and (c) 2262 /sq.

We now extend our analysis to multi-layered sendarsimplify the numerical analysis while
still capturing the essential physical features,assume that each layer in the multi-layered sensor

makes an individual contribution to the total cutré, in parallel;eg., | =1, +1,+1; for a triple-

layered sensor with, |, andl; representing the electric current passing thrahgthirst (inner), second
(middle), and third (outer) layer, respectively réleve supposed that the variationsjm,, andls with

the applied pressure effectively accommodate allchmplex physical influences in association with
the mechanical deformation of each layer, variaflerfacial electrical resistance between adjacent
layers, and so on. By considering that the surrimgnduter layers offer additional electrical resigate

by geometrically blocking the current flow to tmmer layers, we propose the following expression fo
double-layered sensors:

Idouble = I 2,single+ f {AP) I

with 0< f,(AP)<1. (3.1.2)

1,sing
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Here, the lower index represents the inner layeticd that we retain the original electrical
behavior of each single layer in describing theralelectrical behavior of multi-layered sens@se

to the various complex physical phenomena occuritinthe multi-layered sensors in response to
external pressure, the detailed functional form bj(AP) is generally unknown. However, to
understand the intrinsic features of multi-layesedsors, we consider a simpler situation. For nteta

we suppose fz(AP)=H(AP—APO) , with the Heaviside step functioh], and the associated

threshold pressure valuaPo. This form of f2 (AP) physically represents a delayed conductive

behavior of the inner first layer due to the oweeond layer. A simple numerical result for thetdeu
layered sensor based on equation 3.1.2 incorpgratigingle layer information is shown in Figure
3.3.21.

@@ 4 (b) 4
: Idouble
= 2t = 2} —_—
E I1,sing|e a H(AP'APO)I1,singIe
,single AP, 2,single
b X L
0 0
Pressure (kPa) Pressure (kPa)
(€ 8 (d) 8
6 6 : Itriple
= 4t = 4 e
a l1,sing|e a - H(AP'AP1)'1,single
2| 2t '
l2,sinnle H(AP'APO)I2,singIe
ki single l<—> I3 single
o of A P, AP,
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Figure 3.3.21. Simple numerical analysis of ideal electrical é&brs on (a,b) double-layered and (c,d) triple-
layered sensors. The lower indéXs(gie |2,singla @Ndlzsingid represents the inner layer for both double- and

triple-layered sensors. We adopt a form of the ke step function,H (AP—APO) , with the associated

threshold pressur@aPo, which is an ideal way to describe the delayedloctive behavior of the inner layer for
multi-layered sensors. Note that the overall eleatbehavior of the doublégdunid and triple (wipie) layers are

obtainedvia the linear superposition of each single layerlag . = | 5 gyt H(AP=AP)I . and
lie = | +H(AP-AP)I H (AP -AP)|

triple 3,single 2,sing|e+ 3,sing"

The adoption of the Heaviside step functtérior f2 (AP) is an ideal way to describe the

delayed conductive behavior of inner layer for iirlalyered sensors only for increasing the pressure

67



sensing range. Therefore, to realistically desdtilgehigh sensitivity and linearity over broad prae

ranges and account for complex physical phenomewalvied in multi-layered sensors, a simple
Heaviside step function is insufficient. If a mqysical form of f,(AP) =[1-e“#7"] that is
consistent with the Boltzmann-type expression afagign 3.1.1 is adopted, the overall electrical
behavior of the double-layered sensors can beibdeskcas:

+[1—-e PP (3.1.3)

Idouble = I 2,single 1,single
The factor of f,(AP)=[1-e“*7”] to impose single layeily(sngd itself has the crucial role of

increasing the linear sensing range over a largsspre range, even for single-layered sensorsré~igu
3.3.22a). For double-layered sensors, through dirsegperposition from equation 3.1.3, pressure
sensitivity and linearity additionally increase oa@ extended pressure range with the incorporafion

each single-layer information (layers 1 and 2) (Fég3.3.22b). Thus, the Boltzmann-type expression
for f, (AP) provides a reasonable description of the ovetatitécal behavior in conjunction with

the delayed conductive behavior of the inner ldgedouble-layered sensors.

lz,single (= l3,sing|e) ldouble
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i 0.5 i (1 ‘e.mAP)y)'Lsingle
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Figure 3.3.22. Numerical analysis of realistic electrical belasiin (a) single-layered, (b) double-layered, and
(c) triple-layered sensors. The lower ind&xifgia 12,singa @ndlzsingid represents the inner layer for both double-
and triple-layered sensors. We adopt a more phyfsiga of the Boltzmann-type exponential function

(1- e_(mp)y) to describe the delayed conductive behavior méidayer for multi-layered sensors. Note that the
overall electrical behavior of doublkrduibid and triple [uipie) layers are obtaineda the linear superposition of
+[1- g (BAP)? I

2,single

+[1-e AP

each single layer ad ;. = | and

1,single

= _ o (B0P)R — @ (BLP)?
triple — |3,single 2,single+[1 e ][1 e ]Il,single'
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Based on the numerical analysis of a double layefurther extend equation 3.1.2 to a triple-
layered sensor:
Lige = la.singe™ To(AP)1 5 gnget T {AP) f (AP)1 with 0< f,(AP), f,(AP) <1 (3.1.4)

triple 3,single 2,singl 1,single

Note that we applied not onlyf, (AP) but also f, (AP) consistently to the innermost layer,

considering the same effectf{(AP)] of the outermost layer on the first and secongers.
Furthermore, as consistent with the Boltzmann-ggaression of equation 3.1.1, adopting the forms
of f,(AP)=[1-e "] and f,(AP)=[1-& "], we have the following form of overall
electrical behavior of the triple-layered sensors:

e = Lssmge* (L= € BT, et [L— € P77 L — e 3577 (3.1.5)

triple 3,single 1,single*
The numerical result for triple-layered sensorsedasn equation 3.1.5 is shown in Figure 3.3.22c,
which is consistent with the physical aspects efrtimerical analysis for the double layer that diees

the delayed conductive behavior of the inner ldgermulti-layered sensors. As a result, pressure
sensitivity and linearity increase from singleriple layers over broad pressure ranges (Figur3)3

We further note that all the numerical results dase equations 3.1.3 and 3.1.5 properly describe th
general behavior of the electric current and agvek with the experimental results of double- and

triple-layered sensors across the entire presamger(Figure 3.3.23).
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Figure 3.3.23. Schematic illustration and pressure-sensing trends of (a) single-layered sensor, (b) double-layered
sensor, and (c) triple-layered sensor. (d) Experimental results (symbol) and numerical results (solid line) of the
electric current for single layered sensors (60 kQ/sq and 226 Q/sq, respectively), and double-layered sensor (226
Q/sq and 60 kQ/sq). (e) Experimental results (symbol) and numerical results (solid line) of the electric current for
single-layered sensors (300 kQ/sq, 60 k/sq and 226 Q/sq, respectively), and triple-layered sensor (226 €Q/sq, 60
kQ/sq, and 300 kQ/sq). (f) Experimental results (symbol) and numerical results (solid line) of single-layered
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sensor (226 Q/sq), double-layered sensor (226 Q/sq and 60 k€Q/sq), and triple-layered sensor (226 /sq, 60 kQ/sq,
and 300 kQ/sq). Here, the higher resistive layer represents the outer layer for multi-layered sensors.

This theoretical and numerical analysis was well-suited for other combinations of multilayers
with different resistances (Figure 3.3.24) with actural experimental results, demonstrating the reliability

of the proposed sensing mechanism.

Ideal case

aml © ,— Single
o ,—— Double -
o ,— Triple 4 ©
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Figure 3.3.24. Experimental results (symbol) and numerical results (line) of the ideal model (226 Q/sq, 2 k€Q/sq,
and 20 kQ/sq); single-layered sensor (226 Q/sq), double-layered sensor (226 Q/sq and 2 kQ/sq), and triple-layered
sensor (226 Q/sq, 2 kQ/sq, and 20 kQ/sq). The numerical results of electrical behavior for the double and triple
layers were obtained via equations 3.1.3 and 3.1.5.

Likewise, we demonstrated a multi-layered flexiptessure sensor with ultra-high sensitivity
and linearity over a broad range of pressure, basdtie design of interlocked microdome structures
with the conductivity-gradient multilayers on stiffss-gradient interlocked microdomes and coplanar
electrodes. The conductivity-gradient multilayetvaed us to control the saturation behavior of
resistance change by the gradual activation ofectirpathway from outer to inner layers and the
difference between initial and saturation resistanthus ensuring the superior linearity and uitodr
sensitivity (3.8 x 105 kP§) for the pressure range of up to 100 kPa. In amdithe human skin-inspired
stiffness-gradient interlocked structure exhibgéfdctive stress concentration between the micreagom
enabling highly sensitive and stable functioningtied pressure sensors. Further, the multi-layered
pressure sensor exhibited a rapid response timed@b ms and a minimum detectable pressure level
of 0.025 Pa. The applicability of the pressure sen# various applications fields was successfully
demonstrated, including sound sensor, weak gasymesensor, pressure mapping, and personal
healthcare monitoring. We believe that the propasedti-level gradient electrical and mechanical
structures can be readily extended to other eleictroaterial design as a general strategy for theige
regulation of electrical current and mechanicaéssgrtransfer. This will in turn usher in the next

generation of electronics.
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3.4 Conclusion

We modeled and demonstrated polymer nanocompdadsifabricate high performance sensor
devices using the finite element method (FEM) satiahs collaborated with experimental approach.
Through a precise modeling in consideration to tipalarly) mechanical properties of polymeric
materials, we found the most optimized constructibthe nanostructured composite materials with
highly improved sensing performances (ultrahighsiaiity, linear sensing capability, and broad
sensing range). Finally, we demonstrated highlgisige triboelectric, ferroelectric, mechanochromic
and piezoresistive sensors with a precise phy§ioalamental) sensing mechanism to improve sensing
ability through theoretical and numerical analyses.

For triboelectric sensors, the gradient stiffnestvieen stiff epidermis and soft dermis with
interlocked microdome structures in human skin aedueffective stress transmission to underlying
mechanoreceptors for enhanced tactile sensingiréiaspy skin structure and function, we fabricate
hierarchical nanoporous and interlocked microdotngstired polymers with gradient stiffness for the
spacer-free, ultrathin, and highly-sensitive triea&ic sensors (TESs). The skin-inspired hieraahi
polymers with gradient elastic modulus enhancectimapressibility and contact areal differences due
to effective transmission of the external stresefstiff to soft layers, resulting in highly sems#t TESs
capable of detecting human vital signs and voioeaddition, the microdomes in the interlocked
polymers provide an effective variation of gap aigte between interlocked layers without using the
bulk spacer and thus facilitate the ultrathin dedible design of TESs that could be worn on thdybo
and detect a variety of pressing, bending, andtitgsmotions even in humid and underwater
environments.

For ferroelectric sensors, we demonstrated a flexXdrroelectric sensor with high pressure
sensitivity and linear response over an exceptiptabad pressure range. The suggested ferroalectri
sensor is based on the rGO/PVDF ferroelectric caitg® with a multilayer interlocked microdome
geometry. The contact area of the interlocked rdienoe structures rapidly increases from almost zero
in the initial unloading state to an extremely higtiue in the high-pressure loading state, whichlza
attributed to the concentrated and amplified sta¢sssmall spot between interlocked microdomess tha
greatly deforms the interlocked microdomes, resglin the significant increase of the contact area.
With increasing number of stacked layers, the airdeea dramatically increases due to the increased
number of contacted microdomes. The multilayer ggtoyncan enhance the linearity of pressure
sensing because the multilayer interlocked microelooan distribute the applied stress to each ddacke
layer. As a result, pressure sensitivity and liigamcrease with an increase in the number ofrigye@
multilayer e-skins. We also investigated the effe#icthe rGO loading concentration on the pressure-
sensing performances of multilayer e-skins.

For mechanochromic sensors, we demonstrated thararchical NP-MP architecture in

porous mechanochromic composites can enhance bethamochromic strain/stress sensitivity and
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stretchability. The experimentally determined gtmue—activity relationships and computational
modelling results suggest the following generalgtegrinciple: reducing pore size while increasing
SNP size should enhance the mechanochromic sétysifio demonstrate this design principle, we
analyzed the simulated localized stress numericallgulated by finite element simulations. All bét
porous structures exhibit 1.6 times higher maximooalized stress, than that exhibited by the planar
structure under a strain of 100%, which result megcwith the experimental result that depicts a
decrease in the critical strain (55%) for the psrstiuctures as compared with the planar one (150%)
Furthermore, the porous structure with the smaltee size possesses a higher PDMS/air interface
surface area, which can increase the mechanochiaxtiiation sites of concentrated stress near the
interface, resulting in a considerable increasealor contrast, strain sensitivity, and strain &gms
range. Based on these results, it is worth notiag the number of activation sites for localizeds$
around the pore would be crucial for dependengeooé size on mechanochromic sensitivity, rather
than maximum localized stress. For the porous mexdtaomic composites having SNPs, the greatly
reduced critical stress at strain values of 35%%4&nd 45% corresponds to 0.08-0.14 MPa, which can
be attributed to significant enhancement in maxinhoralized stress by up to 5.7 times near the SNPs.
Further, the maximum localized stress near SNR3uglly increases with the size of SNPs, leading to
significant reduction of critical stress (35%) fmechanochromic activation and thereby enhancing
mechanochromic sensitivity under the same strain.

For piezoresistive sensors, we demonstrated a -tayltred flexible pressure sensor with
ultra-high sensitivity and linearity over a broawhge of pressure, based on the design of interdbcke
microdome structures with the conductivity-gradientitilayers on stiffness-gradient interlocked
microdomes and coplanar electrodes. The conductivadient multilayers allowed us to control the
saturation behavior of resistance change by thdugtaactivation of current pathway from outer to
inner layers and the difference between initial aaturation resistances, thus ensuring the superior
linearity and ultra-high sensitivity (3.8 x 105 kBdor the pressure range of up to 100 kPa. In amdit
the human skin-inspired stiffness-gradient intdatstructure exhibited effective stress conceotnat
between the microdomes, enabling highly sensitivé stable functioning of the pressure sensors.
Further, the multi-layered pressure sensor exhlateapid response time of 0.016 ms and a minimum
detectable pressure level of 0.025 Pa. The apjilityatf the pressure sensors in various appligatio
fields was successfully demonstrated, includingngosensor, weak gas pressure sensor, pressure
mapping, and personal healthcare monitoring. Wéebelthat the proposed multi-level gradient
electrical and mechanical structures can be readilgnded to other electronic material design as a
general strategy for the precise regulation oftatead current and mechanical stress transfer. Wiils

in turn usher in the next generation of electranics

72



3.5 References

10.

Takei, K.; Takahashi, T.; Ho, J. C.; Ko, H.; GiflieA. G.; Leu, P. W.; Fearing, R. S.; Javey, A.
Nanowire Active-Matrix Circuitry for Low-Voltage Maoscale Atrtificial SkinNat. Mater. 2010,

9, 821-826.

Park, S.; Kim, H.; Vosgueritchian, M.; Cheon, SimKH.; Koo, J. H.; Kim, T. R.; Lee, S,;
Schwartz, G.; Chang, H.; Bao, Z. A. Stretchable rgpédarvesting Tactile Electronic Skin
Capable of Differentiating Multiple Mechanical StiinModes.Adv. Mater. 2014, 26, 7324-7332.
Shi, M. Y.; Zhang, J. X.; Chen, H. T.; Han, M. Bhankaregowda, S. A.; Su, Z. M.; Meng, B.;
Cheng, X. L.; Zhang, H. X. Self-Powered AnalogueaBngkin.ACS Nano 2016, 10, 4083-4091.
Wang, C.; Hwang, D.; Yu, Z. B.; Takei, K.; Park; Chen, T.; Ma, B. W.; Javey, A. User-
Interactive Electronic Skin for Instantaneous Ruesd/isualizationNat. Mater. 2013, 12, 899-
904.

Jeong, J. W.; Yeo, W. H.; Akhtar, A.; Norton, JSJ.Kwack, Y. J.; Li, S.; Jung, S. Y.; Su, Y. W;
Lee, W.; Xia, J.; Cheng, H. Y.; Huang, Y. G.; Chal, S.; Bretl, T.; Rogers, J. A. Materials and
Optimized Designs for Human-Machine InterfacesBmdermal ElectronicsAdv. Mater. 2013,

25, 6839-6846.

Xu, S.; Zhang, Y. H.; Cho, J.; Lee, J.; Huang, Xa, L.; Fan, J. A.; Su, Y. W.; Su, J.; Zhang, H.
G.; Cheng, H. Y.; Lu, B. W.; Yu, C. J.; Chuang, Kim, T. I.; Song, T.; Shigeta, K.; Kang, S.;
Dagdeviren, C.; Petrov, I.; Braun, P. V.; Huang(Y. Paik, U.; Rogers, J. A. Stretchable Batteries
with Self-Similar Serpentine Interconnects and draded Wireless Recharging Systerist.
Commun. 2013, 4, 1543.

Hwang, B. U.; Lee, J. H.; Trung, T. Q.; Roh, E.pKiD. I.; Kim, S. W.; Lee, N. E. Transparent
Stretchable Self-Powered Patchable Sensor PlatfatimUIltrasensitive Recognition of Human
Activities. ACSNano 2015, 9, 8801-8810.

Lee, Y. H.; Kim, J. S.; Noh, J.; Lee, I.; Kim, H; Choi, S.; Seo, J.; Jeon, S.; Kim, T. S.; Lee, J.
Y.; Choi, J. W. Wearable Textile Battery Rechardedly Solar EnergyNano Lett. 2013, 13,
5753-5761.

Pushparaj, V. L.; Shaijumon, M. M.; Kumar, A.; Mgesan, S.; Ci, L.; Vajtai, R.; Linhardt, R. J.;
Nalamasu, O.; Ajayan, P. M. Flexible Energy StorBgwices Based on Nanocomposite Paper.
Proc. Natl. Acad. Sci. U. S A. 2007, 104, 13574-13577.

Xu, S.; Zhang, Y. H.; Jia, L.; Mathewson, K. E.ndakK. I.; Kim, J.; Fu, H. R.; Huang, X.; Chava,
P.; Wang, R. H.; Bhole, S.; Wang, L. Z.; Na, Y.Quan, Y.; Flavin, M.; Han, Z. S.; Huang, Y. G.;
Rogers, J. A. Soft Microfluidic Assemblies of Sersscircuits, and Radios for the Skitience
2014, 344, 70-74.

73



11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Kim, D. H.; Lu, N. S.; Ma, R.; Kim, Y. S.; Kim, Rd.; Wang, S. D.; Wu, J.; Won, S. M.; Tao, H.;
Islam, A.; Yu, K. J.; Kim, T. I.; Chowdhury, R.; N@, M.; Xu, L. Z.; Li, M.; Chung, H. J.; Keum,
H.; McCormick, M.; Liu, P.; Zhang, Y. W.; Omenette, G.; Huang, Y. G.; Coleman, T.; Rogers,
J. A. Epidermal Electronic&cience 2011, 333, 838-843.

Honda, W.; Harada, S.; Arie, T.; Akita, S.; TakKi, Wearable, Human-Interactive, Health-
Monitoring, Wireless Devices Fabricated by Macrésdrinting Technique®dv. Funct. Mater.
2014, 24, 3299-3304.

Scrosati, B. Nanomaterials: Paper Powers BatteealBhroughNat. Nanotechnol. 2007, 2, 598-
599.

Wang, Z. L.; Chen, J.; Lin, L. Progress in Tribattee Nanogenerators as a New Energy
Technology and Self-Powered Senséirsergy Environ. Sci. 2015, 8, 2250-2282.

Wang, Z. L. Self-Powered Nanosensors and Nanosgsfein Mater. 2012, 24, 280-285.

Hu, Y. F.; Lin, L.; Zhang, Y.; Wang, Z. L. Replagra Battery by a Nanogenerator with 20 V
Output.Adv. Mater. 2012, 24, 110-114.

Hansen, B. J.; Liu, Y.; Yang, R. S.; Wang, Z. L ddg Nanogenerator for Concurrently Harvesting
Biomechanical and Biochemical Ener@yCS Nano 2010, 4, 3647-3652.

Kim, S. J.; We, J. H.; Cho, B. J. A Wearable Thegtaeotric Generator Fabricated on a Glass Fabiric.
Energy Environ. Sci. 2014, 7, 1959-1965.

Hu, Y. F.; Yang, J.; Niu, S. M.; Wu, W. Z.; Wang, £ Hybridizing Triboelectrification and
Electromagnetic Induction Effects for High-Efficiellechanical Energy HarvestingCS Nano
2014, 8, 7442-7450.

Ha, M.; Park, J.; Lee, Y.; Ko, H. Triboelectric Geators and Sensors for Self-Powered Wearable
Electronics ACSNano 2015, 9, 3421-3427.

Jiang, X.-Z.; Sun, Y.-J.; Fan, Z.; Zhang, T.-Y.dgtated Flexible, Waterproof, Transparent, and
Self-Powered Tactile Sensing Par&LS Nano 2016, 10, 7696-7704.

Li, T.; Zou, J. D.; Xing, F.; Zhang, M.; Cao, X.; allg, N.; Wang, Z. L. From Dual-Mode
Triboelectric Nanogenerator to Smart Tactile Sen&dviultiplexing Design ACSNano 2017, 11,
3950-3956.

Wang, S. H.; Lin, L.; Wang, Z. L. Nanoscale Trikegttic-Effect-Enabled Energy Conversion for
Sustainably Powering Portable Electroniano Lett. 2012, 12, 6339-6346.

Guo, H. Y.; Yeh, M. H.; Zi, Y. L.; Wen, Z.; Chen, Lin, G. L.; Hu, C. G.; Wang, Z. L. Ultralight
Cut-Paper-Based Self-Charging Power Unit for Seli+€red Portable Electronic and Medical
SystemsACSNano 2017, 11, 4475-4482.

Wang, J.; Wu, C. S.; Dali, Y. J.; Zhao, Z. H.; WaAg, Zhang, T. J.; Wang, Z. L. Achieving
Ultrahigh Triboelectric Charge Density for EfficteBnergy HarvestingNat. Commun. 2017, 8,

88.

74



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Dharmasena, R.; Jayawardena, K.; Mills, C. A.; @ednH. B.; Anguita, J. V.; Dorey, R. A.; Silva,
S. R. P. Triboelectric Nanogenerators: Providifgiadamental Frameworknergy Environ. <ci.
2017, 10, 1801-1811.

Niu, S. M.; Wang, S. H.; Lin, L.; Liu, Y.; Zhou, ¥S.; Hu, Y. F.; Wang, Z. L. Theoretical Study
of Contact-Mode Triboelectric Nanogenerators a&ffective Power Sourc&nergy Environ. <ci.
2013, 6, 3576-3583.

Yang, J.; Chen, J.; Su, Y. J.; Jing, Q. S.; LiLZ.Yi, F.; Wen, X. N.; Wang, Z. N.; Wang, Z. L.
Eardrum-Inspired Active Sensors for Self-Poweredd@aascular System Characterization and
Throat-Attached Anti-Interference Voice Recognitiédv. Mater. 2015, 27, 1316-1326.

Jing, Q. S.; Xie, Y. N.; Zhu, G.; Han, R. P. S.;MgaZ. L. Self-Powered Thin-Film Motion Vector
SensorNat. Commun. 2015, 6, 8031.

Niu, S. M.; Wang, Z. L. Theoretical Systems of Dedtectric Nanogeneratordano Energy 2015,

14, 161-192.

Gu, L.; Cui, N. Y.; Liu, J. M.; Zheng, Y. B.; B&h,; Qin, Y. Packaged Triboelectric Nanogenerator
with High Endurability for Severe Environmeni¢anoscale 2015, 7, 18049-18053.

Lee, K. Y.; Yoon, H. J.; Jiang, T.; Wen, X. N.; 8guW.; Kim, S. W.; Wang, Z. L. Fully Packaged
Self-Powered Triboelectric Pressure Sensor Usingikfgheres-ArrayAdv. Energy Mater. 2016,

6, 1502566.

Nguyen, V.; Yang, R. S. Effect of Humidity and Py on the Triboelectric Nanogeneraltano
Energy 2013, 2, 604-608.

Nemeth, E.; Albrecht, V.; Schubert, G.; Simon, Blykher Tribo-Electric Charging: Dependence
on Thermodynamic Surface Properties and Relativmibiity. J. Electrost. 2003, 58, 3-16.
Gillespie, P. G.; Walker, R. G. Molecular basisrafchanosensory transductidfature 2001, 413,
194.

Delmas, P.; Hao, J.; Rodat-Despoix, L. Molecularchamisms of mechanotransduction in
mammalian sensory neuromat. Rev. Neurosci. 2011, 12, 139.

Hickenboth, C. R.; Moore, J. S.; White, S. R.; 88ttN. R.; Baudry, J.; Wilson, S. R. Biasing
reaction pathways with mechanical forblature 2007, 446, 423.

Caruso, M. M.; Davis, D. A.; Shen, Q.; Odom, S. &attos, N. R.; White, S. R.; Moore, J. S.
Mechanically-induced chemical changes in polymeraterials Chem. Rev. 2009, 109, 5755-5798.
Li, J.; Nagamani, C.; Moore, J. S. Polymer mechhnaoustry: from destructive to productivacc.
Chem. Res. 2015, 48, 2181-2190.

Davis, D. A.; Hamilton, A.; Yang, J.; Cremar, L.;I¥an Gough, D.; Potisek, S. L.; Ong, M. T_;
Braun, P. V.; Martinez, T. J.; White, S. R. Fomdticed activation of covalent bonds in

mechanoresponsive polymeric materidlature 2009, 459, 68.

75



41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Chen, Y.; Spiering, A.; Karthikeyan, S.; Peters\V&; Meijer, E.; Sijpbesma, R. P. Mechanically
induced chemiluminescence from polymers incorpogaéi 1, 2-dioxetane unit in the main chain
Nat. Chem. 2012, 4, 559.

Piermattei, A.; Karthikeyan, S.; Sijbesma, R. Ptivating catalysts with mechanical forddat.
Chem. 2009, 1, 133-137.

Diesendruck, C. E.; Steinberg, B. D.; Sugai, Nlb8Sstein, M. N.; Sottos, N. R.; White, S. R.;
Braun, P. V.; Moore, J. S. Proton-coupled mechaamital transduction: a mechanogenerated
acid.J. Am. Chem. Soc. 2012, 134, 12446-12449.

Lenhardt, J. M.; Ong, M. T.; Choe, R.; EvenhuisRC. Martinez, T. J.; Craig, S. L. Trapping a
diradical transition state by mechanochemical pelyextensionScience, 2010, 329, 1057-1060.
Larsen, M. B.; Boydston, A. J. Successive mechagioatal activation and small molecule release
in an elastomeric material. Am. Chem. Soc. 2014, 136, 1276-1279.

Hong, G.; Zhang, H.; Lin, Y.; Chen, Y.; Xu, Y.; WgnW.; Xia, H. Mechanoresponsive healable
metallosupramolecular polymeidacromolecules, 2013, 46, 8649-8656.

Lee, C. K.; Davis, D. A.; White, S. R.; Moore, JI; Sottos, N. R.; Braun, P. V. Force-induced
redistribution of a chemical equilibriurd. Am. Chem. Soc. 2010, 132, 16107-16111.

Imato, K.; Kanehara, T.; Ohishi, T.; Nishihara, Majima, H.; Ito, M.; Takahara, A.; Otsuka, H.
Mechanochromic dynamic covalent elastomers: quaivit stress evaluation and autonomous
recovery ACSMacro Lett. 2015, 4, 1307-1311.

Chen, H.; Yang, F.; Chen, Q.; Zheng, J. A noveliglteof multimechanoresponsive and
mechanically strong hydrogel&dv. Mater. 2017, 29, 1606900.

Rifaie-Graham, O.; Apebende, E. A.; Bast, L. K.; Bruns, S¢ltreporting fibefreinforced
composites that mimic the ability of biological ma&ls to sense and report damaiydy. Mater.
2018, 30, 1705483.

Li, Z. a.; Toivola, R.; Ding, F.; Yang, J.; Lai, R.; Howie, T.; Georgeson, G.; Jang, S. H.; Li, X,;
Flinn, B. D. Highly sensitive buHin strain sensors for polymer composites: Fluonesgéurnon
response through mechanochemical activa#om. Mater. 2016, 28, 6592-6597.

Kryger, M. J.; Munaretto, A. M.; Moore, J. S. Stiwe—mechanochemical activity relationships
for cyclobutane mechanophordsAm. Chem. Soc. 2011, 133, 18992-18998.

Beiermann, B. A.; Kramer, S. L.; May, P. A.; Moode S.; White, S. R.; Sottos, N. R. The effect
of polymer chain alignment and relaxation on feircduced chemical reactions in an elastomer.
Adv. Funct. Mater. 2014, 24, 1529-1537.

Beiermann, B. A.; Davis, D. A.; Kramer, S. L.; MeorJ. S.; Sottos, N. R.; White, S. R.
Environmental effects on mechanochemical activatibapiropyran in linear PMMAJ. Mater.
Chem. 2011, 21, 8443-8447.

76



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Chen, Y.; Zhang, H.; Fang, X.; Lin, Y.; Xu, Y.; WeerW. Mechanical activation of mechanophore
enhanced by strong hydrogen bonding interactid@S Macro Lett. 2014, 3, 141-145.

Jiang, S.; Zhang, L.; Xie, T.; Lin, Y.; Zhang, Ky, Y.; Weng, W.; Dai, L. Mechanoresponsive
PS-PnBA-PS triblock copolymers via covalently entied mechanophoreACS Macro Lett.
2013, 2, 705-709.

Yan, H.; Yang, F.; Pan, D.; Lin, Y.; Hohman, J. Hglis-lbarra, D.; Li, F. H.; Dahl, J. E.; Carlson
R. M.; Tkachenko, B. A. Sterically controlled menbahemistry under hydrostatic pressure.
Nature 2018, 554, 505.

Zhang, H.; Chen, Y.; Lin, Y.; Fang, X.; Xu, Y.; RuaY.; Weng, W. Spiropyran as a
mechanochromic probe in dual cross-linked elastsrivaicromolecules 2014, 47, 6783-6790.
Gossweiler, G. R.; Hewage, G. B.; Soriano, G.; W&hg Welshofer, G. W.; Zhao, X.; Craig, S.
L. Mechanochemical activation of covalent bonds palymers with full and repeatable
macroscopic shape recoveACSMacro Lett. 2014, 3, 216-219.

Filonenko, G. A.; Lugger, J. A.; Liu, C.; van HeggwE. P.; Hendrix, M. M.; Weber, M.; Mlller,
C.; Hensen, E. J.; Sijbesma, R. P.; Pidko, E. AacKing Local Mechanical Impact in
Heterogeneous Polymers with Direct Optical Imagimgew. Chem. 2018, 130, 16623-16628.
Sagara, Y.; Karman, M.; Verde-Sesto, E.; MatsupKiKn, Y.; Tamaoki, N.; Weder, C. Rotaxanes
as mechanochromic fluorescent force transducgrslymers.J. Am. Chem. Soc. 2018, 140, 1584-
1587.

Park, J.; Kim, M.; Lee, Y.; Lee, H. S.; Ko, H. Fatgip skin—inspired microstructured ferroelectric
skins discriminate static/dynamic pressure and &atpre stimulisci. Adv. 2015, 1, e1500661.
Lee, Y.; Park, J.; Cho, S.; Shin, Y. E.; Lee, HmKJ.; Myoung, J.; Cho, S.; Kang, S.; Baig, C.;
Ko, H. Flexible Ferroelectric Sensors with Ultraiigressure Sensitivity and Linear Response over
Exceptionally Broad Pressure Rang€S Nano 2018, 12, 4045-4054.

Ha, M.; Lim, S.; Cho, S.; Lee, Y.; Na, S.; Baig, o, H. Skin-inspired hierarchical polymer
architectures with gradient stiffness for spaceefrultrathin, and highly sensitive triboelectric
sensorsACS Nano 2018, 12, 3964-3974.

Park, J.; Lee, Y.; Ha, M.; Cho, S.; Ko, H., Micrafbstructured Surfaces for Self-Powered and
Multifunctional Electronic Skinsl. Mater. Chem. B 2016, 4, 2999-3018.

Hua, Q.; Sun, J.; Liu, H.; Bao, R.; Yu, R.; Zhai,Ban, C.; Wang, Z. L., Skin-Inspired Highly
Stretchable and Conformable Matrix Networks for tilluhctional SensingNat. Commun. 2018,

9, 1-11.

Rus, D.; Tolley, M. T., Design, Fabrication and @ohof Soft RobotsNature 2015, 521, 467-
475.

77



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Larson, C.; Peele, B.; Li, S.; Robinson, S.; Tatdévio; Beccai, L.; Mazzolai, B.; Shepherd, R.,
Highly Stretchable Electroluminescent Skin for ©atiSignaling and Tactile Sensingcience
2016, 351, 1071-1074.

Ge, J.; Wang, X.; Drack, M.; Volkov, O.; Liang, MBermudez, G. S. C.; llling, R.; Wang, C.;
Zhou, S.; Fassbender, J., A Bimodal Soft Electr@hkin for Tactile and Touchless Interaction in
Real Time Nat. Commun. 2019, 10, 1-10.

Lee, W. W.; Tan, Y. J.; Yao, H.; Li, S.; See, H; Hon, M.; Ng, K. A.; Xiong, B.; Ho, J. S.; Tee,
B. C., A Neuro-Inspired Artificial Peripheral News System for Scalable Electronic Skifs.
Robotic. 2019, 4, eaax2198.

Koo, J. H.; Jeong, S.; Shim, H. J.; Son, D.; KimKim, D. C.; Choi, S.; Hong, J.-l.; Kim, D.-H.,
Wearable Electrocardiogram Monitor Using Carbon &tabe Electronics and Color-Tunable
Organic Light-Emitting DiodesACS Nano 2017, 11, 10032-10041.

Lee, Y.; Park, J.; Choe, A.; Cho, S.; Kim, J.; ikb, Mimicking Human and Biological Skins for
Multifunctional Skin ElectronicsAdv. Funct. Mater. 2020, 30, 1904523.

Kim, J.; Lee, M.; Shim, H. J.; Ghaffari, R.; Cho, R.; Son, D.; Jung, Y. H.; Soh, M.; Choi, C.;
Jung, S., Stretchable Silicon Nanoribbon Elect®fir Skin Prosthesi®Nat. Commun. 2014, 5,
1-11.

Trung, T. Q.; Ramasundaram, S.; Hwang, B. U.; Med;., An All-Elastomeric Transparent and
Stretchable Temperature Sensor for Bédachable Wearable Electronidsdv. Mater. 2016, 28,
502-509.

Park, J.; Kim, M.; Lee, Y.; Lee, H. S.; Ko, H., Bartip Skin—Inspired Microstructured
Ferroelectric Skins Discriminate Static/Dynamicg3ge and Temperature Stim&ii. Adv. 2015,

1, e1500661.

Wu, Z.; Ding, W.; Dai, Y.; Dong, K.; Wu, C.; Zhang,; Lin, Z.; Cheng, J.; Wang, Z. L., Self-
Powered Multifunctional Motion Sensor Enabled by gWletic-Regulated Triboelectric
NanogeneratorACS Nano 2018, 12, 5726-5733.

Nie, B.; Li, R.; Cao, J.; Brandt, J. D.; Pan, Tiexble Transparent lontronic Film for Interfacial
Capacitive Pressure Sensiglv. Mater. 2015, 27, 6055-6062.

Park, J.; Lee, Y.; Hong, J.; Lee, Y.; Ha, M.; Juifg, Lim, H.; Kim, S. Y.; Ko, H., Tactile-
Direction-Sensitive and Stretchable Electronic Si&ased on Human-Skin-Inspired Interlocked
MicrostructuresACS Nano 2014, 8, 12020-12029.

Wang, X.; Dong, L.; Zhang, H.; Yu, R.; Pan, C.; Wad. L., Recent Progress in Electronic Skin.
Adv. Sci. 2015, 2, 1500169.

Lin, Y.; Chen, J.; Tavakoli, M. M.; Gao, Y.; Zhu,;¥hang, D.; Kam, M.; He, Z.; Fan, Z., Printable
Fabrication of a Fully Integrated and SBhwered Sensor System on Plastic Substréihs.
Mater. 2019, 31, 1804285.

78



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Park, J.; Lee, Y.; Hong, J.; Ha, M.; Jung, Y.-Diml-H.; Kim, S. Y.; Ko, H., Giant Tunneling
Piezoresistance of Composite Elastomers with lot&dd Microdome Arrays for Ultrasensitive
and Multimodal Electronic Skin&\CS Nano 2014, 8, 4689-4697.

Park, J.; Kim, J.; Hong, J.; Lee, H.; Lee, Y.; CBag,Kim, S.-W.; Kim, J. J.; Kim, S. Y.; Ko, H.,
Tailoring Force Sensitivity and Selectivity by Mbgtructure Engineering of Multidirectional
Electronic SkinsNPG Asia Mater. 2018, 10, 163-176.

Jung, S.; Kim, J. H.; Kim, J.; Choi, S.; Lee, Jarle |.; Hyeon, T.; Kim, D. H., Reverse
Micellelinduced Porous PresstBensitive Rubber for Wearable Human—Machine Intexsaidv.
Mater. 2014, 26, 4825-4830.

Lee, D.; Lee, H.; Jeong, Y.; Ahn, Y.; Nam, G.; L¥e,Highly Sensitive, Transparent, and Durable
Pressure Sensors Based on-Bezhin Shaped Metal Nanoparticle&lv. Mater. 2016, 28, 9364-
9369.

Jang, K.-I.; Han, S. Y.; Xu, S.; Mathewson, K. Faang, Y.; Jeong, J.-W.; Kim, G.-T.; Webb, R.
C.; Lee, J. W.; Dawidczyk, T. J., Rugged and Brablih Forms of Stretchable Electronics with
Adherent Composite Substrates for Transcutaneoustéimg. Nat. Commun. 2014, 5, 1-10.
Boutry, C. M.; Negre, M.; Jorda, M.; Vardoulis, GQChortos, A.; Khatib, O.; Bao, Z., A
Hierarchically Patterned, Bioinspired E-Skin AbdeDetect the Direction of Applied Pressure for
Robotics.Sci. Robotic. 2018, 3, eaau6914.

Shuai, X.; Zhu, P.; Zeng, W.; Hu, Y.; Liang, X.; &g, Y.; Sun, R.; Wong, C.-p., Highly Sensitive
Flexible Pressure Sensor Based on Silver Nanovidinebedded Polydimethylsiloxane Electrode
with Microarray StructureACS Appl. Mater. Interfaces 2017, 9, 26314-26324.

Choong, C. L.; Shim, M. B.; Lee, B. S.; Jeon, $; R. S.; Kang, T. H.; Bae, J.; Lee, S. H.; Byun,
K. E.; Im, J., Highly Stretchable Resistive Prees@ensors Using a Conductive Elastomeric
Composite on a Micropyramid Arragdv. Mater. 2014, 26, 3451-3458.

Guo, Y.; Guo, Z.; Zhong, M.; Wan, P.; Zhang, W.a#h, L., A Flexible Wearable Pressure Sensor
with Bioinspired Microcrack and Interlocking for FlRange Human—Machine Interfacirfgmall
2018, 14, 1803018.

Pu, J.-H.; Zha, X.-J.; Tang, L.-S.; Bai, L.; Bao;\¥R; Liu, Z.-Y.; Yang, M.-B.; Yang, W., Human
Skin-Inspired Electronic Sensor Skin with Electrgmetic Interference Shielding for the
Sensation and Protection of Wearable Electrofi€S Appl. Mater. Interfaces 2018, 10, 40880-
40889.

Li, H.; Wu, K.; Xu, Z.; Wang, Z.; Meng, Y.; Li, LUltrahigh-Sensitivity Piezoresistive Pressure
Sensors for Detection of Tiny Pressuk€S Appl. Mater. Interfaces 2018, 10, 20826-20834.

Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Si, J.; Shirinzadeh, B.; Cheng, W., A
Wearable and Highly Sensitive Pressure Sensor Wiittathin Gold NanowiresNat. Commun.
2014, 5, 1-8.

79



93.

94.

95.

96.

Liu, W.; Liu, N.; Yue, Y.; Rao, J.; Luo, C.; Zharid,; Yang, C.; Su, J.; Liu, Z.; Gao, Y., A Flexible
and Highly Sensitive Pressure Sensor Based oni&@atbon Foaml. Mater. Chem. C 2018, 6,
1451-1458.

Bae, G. Y.; Pak, S. W.; Kim, D.; Lee, G.; Kim, D.;Khung, Y.; Cho, K., Linearly and Gighly
Pressuresensitive Electronic Skin Based on a Bioinspireé@rbfichical Structural ArrayAdv.
Mater. 2016, 28, 5300-5306.

Luo, N.; Huang, Y.; Liu, J.; Chen, S. C.; Wong,; Zhao, N., HollowStructured Graphene—
SiliconeCompositeBased Piezoresistive Sensors: Decoupled Propertynguand Bending
Reliability. Adv. Mater. 2017, 29, 1702675.

Lee, Y.; Park, J.; Cho, S.; Shin, Y.-E.; Lee, HimKJ.; Myoung, J.; Cho, S.; Kang, S.; Baig, C.,
Flexible Ferroelectric Sensors with Ultrahigh PueesSensitivity and Linear Response over
Exceptionally Broad Pressure Rang€S Nano 2018, 12, 4045-4054.

80



V. Summary

Here, we first present comprehensive analysis erstiear rheology of polymers for various
molecular architectures (linear, ring, and shoaiatbranched) in the bulk and confined systemsgusin
atomistic NEMD simulations. In comparison to buldymeric system, the interfacial chain dynamics
near the boundary solid walls in the confined systee interesting. Detailed molecular-level analysi
of the individual chain motions for various molemuérchitectures are carried out to characterige th
intrinsic molecular mechanisms for interfacial ¢tgin three characteristic flow regimes (weak,

intermediate, and strong) regarding to the intéafadip behavior (i.e., degree of slip).

Through a comprehensive analysis using the ataniEMD simulations, the nonlinear
rheological properties for linear PE melts (refilegtsubstantial deformation of polymer chains under
intermediate-to-strong flow fields) were closelyamined with respect to the following molecular
characteristics: (i) chain orientation, (ii) stigitay, (iii) disentanglement, (iv) intermolecularigzion,
and (v) end-over-end tumbling dynamics. Here, prtigee (i)—(iii) conform to the well-known polymer
kinetic theory:? Through a detailed analysis of the variationsha tolecular characteristics in
response to the applied shear rate, we proposagexipressions for the shear viscogjtgnd the first
normal stress coefficient; for unentangled and entangled linear PE systertts n@spect to those
molecular variables. Comparing tihé dependence of the structural parameters (defimethé whole
chain backbone and/or entanglement strand) andbdieal properties, we examine the scaling of those
properties with respect to the structural paramsetgpecifically, in the intermediate flow regimeg w
find scaling relationships for the viscosifyand the first normal stress differertieewith respect to the

well-known fundamental molecular characteristicpatymer rheology such as the chain orientation,

chain stretch, and interchain entanglements{i 8*R* and Y, ~0" R* with a1 = (1.5-1.7) and
a2 = (3.2-3.6) for unentangled melts and (i) ~ 22"d? and W, ~ 872Z":d? withy: = (3.8-4.0)

andy, = (2.1-2.4) for entangled melts. Her€(&.9, R, Z, andd.s are the average chain orientation angle
(that of entanglement strand), the mean chain evehtl distance, the average number of interchain
entanglements, and the average length of an eetaegk strand, respectively. While thedand Goo

PE melts employed in this study are rather shattaary mildly entangled systems, we believe that th
basic features of the scaling expressions dedumethése chains remain valid for longer, strongly
entangled chains within statistical uncertaintiésvertheless, considering the rheological influesice
entanglement segments near the chain ends (e@fféct of the contour length fluctuations in thiee
theory), which is particularly important for rather wegldntangled melt systems, the scaling exponent
for theZ-dependence reported here may change slightly gmreach gradually an asymptotic value as
the chain length increases to highly entangled melymelts. Furthermore, our proposed scaling

relationships may be adapted to entangled branobigchers with additional scaling component of the
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arm orientation and stretch at the junction poaitsig the chain backbone whose scaling behavior is
to be the same as that of entangled linear polynusrder moderately strong flow, those relationships
may serve as a supplement (or substitute) for S@Rhahas a rigid molecular basis under slow flow.

In the strong flow regime, the above scaling exgims become invalid and another empirical

rheological scaling is found in terms of the chsedstic rotational timer

rot

as the representative

%
rot

dynamic variable to accommodate intermolecularisiothal effects: (i) 77~ r% and W ~r

rot

with 61 = (0.5-0.6) and, = (1.8-2.0) for both unentangled and entangled systemespidposed scaling
relationships in this study well describedand W, obtained from the NEMD simulations under
intermediate flow, thereby allowing us to correlgtandW¥: with the molecular variable®g(R, Z, and

dey), in particular the scalar orientational variali@ the experimental sense (of correlating rheaalgi
and structural data) explained earlier. Thus, thiefaionships are believed to serve as a supplemen
(or substitute) for the modified SOR under therimtediate flow.

Additionally, we carried out a comprehensive stodythe intrinsic structural characteristics
of ring polymers under shear flow with both dil@ed melt conditions. Our analysis began with the
advanced viewpoint that ring polymers intrinsicglgssess two-dimensional surface characteristics
because of their closed-loop geometry, which cimrast with the one-dimensional line charactesst
of linear polymers. Based on this view, we introelliceveral representative physical measures that
could effectively describe the structural and dyicahcharacteristics of ring polymers, such agoie
and projected surface areas and the average neetialrn..g of the ring surface, which corresponds
with the chain end-to-end vect&e.. of a linear polymer. Knowing the variation of thesurface
measures in response to the applied flow was faondbe very informative for analyzing the
characteristic molecular dynamics mechanisms gf cimins. An efficient numerical scheme was also
developed that allowed us to effectively descrhme complex curved surface formed by flexible ring
chains. Applying this algorithm, we could accurateieasure the overall surface shape and total or
projected areas. The obtained surface informatias found to be very useful for analyzing the
characteristic dynamic mechanisms of ring polymerder shear flow. This scheme can be further
applied to extract the intrinsic geometrical chéggstics for various ring-type polymers (e.g.,dakb-
like polymers) and ring/linear blend systems. Femttore, the numerical algorithm can be used to
directly quantify the degree of penetration betweiierent ring chains, thereby enabling a systénat
analysis of the dynamical role of interchain peat&n for ring melt systems; this has been an itgmbr
(and rather controversial) rheological issue inl#st decades.

Finally, we performed a comprehensive analysishefinterfacial structural and dynamical
behavior of confined polymer melt systems possgsgarious molecular architectures (linear, ring,

SCB linear, and SCB ring) under shear flow usirgrastic NEMD simulations. We placed a particular
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focus on the combined rheological influence of tiesed-loop ring geometry and short-chain
branching on the general structure and dynamitiseoihterfacial chains. In doing so, we examined th
degree of interfacial slip, the underlying charésti&E molecular mechanisms, and the detailed chain
conformations for interfacial chains with respeattheir molecular architectures. In general, the
interfacial linear and ring polymers exhibit thidistinct characteristic regimes for the degreelipf s
(ds) with respect to the applied shear rate: an irsinga decreasing, and increasing behaviodsam

the weak, intermediate, and strong flow regimespeetively. In contrast, the interfacial SCB linear
and SCB ring polymers display almost constant benaf ds throughout the weak and intermediate
flow regimes followed by rapidly increasing behawd ds in the strong flow regime. To elucidate the
interfacial slip behavior, it is very informative &inalyze the fundamental molecular mechanisms with
respect to the three representative (weak, inteateedand strong) flow regimes. In the weak flow
regime, all of the interfacial polymers (lineangj SCB linear, and SCB ring) undergto-x chain
rotation from the neutral direction to the flow elition, which effectively reduces the dynamic wall
friction against chain movement along the flow diilen. However, in comparison with its linear
analogue, the ring polymer possesses a relatigatydr chain dimension in the neutral direction awin
to its intrinsic closed-loop geometry, which enhesthe dynamic friction of the interfacial ring ois
moving against the wall in the flow direction. hretcase of the interfacial SCB polymers, whereas th
main chain backbone becomes gradually alignedeadltw direction with increasing flow strength
(thus decreasing the dynamic wall friction), therstbranches tend to be oriented more perpendicular
(i.e., aligned in the neutral direction) than plalatio the backbone (thus increasing the dynamit wa
friction) in conjunction with their intrinsicallyalst random motions that are practically unaffettgd
the imposed flow fields. These two contrastingdextancel each other out to result in almost emnst

in the weak flow regime for the interfacial SCB yokrs. Furthermore, owing to its relatively larger
chain dimension in the neutral direction associatéiti the ring topology, the SCB ring polymer
exhibits the lowest degree of slip among all ofplog/mers. In respect to the overall chain dimemsio
the closed-loop ring topology tends to enhaBgebut diminish bothG, andG,y, while short-chain
branching tends to enhance b&j andG,, but diminishGy.

Based on fundamental studies for polymers, we mdadily modeled and designed polymer
nanocomposites to fabricate versatile sensor devigging FEM simulations collaborated with
experimental approach. Through a precise modelingonsideration to (particularly) mechanical
properties, we found the most optimized constructibthe nanostructured composite materials with
highly improved sensing performances (ultrahighsisiity, linear sensing capability, and broad
sensing range). Finally, we demonstrated highlgisige triboelectric, ferroelectric, mechanochromic

and piezoresistive sensors with precise physicalddmental) mechanism to improve sensing ability.
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