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Soft multifunctional polymer composites are a class of composite material that can exhibit low
elastic modulus (<10MPa) while also have excellent thermal, electrical conduction, and energy
storage properties. These functional properties are essential for the composite to be integrated into
various devices such as soft thermal, dielectric actuators, tactile and strain sensors. Most existing
soft polymers such as elastomers and hydrogels are highly deformable but are not necessarily ideal
for device integration. Despite that, early pioneering studies had managed to use commercial
elastomers such as Sylgard 184 and Ecoflex 00-30 to create pneumatic soft robots or flexible
circuit boards for rigid electronics. However, these pristine polymers are electrically and thermally
insulative which limits their potential in creating advanced devices. To overcome this, soft
polymers such as elastomers are embedded with distinct types of conductive metallic, non-metallic

solids, and more recently non-toxic liquid metals (LM) such as eutectic gallium-indium (EGaln).

EGaln polymer composite possesses attractive features for wearable applications because the
combined fluidic and metallic nature of liquid metals enable the synthesized composite to retain
high compliance while enhancing their final thermal, electrical conductivity, and permittivity.
Despite that, high volume fraction (50%) of EGaln inclusions is needed to achieve approximately
ten times improvement to the conductive properties of the polymer composite. In addition, the
native oxide shell formed around the EGaln droplets highly influences the elasticity of the EGaln
polymer composite and their ability to form conductive pathways under mechanical loading. To
understand the role of gallium oxide shell, two main modeling frameworks are introduced to

correlate the relative size of this oxide shell with the bulk mechanical behaviors of EGaln polymer



composite and to predict the rupture stress in the oxide shell when external mechanical loading is

applied.

Alternately, solid conductive fillers can improve the functional properties such as the electrical,
thermal conductivity, and permittivity of a soft composite by tenths to even hundredth times at low
volume fraction. One of the promising nanomaterials capable of achieving such enhancement in a
polymer composite is the recently found two dimensional (2D) metallic nanosheets known as
MXenes. Titanium carbide (Ti3C2) is a common type of MXenes which can have an impressive
lateral length of several microns with one nanometer thickness. In addition, TizC, sheets are also
an attractive nanomaterial because of their large intrinsic electrical conductivity and lower elastic
modulus than other 2D nanomaterials, notably graphene. When these large 2D fillers are dispersed
in polymers, these nanosheets can form percolation network at very low concentration (<1%)
which can tremendously enhance the effective conductivity of the composite. However, the
concentration of this 2D solid filler needs to be carefully optimized to ensure minimal stiffening
effects of the overall soft matter composite while high enough for the composite to achieve large
conductivity. To resolve this issue, the following dissertation presents a theoretical model that
correlates the microstructure arrangement of MXene polymer composite with the resulting

tradeoffs between their elastic modulus and their thermal or dielectric properties.

Viscoelasticity is a dominant mechanical behavior found in most soft matter composites,
particularly those with hydrogel matrix. This property causes the composite to relax when constant
strain is applied (stress relaxation) and to gradually increase in strain (Creep) when constant load
is applied. This time-dependent mechanical behavior created a unique difficulty when conducting
dynamic mechanical testing of layered-cell-in-gel composite as maintaining a constant mean
stress/strain on the overall hydrogel composite is challenging. However, regulating this stress
condition is vital to study the mechano-response of the embedded cells. Hence, to optimize the
loading parameter applied on this hydrogel composite, the current dissertation presents an elegant
predictive model based on micromechanics formulation which can help rapidly predict the stress-

time behavior of the composite and to guide experiment executions.

il



Acknowledgements
I would like to express my sincere gratitude to the following individuals and organizations who
have supported me throughout my thesis journey: First and foremost, I would like to thank my
thesis advisor, Professor Mohammad H. Malakooti for his guidance, expertise, and support
throughout the entire thesis process. I am grateful for the many hours of discussions, advice, and
encouragement that he has provided, which have helped me to refine my research and develop my

writing skills.

I would also like to thank the members of my thesis committee: Prof. Junlan Wang, Prof. Lucas
Meza, and Prof. Navid Zobeiry for their time, expertise, and valuable feedback to the constructive

improvement of my thesis.

I am also grateful to Wanwisa Kisalang, the UW mechanical engineering department graduate
advisor, who has provided me with the resources, support, and encouragement necessary to

complete my Ph.D.

I would like to acknowledge the support of my partner Tashi Sherpa, family, friends, and lab mates
in the iMatter Lab, who have provided me with emotional support and encouragement throughout
my academic journey. Their unwavering belief in me has been a constant source of motivation and

inspiration.

Finally, with overwhelming gratitude, I want to pay tribute to the late Prof. Minoru Taya, who first
introduced wondrous world of micromechanics to me and the elegance of Eshelby’s method which
as demonstrated in this work, it is a remarkably versatile technique that can solve a myriad of

complex engineering problems such as in the modeling of soft matter composites.

il



Table of contents

AADSTIACT ... n bbbt [
ACKNOWIEAGEMENTS ...ttt bt ii
TADIE OF CONTENTS ... bbbttt b et b e 1
TADIE OF FIQUIES ...t bbbttt r bbb b 6
LISt OF TADIES......eeee s 12
(@8 T o) 1 I [ (0o [ Tod o] o OSSR 14
1.1 SOft MAtter COMPOSITES ... .vivieiecie ettt s re e e e e sraeee s 14
1.2 Soft multifunctional polymer COMPOSITES ........c.ccvveiiiiiiieie e 14
1.3 Liquid metal polymer COMPOSITES ........cviiieieiieiieese sttt sre e 17
1.3.1 Gallium-based liquid metal nano- or micro- droplets ..........ccccoveieiieiie i 17
1.3.2 Synthesis of liquid metal polymer NanOCOMPOSILES ..........cccveveiieieeieiie e 19

1.4 Application of liquid metal polymer COMPOSILES ..........ccvveveiieeiieiece e 23
1.5 MXene POIYMEr COMPOSITES. .....cuiiuiitieiieiieie ettt sttt sb bbb sre s 25
1.5.1 SYNtNESIS OF IMIXENES ......veiiiiiieiiiee ettt 25
1.5.2 Synthesis and applications of MXene polymer COMPOSItES .........ccoeveererenenenenennnns 27

1.6 Cell in agarose gel COMPOSITE. .........ciiiiiiiie et 27
1.7 Micromechanics MOUEIING ........coiiiiiiiiiie e 28
1.8 Eshelby’s equivalent inclusion method............cccooiiiiiiiiiiiie e 31
1.9 MOtIVAtioN ANA OVEIVIBW.........oviiiiiiiiiieiieieieeeie sttt bbb 34
Chapter 2: Multiscale Micromechanics Modeling of Liquid Metal Polymer Composites.......... 35
2.1 INEFOUUCTION ... b bbbt b et b b 35
2.2 MOdeliNg APPIOACH......cuiiiie et 38
2.2.1 Formulation of Double INClusion MOdel ...........ccoeieiiiiiiiee s 38
2.2.2 Effective FUNCLIONAl PrOPEITIES ......ccivviiiie ettt 40



2.2.3 Finite Element MOAEIING ........coiveiiiieiiee st 41

2.3 RESUILS BN DISCUSSION ....vititiiieiiiteeeiste sttt 42
2.3.1 Mechanical Behavior 0f LIMPCS ... 42
2.3.3 Functional Behavior Of LIMPCS..........ccociiiiiiieessese e 47

2.4 CONCIUSION.......uiiiiietete et bbb bbbttt e bbbt ne b 50

Chapter 3: Rupture Mechanics of Core-Shell Liquid Metal Droplets in Soft Matter Composites51

S L INEFOTUUCTION ..ttt bbbttt b e bbbt ene s 51
3.2 MOAEIING APPIOBCN. ......i it bbbt 53
3.2.1 Geometric definition of Core-shell EGaln particulate .............ccoooovviiiiineiciencen 54
3.2.2 Stress field inside and outside of EGaln inclusion without oxide shell ....................... 55
3.2.3 Stress field inside and outside a core-shell EGaln particulate.............ccccccevveiieiinnnenn, 56
3.2.4 Stress interactions between neighboring core-shell LM droplets...........ccccooevvevirnnee. 59
3.3 DISCUSSION ...tttk bbbt b bbb et b et b bbb et b s 61
3.3.1 Validation with solutions of Benchmark problems.............ccccooveiiiiiiiccic e, 62
3.3.2 Stress in EGaln core-shell inclusion with mild interaction ..............ccccooeveonincinnenen. 64
3.3.3 Size ratio of core-shell EGaln droplets..........ccooviiiiiiiii e 67
3.3.4 Boundary CONAITIONS........ccviiiiiieie ettt sttt re e 68
3.3.5 PACKING TENSITY .....cueiiiiieieiee sttt 69
3.3.6 Prevent rupture of closely packed EGaln droplets...........cccociiiiniiiniencnenccee 70
B CONCIUSION......iiie et bt bbbttt e b et e bbbt bt ene s 71

Chapter 4: Novel Micromechanics Framework for Soft Multifunctional MXene Polymer

(0701101 01011 (=L SPPUPRPTRRPP 72
o O [ oo [FTox (o] ISP P TP PP PR PP 72
4.2 MOAeliNg @PPrOACH.......coiii e 74

4.2.1 Micromechanics model fFormulation...........ccoviiiiiiiciei e 74



4.2.2 Effective properties 0f MXene CIUSIEIS ........c.ccovevviiiiiieie e 76

4.2.3 Effective property of MXene polymer COMPOSILES .......ccocvvereeivereiieneece e 78
4.2.4 Interchangeability Of Property teNSOIS........cceiviiiiieiiere e 79
4.2.5 Cauchy’s cumulative probability function for modeling microstructure evolution ..... 80
4.2.6 Resistance function (Functional Properties).........ccccuerereieieeie e 81
4.2.7 Finite element MEtNOU .........coviiiiiiiieee e e 82
4.4 RESUILS aNd AISCUSSTON.......ueiiiieiiiiie ittt ettt et et e s e sbeestesneesreenteenee e 83
4.4.1 Input properties for Modeling MXPCS ...t 83
4.4.2 MeChaniCal PrOPEITIES. .......oiuiiiiiiiieieie bbb 84
4.4.3 Experimental comparison (SHTINESS) ......ccoviiiiiiiiiicee e 85
4.4.4 Finite element method validation (StffNess)..........cccoveveeiiiiiiici e 86
4.4.5 SOt INTEIPNASE .....vieeie et re e e e nneenee e 87
4.4.6 Thermal PrOPEITIES........ciiiieiie ettt ettt et e e st e e neenee e 88
4.4.7 Finite element method comparison (Thermal conductivity) ..........cccevveveiieiienieennene, 89
4.4.8 Experimental comparison (Thermal ConductiVity) ..........cccoevveiieiiiicieecece e 90
4.4.9 Thermal conductivity and elastic modulus correlation.............c.cccovevieieicciicceee, 91
O (O B TT (=T (g Tol o1 (] 1= (=TSSR 93
4.4.11 Finite element method comparison (dielectric Constants) ..........c.ccocvvvererencrenennnnn 95
4.4.12 Experimental comparison (dielectric CONStaNES)..........cocevereriiiniinieiene e 96
4.4.13 Dielectric constants and elastic modulus correlation ... 97
4.5 SUMMArY and CONCIUSTON .......oiuiiiiiiiieie et 98
Chapter 5: Viscoelastic Model for Cells Layered in Agarose Gel Composite ...........c.ccccevveeee. 100
T8 A [ 0o 1 od 1 o] SR SSSRSSN 100
5.2 EXPerimental detailS...........cooviiiiieiiici e 104
5.3 VISCORIASHIC MOUEI ... 105



5.3.1 Homogenization of layered cell-in-agarose gel COMPOSIte. ........ccccocvvvevveieiiieieenns 105
5.3.2 Boltzmann superposition thEOIY ..........cciviiiiiiieece st 107

5.3.3 Modified Concentric Cylindrical Model (CCM) based on MSICD Experimental Setup

............................................................................................................................................. 110
5.3.4 Corresponding PriNCIPIE .........coiiiiiiiiiiie e 113

5.4 RESUILS AN0 TISCUSSIONS .....vevieiienieeiiesieeiesiee st e et sseeste e tesseesteessesseesseesteeneesreenseensens 113
5.5 SuMmary and CONCIUSION ........c.ooiiiiiiieiiee e 115
Chapter 6: Summary and FUTUIE WOTK .........ccooiiiiiiiiieee e 117
8.1 SUMMIAIY ...ttt ettt e e st e sttt sR bt e e sR b e e e sb b e e e sbb e e e nnbe e e nbbeeebbeenneeeans 117
6.2 RECOMMENUALIONS ...ttt bbbttt bt e st reene e 118
6.2.1 Liquid metal polymer COMPOSITE .........c.ciuveiiiiieie e 118
6.2.2 MXene pPolymer COMPOSITE ........ccueeiiiiieiieeie e e e sae e sre e 118
6.2.4 Viscoelastic behaviors in soft matter COMpPOSILES..........ccoveiiiieii i 119

LY - VSRRSO 120
N o 01T 00 L ST RP PSSRSO 121
1. Supplementary Information for Chapter 2. 121
1.1 Eshelby’s Tensor for Spherical INCIUSION..........ccovoiiiiiiiiice e 121

1.2 Generalized Double INCluSion MOGEL..........ccoiieiieiiieceee e 121

1.3 Extending DI for Functional Properties..........cocuioeiiieni i 122

1.4 Formulation of Style’s Model..........ccoiiiiiiiiiec e 122

1.5 Two-level Double Inclusion model with log-normal inclusion size distribution.......... 123

1.6 Details of Finite Element MOeliNg ........cccooveiiiiiiiiie e 125

1.7 Interpolated Two-level DI model for Functional Properties. ..........ccccocvevveiieiiievnnnn, 127

2. Supplemental Information for Chapter 3 ..o 128
2.1 Exterior EShelby’s TeNSOT ......ccuiiiiiiiiiiiiiiciiei e 128



2.2 Internal EShelbY’S TeNSOT .. ..iiiuiiiiiiiiiiiie ittt 131
3. Supplemental Information for Chapter 4 ..o 132

3.1 Eshelby’s tensor (Mechanical Property) for finite cylinder and ellipsoidal inclusion .. 132

3.2 Flat/finite cylinder Eshelby’s tensor (Functional Property) ........cccccevvvivevivereiieeseennnns 134
3.3 Percolation volume fraction 0f MXPCS ..o 135
4.6.3 OrieNtatioN AVEIAGING ....eeuveueereietestesteste sttt et et et se ettt st e e e s e sresbenbesbesneeneas 135
3.4 Interchangeability of property in IMT model............cccooiiiiiiiiiis 137
3.5 Input material properties for IMT model and finite element method............c.cccceevvne. 138
3.6 RESISTANCE FUNCLION .......iiiiiiieiiciciee et 138
3.7 Boundary conditions iN FEM ..ot 139
3.8 Multilayer MXene in hard or soft polymer MatriX...........cccccvevvivieiieeieiie e 140
4. Supplemental Information for chapter 5 ..o 142
4.1 Prony series parameters of agarose gel and cancer cells............cccoovvevviiiiiciecicceenn, 142
4.2 Boltzmann Superposition Convolution Integral SOIUtIONS............cccevviieiiieiciicceee, 145
4.3 Modifying Concentric Cylindrical Model (CCM) based on experimental setup. ......... 148
RETEIENCE ...ttt 152



Table of figures
Figure 1. Processing liquid metal nanoparticles (LMNPs) via high intensity sonication and shear
mixing. Left: Image of bulk liquid metal being poured into a cup (Credit: Indium Corporation).
Top right: Transmission electron microscopy (TEM) image of LM nanoparticles synthesized via
sonication with thiol ligands. Reproduced with permission [57], copyright 2016, Wiley-VCH.
Bottom right: 3D nano-CT image of LM particles produced by emulsion shearing in uncured
polymer. Reproduced with permission [58], copyright 2019, Wiley-VCH. .........cccccovvveiiiennnnen. 18
Figure 2. (a) SEM (left) and 3D Nano-CT (right) image of LM composite with average diameter
~2 um embedded in Sylgard 184. Reproduced with permission [58], copyright 2019, Wiley-VCH.
(b) Microscopy images of cross-sections of LM composites with Sylgard 184 as the matrix to show
the influence of mixing time on the final droplet sizes. The mixing rate was fixed at 1500 RPM (c)
Average LM particle radius as a function of mixing time for fixed 1500 RPM. Reproduced with
permission [80], copyright 2020, Wiley-V CH. ........ccccoiiiiiiiiiiiiiieieee e 20
Figure 3. (a) Mean diameters of the Ga nanoparticles as a function of ultrasonication time at
different ultrasonication powers at 20 °C. Reproduced with permission [59], copyright 2015,
Wiley-VCH. (b) EGaln droplets produced without thiol self-assembly and (c¢) EGaln droplets
produced with 1ATC9 and C12 thiol ligands. Reproduced with permission [53], copyright 2011,
American Chemical Society. (d) Reversibly controlling the size of Ga NPs. The precursor Ga NPs
were ultrasonicated in the presence of HCI and C12SH in 2-propanol at 50 °C (state 1—state 2) or
20 °C (state 1—state 3), and then again at 20 °C for 20 min (state 2 or 3—state 1) and (¢) Mean
diameters of the GaNPs in states 1-3. Reproduced with permission,[59] copyright 2015, Wiley-
VCH. (f) The setup of dynamic temperature control for maintaining low sonication temperature
when synthesizing LM nanodroplets with bPEG attachment. Reproduced with permission [84]
copyright 2020, American Chemical Society. (g) EGaln NP shape transformation and dealloying
process with SEM image of shape transformed EGaln NP. Reproduced with permission [85],
copYTight 2021, WIlEY-VCH. ....ooiiiiiiii e 21
Figure 4. (a) Freezing and melting temperatures of bulk EGaln and EGaln particles encapsulated
in different polymer matrices, (b) An electronic sleeve with a wearable thermoelectric generator
powering a red LED light under large temperature gradient. Reproduced with permission [58],
copyright 2019, Wiley-VCH. (c) Top: A schematic of the stretchable TEG with a thermally

conductive EGaln-PDMS composite as the material interface on the top and bottom. Bottom: A



stretchable thermoelectric wearable conforming to the forearm surface. Reproduced with
permission [87], copyright 2020, American Chemical Society. (d) Time dependent infrared images
of thermoelectric device with COOH-PDMS-CONH-PDMS-NH?2 (unfilled PDMS) and surfaced
modified liquid metal composite (SMEE) as thermal interfaces. Reproduced with permission [89],
copyright 2021, Wiley-VCH. (e) Left: Schematic of dielectric generator (DEG) when stretched.
The DEG consists of LM nanocomposite dielectric layer sandwiched by two EGaln electrodes.
Right: Using LM nanocomposite as dielectric layer improves the power output and efficiency than
using pristine elastomer layer. Reproduced with permission [67], copyright 2019, Wiley-VCH. 25
Figure 5. (a) Scanning electron microscopy (SEM) image of the TizAlC, (MAX phase) before
etching. The resulting multilayered nanostructure of TizC.Tx after etching with 30 wt. %
Hydrofluoric acid. (c¢) Illustration showing single, several, and multilayer MXenes (i.e., TizC2Tx)
randomly embedded in a soft polymer matrix. (d) SEM image of a single layered Ti3C> on a porous
alumina substrate. Retrieved images from Shuck et al.[98]. ... 26
Figure 6. The illustration of Eshelby’s equivalent inclusion method. ...........ccccceviiiiiiiiiiiiennn. 31
Figure 7. (a) Schematic of liquid metal polymer composites (LMPCs), (b) Micrograph of
dispersed EGaln droplets in PDMS, (c) The core-shell structure of embedded liquid metal
TIICTUSTONS. .ttt ettt e b e e h e e b e e e Rt e e nh e e et e et e e e nbeenneeanbeenbeeenneen 36
Figure 8. Micromechanics model: (a) Double inclusion (DI) model for LM fillers with the volume
fraction of the core (f), shell (fr), core-shell (fr) and matrix (f) domains, (b) TDI: DI model with
a two-level Mori-Tanaka (MT) homogenization technique, (c) GDI: generalized DI model with
MT homogenization SCHEIME. ..........ccciiiiiiiiiiii e 38
Figure 9. Finite element model: (a) Cubic representative volume element (RVE) of the LMPCs,
and (b) meshed RVE. ... 41
Figure 10. Effective elastic modulus (a) and shear modulus (b) of LMPCs predicted by two-level
DI model for different volume fractions and shell thickness to diameter ratio (/D) of LM
inclusions. (c) Normalized effective elastic modulus of LMPCs for four different polymer matrices
with nano or micro droplets (100nm, t/D = 2x10 and 10pm, t/D = 2x10™). .....cccovrviirirerrrnen. 43
Figure 11. The two-level double inclusion model is compared with Style’s model [138,163] and
experimental results [154] for effective elastic modulus of LMPCs with varying LM volume

Tractions AN INCIUSTION SIZES. ...vuneeeeee ettt et e e et et e e e e e e e e e e e e e e e e e e e e eere e e eeennnens 44


https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305622
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305622
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305622
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305622
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305623
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305623

Figure 12. FEA validation for the two-level DI (TLDI) model and comparison with GDI model.
Estimated overall elastic modulus (a) and shear modulus (b) as a function of LM volume fraction
and the ratio of oxide shell thickness to inclusion diameter. Insets: deformation of RVE under
simple tension (a) and shear (b) and zoomed-in plot for GDI model. ..........ccceviiiiiiiiiinine 46
Figure 13. Functional properties of LMPCs predicted using ITDI, TDI model and FEA and
compared to experimental results: (a) effective dielectric constant (Experimental data [154]), (b)
the effective thermal conductivity of the LM composites (Experimental data [152]).................. 48
Figure 14. (a) An illustration of a soft liquid metal polymer composite with layers of large and
small LM droplets. (b) The individual large or small LM droplets can be modelled as a core-shell
LM inclusion suspended in an infinite soft polymer matrix. Large spherical LM droplets will have
small t/r2 while smaller spherical LM droplets will have large t/12. ..........coooveiiiiiiiiiiienees 54
Figure 15. (a) The isolated core-shell liquid metal inclusion representing LMPC is decomposed
into (b) single Ga oxide inhomogeneity and (c) single liquid metal inhomogeneity problems.
Equivalent inclusion for (d) Ga oxide and (e) liquid metal single inhomogeneity problem to find
the internal and external stresses of each case by EIM. (f) The equivalent inclusion for the LM
inhomogeneity is applied with the eigenstrain stemming from the EIM of the Ga oxide
INhOMOZENEILY PrODICIML. ...oviiiiiiiiiic s 57
Figure 16. (a) Two generally distinct core-shell ellipsoidal liquid metal droplets embedded in a
polymer matrix with a given arbitrary gap and direction in the composite. The two-interacting
core-shell LM droplets are decomposed into an elastic problem involving just the (b) left hand side
and the (c) right hand LM droplet in its respective polymer medium. (d) The superimposed
stress/strain field of the two single inhomogeneity problems must be deducted with the case of an
unfilled polymer medium under uniaxial stress loading to ensure equivalency to the original elastic
problems involving two interacting LM droplets in their polymer composite. ...........cccocvveveennen. 60
Figure 17. (a) Two aligned interacting spherical cavities under triaxial loading following the
benchmark problems from literature [193]. (b) The progression of the normal stress components
along the x; axis predicted by the benchmark study matches exactly the results of our developed
micromechanics model shown in (c). (d) Similarly, the normal stress components along x3 axis
that are obtained from the same benchmark study also illustrate good agreement with the

predictions Of OUL MOAE] 11 (€)...vveiueiiiieiiieiie i 62


https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305628
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305628
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305628
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305628

Figure 18. (a) A short fiber composite benchmark problem with the core has the same aspect
ratios as the overall short fiber. (b) The predicted normal stresses (633/00) in the x3 direction by
our micromechanics model when different aspect ratios (o) or interphase thickness (t) are
considered. The original solution to the benchmark composite problem for (¢) long aspect ratio
fiber with thick interphase and (d) short aspect ratios fiber with thin coating. ..........c.cccccvrnennn. 64
Figure 19. (a) Uniaxially compressed polymer (Sylgard 184) composites with EGaln inclusion
that has no Ga oxide shell resulting in stress concentration distributions in the (b) x3-, (¢) x2-, and
(d) x1- axis. The following stress heat maps represents the predicted stress distributions on the xix2
plane which is at x3=0. Other cases that are considered are the same composite but with (e)
moderately large size ratio (t/r=0.1) and (i) extremely large size ratios (t/r2 = 0.5). As a result, the
final stress distribution for the normal stress concentrations at the x3 (f and j), x2 (g and k), and x;
(h and ) directions are illustrated as heat map diStributions. .........cccccevviiiiiiien e 66
Figure 20 (a) Uniaxial compression on Sylgard 184 composite with a pair of non-intersecting and
spherical core-shell EGaln droplets. The resultant normalized stress components when the ratio of
the oxide shell thickness to the size of those droplets are small (b) and (c) large. Hydrostatic
compression on a similar polymer composite that comprises of EGaln droplets with thick oxide
shell or small diameter. The resultant superimposed stress concentration when the center-to-center
distance of the particles are (e) wide and (f) narrow. (g) When the polymer matrix is replaced with
a softer elastomer medium, the stress concentration between the narrowly packed EGaln droplets
is reduced. The heap map stress concentration distribution for 622/00 when the polymer matrix
of the densely packed EGaln droplets is used as (h) Sylgard 184 and (i) Ecoflex 00-30............. 68
Figure 21. (a) Micrograph of Ti3C2Tx before exfoliation process, (b) schematic of MXene polymer
composites with multilayered structured MXene fillers. .........cccocviriiiiiiini e 73
Figure 22. Illustration of the two-step homogenization approach of IMT model to evaluate the
effective properties of MXPCs. (a) Each MXene cluster will be homogenized as equivalent
medium embedded in a polymer matrix. (c) The equivalent medium substitutes the MC in the
polymer matrix. (d) Final homogenization step to evaluate the overall properties of MXPCs with
the (e) consideration of percolation microstructure based on Cauchy’s cumulative probability
01011500 s F O PO UPTUPRTUPTPURRPRN 77
Figure 23. (a) The probability for the formation of interparticle contacts (overlapped interphase)
of MC follows Cauchy’s cumulative probability function (t) as volume fraction (fo) of MC


https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305632
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305632
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305632
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305632
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305632
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305635
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305635

increases. (b) An illustration of MC dispersed in a polymer with the interparticle contacts forming
a continuous percolation pathway. (c) The overlapped interphase phase of neighboring MC led to
the local surge of functional property indicated by the drop in resistance function (T). .............. 82
Figure 24. (a) RVE of MXPC with several layered MXenes. (b) The meshed body of the RVE
with the layered MXenes configured as hexagonal packing. .........ccccccceviiiiiiiiniiiiniiies e 82
Figure 25. (a) CCP interpolation function for MXene inclusions with different lateral diameter and
layered structure. (b) IMT model predicts the effective elastic modulus of MXene-Sylgard 184
with fixed MXenes’ size (a = 5 um) but with distinct layered structures. (c) The effects of aspect
ratio or diameter of monolayer MXene inclusions on the stiffness of MXene-Sylgard 184. (d) The
measured elastic modulus of MXene-Sylgard 184 with L-MXene and MXene-NBR with S-MXene
are compared with their respective predicted elastic modulus [205]. The elastic modulus of unfilled
NBR is chosen as 2.24 MPa while for unfilled PDMS will be 0.4 MPa. (e) Longitudinal and (f)

transverse elastic modulus evaluated from FEM are compared with the prediction results of IMT

Figure 26. (a) Sylgard 184 composite with large (a=5um) embedded single and multilayer
MXenes exhibit suppressed stiffening behavior when PAAm is chosen as the interphase. (b) The
use of smaller sized monolayer (n=1) MXene flakes with gel interphase results in the reduction of
elastic modulus of MXene-Sylgard 184. ... 88
Figure 27. The IMT model predicted the longitudinal thermal conductivity of MXPCs with (a)
different layers of embedded MC and (b) different lateral lengths of single sheet MXenes. (c)
Experimental measurements [115,119] and (c) FEM results are compared with the predicted
thermal conductivity of MXPCs. In this plot, the thermal conductivity of MXene-Sylgard 184 and
MXene-PVDF are respectively normalized by the thermal conductivity of unfilled Sylgard 184
(km=0.27) and unfilled PVDF (xn=0.19), respectively. The evaluated longitudinal thermal
conductivity of MXPCs due to (e) changes in the MXenes’ layered structures (fixed Spm diameter)
and (f) changes in the diameter of single sheet MXenes are compared with the predicted
longitudinal elastic modulus of the composite due to the same respective variance in the layered
structure and size of their MXene flllers..........oocouviiiiiiiiiiiiie e 90
Figure 28. The predicted longitudinal dielectric constant of MXene-Sylgard 184 by IMT model
due to (a) effects of layered structure of MXenes (fixed Sum diameter) and (b) sizes of monolayer

MXenes on the dielectric constants of the composite. All the dielectric constants presented in (a)

10


https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305638
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305638
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305640
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305640
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305640
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305640

and (b) are all normalized with respect to the dielectric constants of the unfilled Sylgard 184 (em =
2.7). (¢) Finite element method results are compared with the predicted longitudinal (eL) and
transverse (€T) dielectric constants of MXene-Sylgard 184. (d) The measured dielectric constants
of PVDF-Ti3C,Tx with assumed randomly oriented small (S-MXenes) and large MXenes (L-
MXenes) are compared with modeling results [226]. (¢) The predicted dielectric constants in
Figure 28a is correlated with stiffness predictions in Figure 25b. (f) Similarly, the evaluated
dielectric constants in Figure 28b is plotted with the stiffness predictions shown in Figure 25c.
Both Figure 28e and Figure 28f are plotted for the predicted effective properties (dielectric
constants and elastic modulus) up to 5% volume fraction (fr) of MXenes. .........ccccooverieerirnnnens 94
Figure 29. (a) [llustration of the cell-in-agarose gel composite under compression by the dynamic
plate movement (u(t)). (b) The layered cell-in-gel composite architecture. (¢) Light microscopy
image of MDA-MB-231 cancer cells at the bottom of cell-rich-layer with scale bar length of
200um. Image retrieved from Takao et al.[228]. (d) Dynamic displacement loading dictating the
compressive movement of the dynamic plate. (e) The measured force applied on the cell-in-gel
composite during the dynamic displacement 10ading. ............ccoovrveiiiiiniiiiiieee 101
Figure 30. (a) The custom-built mechanical tester to apply dynamic loading on cell-in-gel
composite. (b) Cross section view of the layered cell-in-gel composite architecture. ............... 104
Figure 31. Standard linear solid model (SLS) made of Newtonian spring and dashpot. Two SLS
in series representing layered agarose gel and cancer cells respectively (Figure 29B) in consistent
to our experimental setup. Creep moduli are additive in this serial SLS configuration. ........... 105
Figure 32. (A) The BCs defined mathematically from realistic experimental setup assuming

homogenized gel cell medium. (B) A CCM model is used to visualize the realistic elastic problem.

Figure 34. (Left column) Experimentally measured displacement-time and force-time behavior of
layered agarose gel and cells. (Right column) Viscoelastic model prediction of force-time response
for displacement amplitude O=T00M. .......oiviiiiiiiiiei s 114
Figure 34. (Left) Experimentally measured displacement-time and force-time behavior of layered
agarose gel and cells. (Right) Viscoelastic model prediction of force-time response for small

displacement amplitude (=20LM). ....eeiuviiireeiee e 114

11


https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305646
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305646
https://uwnetid-my.sharepoint.com/personal/cerwyc_uw_edu/Documents/FInalExam_thesis/Thesis_Draft(CC).docx#_Toc135305646

List of tables
Table 1. Mechanical and functional properties of the phases in LM polymer composites .......... 42
Table 2. Summary of the isotropic mechanical properties of the phases in a liquid metal polymer

COTMPOSTEL. .vtteutteteete ettt ettt b ettt bbbt bt h Rt e b e e st b e bt e bR e e bt e bbb e b e e e et e e n e ns 61

12



Some sections or verbatim in this dissertation are reproduced with permission from the following

published journal articles listed below.

e Chiew C., Maria M., Malakooti M.H., (2021). Functional Liquid Metal Nanoparticles:
synthesis and applications. Material Advances, 7799-7819, 2(24). [1]

e Chiew C., Malakooti M.H., (2021). A Double Inclusion Model for Liquid Metal Polymer
Composites. Composite Sci. and Tech., 108752, 208. [2]

13



Chapter 1: Introduction

1.1 Soft matter composites
Soft matter composites are a class of materials that can be naturally found or synthetically made.
These composites have unique properties that are enabled by the combination of two or more
distinct phases, where at least one of these phases is considered as a soft material. Soft materials
such as elastomers, colloids, hydrogels, and liquid crystals are materials that could deform easily
when subjected to small external loads [3,4]. The following mechanical behaviors are the opposite

of hard materials such as metals and ceramics which are significantly stiffer and brittle.

For a material to be categorized as soft, we refer to their measured elastic modulus which could
be comparable to or lower than the stiffness of most human tissues (<10 MPa). For a more general
definition, any multiphase material that showcases a certain degree of “squishiness” or highly
deformable can be considered as soft matter composite. We could find many examples of soft and
deformable matter in nature. One good example of naturally found soft matter composites is the
cartilage which is a connective tissue found in the human body. Cartilage can be considered as a
bio-composite made of predominantly water, flexible collagen fibers, and a protein matrix called
proteoglycans which provide the composite with high toughness [5]. A combination of these two
phases made the cartilage stiff yet tough and flexible enough to cushion the human joints from
impact. This design of bio-composite is mimicked by many researchers to create synthetic
hydrogel composite with high toughness. To mimic the role of flexible collagen fibers in the
cartilage, researchers embed stiff cellulose [6] or metal fibers [4] in hydrogel matrix to strengthen
and enhance the fracture energies of the overall soft composite. The resultant hydrogel composite
does not only have high toughness and low stiffness but is also biocompatible which enables them
to be potential biomaterials to replace damaged or wearied cartilages. Hence, soft matter
composites can be engineered to be comparable to or even superior that the mechanical

performance of naturally formed biomaterials which makes them an attractive field of research.

1.2 Soft multifunctional polymer composites
Soft matter composites are not only attractive for applications that require high mechanical
compliance and toughness. When two or more distinct soft matter components are combined to
form a composite, researchers can create soft composites with tunable multifunctionalities such as

having high thermal, electrical conductivity, electrical permittivity, and magnetic properties. To
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tune the mechanical and functional behaviors of the soft matter composite, the right blend of
conductive solid or liquid nanoparticles in the soft matrix phase of the composite must be
determined [3,7-9]. One example of such soft matter composite is polymer nanocomposites, where
nanoparticles are dispersed in a polymer matrix. These nanoparticles can comprise of rigid or soft
conductive materials such as metal alloys, metal oxides, ionic polymers, and carbon-based
materials. For example, conductive solids such as carbon nanotubes, two-dimensional graphene,
and MXenes have been successfully dispersed in soft elastomers such as polydimethylsiloxane
(PDMS) to tremendously enhance the thermal conductivity or electrical conductivity of the
elastomer composites [10,11]. Furthermore, the selection of the polymer matrix will also provide
the soft composite to have additional intelligent behaviors such as self-healing [12—15], shape
memory properties [16,17], and stimuli-responsiveness [18—20] which are all very important
features to support their diverse applications in soft matter engineering. For instance, liquid crystal
elastomers can be actuated by thermal stimulus and can demonstrate improved thermomechanical
performances when conductive fillers are added in these polymers [21,22]. The presence of high
concentrations of conductive fillers in a soft matter composite can also award novel smart features
in the material. For example, when these conductive soft composites are stretched or deformed,
this material can respond to those external stimuli by exhibiting change of resistance or
piezoresistive effects as the extent of the filler’s percolation networks decreases/increases when
various modes of deformations are applied on this composite. Thus, apart being mechanically
flexible, soft matter composites can be designed to behave as smart and intelligent materials which
can possess all the unique capabilities of our skin such as self-healing property, pressure-,
temperature- sensitivity and many other potential functionalities. Another unique soft matter
composite is a gel-based composite which can exhibit viscoelastic behavior due to its embedded
liquid phase and thus is also biocompatible. The following features are used to mimic the
mechanical behaviors of actual human tissues and used for in vitro study of the mechanoresponsive
behavior of cells. In this dissertation, all the following class of soft matter composites are referred

to as soft multifunctional polymer composites.

An important factor that influences the final properties of a soft matter composite is the size,
orientation, shape, concentration of their fillers (nano- or micro- particles), and the properties of
both the matrix and the filler phases. Tuning the microstructures, the type of filler materials, and

their polymer matrix is essential when creating soft matter composite with the targeted
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combination of properties. For instance, the volume fraction of the solid particles added into a soft
polymer matrix is often proportional to the effective elastic modulus and functional properties of
the soft composite. When selecting the fillers’ shape, the addition of two-dimensional (graphene
and MXenes) [23,24] or one-dimensional particles (carbon nanotubes or fibers) [21,25-27] can
significantly improve both the conductive properties and stiffness of the composite while also
introducing large anisotropy in those composites if the orientations of these fillers are non-
symmetric. Other than that, the size of fillers also plays a significant role in determining the final
properties of soft matter composites. For example, if the aspect ratios (ratio of thickness or height
to diameter) of the two- and one- dimensional particulates are large, we can create composites with
large property enhancements at low filler concentrations. All in all, the following cases highlight
the fact that depending on the intended final properties, composite designers must learn to navigate
these wide range of microstructure parameters and then pick the appropriate processing techniques
to achieve those optimized microstructure arrangements. Thus, the main motivation of this
dissertation is to alleviate this conundrum by introducing several novel continuum modeling
formulations that can accurately estimate the final properties of various emerging soft matter

composites based on their designed microstructures.

The soft matter composites that are specifically investigated in this dissertation are the liquid metal
polymer composites (LMPCs), MXene polymer composites (MXPCs), and the layered cell-in-gel
composites. LMPCs and MXPCs are two recently emerged polymer composites that have potential
applications in soft robotics, human computer interface, and wearable electronics. Liquid metal
polymer composites are polymer composites which contain gallium-based room temperature
liquid metal alloys that grant their composites with high compliance as well as high thermal and
electrical conductivity [1,8]. MXene polymer composites on the other hand consist of highly
conductive two-dimensional transition metal carbides/nitrides embedded in gels or PDMS [10].
This composite is unique as they can exhibit very impressively large thermal conductivity,
dielectric, and electromagnet shielding properties at very dilute concentrations but suffer very large
increase in their stiffness. Cell-in-gel composite is a biomimetic composite that is created to mimic
the behavior of actual human tissues mechanically and physiologically. In this study, we are
interested to understand and predict the stress time behaviors (i.e., viscoelasticity) of the soft
biological composite where the developed model can also be translated to predict the viscoelastic

behaviors of other class of soft matter composites.
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Before establishing the key models used in this thesis study, I will provide a brief literature review
of the current synthesis approaches and potential applications that are focused on LMPCs, MXPCs,
and hydrogel-based composites. The review for the synthesis and applications of LMPCs was

published previously in a review paper by Chiew et al.[1]

1.3 Liquid metal polymer composites

1.3.1 Gallium-based liquid metal nano- or micro- droplets

The fluidic and metallic properties of room temperature liquid metal alloys have attracted
numerous studies to incorporate them as microfluidic-based stretchable conductors for soft and
reconfigurable electronics [28,29] and cooling fluids for miniature electronics [30,31]. To serve
these purposes, EGaln (75% Gallium and 25% Indium by weight) and Galinstan (68.5% Gallium,
21.5 % Indium and 10% Tin by weight) are the two widely utilized Gallium (Ga) based room
temperature LMs to date due to their low toxicity [28,32], low viscosity (2x of water) [33], high
electrical conductivity [34], and high thermal conductivity [30,33]. With the recent adaptations of
novel processing techniques, bulk LM alloys have also been facilely engineered as multifunctional

nanocomposites[9,35] or functional nanoparticles [36] for diverse applications.

A unique feature of Ga-based LM alloys is their thin (1~3 nm) passivating Ga oxide interface
which encapsulates the LM alloy droplets as a core-shell structure, even in trace amounts of oxygen
[37,38] (Figure 1). This oxide interface exhibits viscoelastic behaviors [39], regulates the surface
tension of Ga LM alloys and enables wettability with various surfaces [40,41]. With these features,
bulk EGaln had been directly used as soft cone-shaped microelectrode to accurately measure the
electrical [42,43] and thermoelectric [44-46] properties of thin organic nanomaterials. Moreover,
the reactive oxide skin on bulk Ga-based liquid metal alloys provided an advantage as catalyst for
growing carbon nanotubes [47], thin films of inorganic thermoelectric materials [48], and novel
2D nanomaterials with high piezoelectric conversion [49,50]. When this bulk LM is downsized to
nanodroplets, a large surface area of oxide layer is created, forming the primary stabilizing
interface for synthesized LM micro or nanoparticles (NPs) in various mediums [51,52]
Furthermore, the chemical reactivity of Ga oxide layer provides a customizable platform for
targeted surface chemical functionalization or modification in order to tailor the nanoparticles’
morphology and functional properties such as pH resistance, temperature changes, photothermal

conversion, and electrical properties [36,53,54].
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Figure 1. Processing liquid metal nanoparticles (LMNPs) via high intensity sonication and shear mixing. Left: Image of bulk liquid
metal being poured into a cup (Credit: Indium Corporation). Top right: Transmission electron microscopy (TEM) image of LM
nanoparticles synthesized via sonication with thiol ligands. Reproduced with permission [55], copyright 2016, Wiley-VCH. Bottom
right: 3D nano-CT image of LM particles produced by emulsion shearing in uncured polymer. Reproduced with permission [56],
copyright 2019, Wiley-VCH. The following grouped figure is reproduced with permission [1], copyright 2021.

The Ga oxide layer on the bulk liquid metal can be easily ruptured under applied surface stress.
Once ruptured, it instantaneously reforms to stabilize the high surface tension (~0.5 N-m™) of LM.
Thus, when a continuous mechanical stress is applied, the oxide interface of the newly formed LM
droplets will be repeatedly ruptured and reformed, allowing bulk LM to be rapidly downsized from
the macro to micro and nanoscale. Some of the most common techniques to create micro/nanoscale
LM particles include the sonication of bulk LM in a solvent via an ultrasonic probe [57,58] (Figure
1) or an ultrasonic bath [51,59]. In situ formation of LM microparticles in polymers or solvents
has been done through mechanical shear forces between these two liquid phases. For this purpose,
the bladeless planetary shear mixers[59—61] and overhead stirrers with impellers are chosen to
provide more intense mixing [56,62,63]. To create a homogenous LM polymer nanocomposite,
one or of these methods or their combinations are preferred [64,65]. The shear-based synthesis
methods are attractive because of their much facile, scalable, and rapid processes to create LM

particles with sizes ranging from hundreds of microns to hundreds of nanometers. Ultrasonication
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methods, on the other hand, provide high mechanical energy via acoustic waves to rapidly
downsize bulk LM to nanoscale and at the same time enable surface functionalization (i.e., surface
in situ polymerizations, organic or inorganic material coatings) or chemical modifications on

generated LM nanoparticles.

Reducing the size of LM droplets is desirable because it can suppress the freezing and melting
points of its liquid core. For instance, the freezing point of EGaln is suppressed from -5.9 to -84.1
°C while the melting point decreases from 17.8 to -25.6 °C [56]. Similarly, the following
supercooling property is also found in Field’s metal (i.e., eutectic bismuth-indium-tin alloy) based
LM nanoparticles where its suppressed freezing temperature is closer to room temperature
[63,66,67]. As a result, these supercooled LM nanoparticles can be used to create low temperature
compliant thermal interfaces[56] and heat-free electronic soldering materials [63,67]. Also, in
comparison to macroscale LM, nanoscale LM droplets have higher photothermal conversion
efficiency for aiding intracellular drug delivery [54,68—70] and lower chemical reactivity with
metals [71,72] while capable of increasing the thermal conductivity of traditional cooling fluids
[73]. When LM nanoparticles are embedded in nanocomposites, their size and volume fractions
are tailorable parameters that determine the final elastic and functional (i.e., dielectric, and
thermal) properties of the composite [2,7,65]. For instance, liquid metal composites with
embedded nanoscale LM particles have larger dielectric constants and stiffness, enabling soft

dielectric and thermal actuators to generate higher actuation forces [64,65,74].

1.3.2 Synthesis of liquid metal polymer nanocomposites

Shear mixing in polymer precursor

Planetary shear mixing of two liquid phases in a dual axis centrifugal mixer is a common approach
to synthesize liquid metal polymer composites. The final size of embedded liquid droplets depends
on the viscosity of each liquid phase, their volume ratio, mixing speed, and duration of shear
mixing. Initially, elastomer composites with LM inclusions with the average size varying from 20
to 140 um were synthesized using mechanical shearing without an impeller [8,61,75,76]. In a
recent effort, an overhead stirrer was used for in situ formation of EGaln particles with an average
size of 2 um for a 50 % volume fraction EGaln-PDMS composite [56]. In this process, the
overhead stirrer or immersion mixer, commonly used for highly viscous fluids, applies intense

mechanical shear forces to the polymer and LM to achieve the desired LM droplet size. Figure 5a
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show the SEM image and 3D Nano-CT of the LM polymer composites that remain compliant and
fully functional in extremely low temperatures (< —80 °C). In a more recent study, Ford et al. [77]
conducted a systematic study on the role of processing parameters (i.e., RPM and time) in
structural and functional properties of the LM composites that were synthesized using this method
(Figure 2b). For example, at 200 RPM and 1500 RPM overhead mixing for 300 s, the obtained
average radius of suspended LM droplets is 2.8 and 0.8 um, respectively. On the other hand, if the
mixing RPM is fixed at 1500 RPM, the average radius of LM droplets decreases to 5.8 um and 0.8
um after 10 s and 300 s total mixing time, respectively (Figure 2b-c). Despite the processing
simplicity, the synthesized LM droplets have higher polydispersity compared to those synthesized

via sonication.

m 10s mix; r,_=58%6.1 pym
30smix; r,_=45£43pum
60smix; r_=29+29pm

__120smix;r,_=15%14pm
300s mix;r,_=0.8+0.6 pm

]

10 20 30 40 50 60
Particle radius (pm)

Figure 2. (a) SEM (left) and 3D Nano-CT (right) image of LM composite with average diameter ~2 um embedded in Sylgard 184.
Reproduced with permission [56], copyright 2019, Wiley-VCH. (b) Microscopy images of cross-sections of LM composites with
Sylgard 184 as the matrix to show the influence of mixing time on the final droplet sizes. The mixing rate was fixed at 1500 RPM
(c) Average LM particle radius as a function of mixing time for fixed 1500 RPM. Reproduced with permission [77], copyright
2020, Wiley-VCH. The following grouped figure is reproduced with permission [1], copyright 2021.

Sonication-based synthesis
To form a high concentration of nanoscale (i.e., <1 um) LM droplets to be eventually encapsulated
into a polymer composite, the passivating oxide shell of LM droplets must be ruptured at a faster

rate than it is reforming. Mechanical shearing sometimes cannot apply a sufficient rate of applied
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stress to produce a high yield of LM nanoparticles. This leads to the use of probe-based
ultrasonication methods which can create continuous or pulsed acoustic cavitation to rapidly break
down large liquid metal droplets into micro-/nanoscale particles. Intense shear mixing of bulk LM
with an adsorbate (polyvinyl pyrrolidone or thiols) is only capable of slicing the LM alloys down
to mostly micron scale whereas a sonication-assisted process can produce LM nanodroplets with
narrower size distribution and as small as several tenths of orders of nanometers [58,78,79]. Also,
using ultrasonication to produce LM nanodroplets is beneficial because it reduces the number of

surfactants needed and consumes less energy than a shear-based synthesis process [80].
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Figure 3. (a) Mean diameters of the Ga nanoparticles as a function of ultrasonication time at different ultrasonication powers at
20 °C. Reproduced with permission [57], copyright 2015, Wiley-VCH. (b) EGaln droplets produced without thiol self-assembly
and (c) EGaln droplets produced with 1ATC9 and C12 thiol ligands. Reproduced with permission [51], copyright 2011, American
Chemical Society. (d) Reversibly controlling the size of Ga NPs. The precursor Ga NPs were ultrasonicated in the presence of HC1
and C12SH in 2-propanol at 50 °C (state 1—state 2) or 20 °C (state 1—state 3), and then again at 20 °C for 20 min (state 2 or
3—state 1) and (e) Mean diameters of the GaNPs in states 1-3. Reproduced with permission,[57] copyright 2015, Wiley-VCH. (f)
The setup of dynamic temperature control for maintaining low sonication temperature when synthesizing LM nanodroplets with
bPEG attachment. Reproduced with permission [81] copyright 2020, American Chemical Society. (g) EGaln NP shape
transformation and dealloying process with SEM image of shape transformed EGaln NP. Reproduced with permission [82],
copyright 2021, Wiley-VCH. The following grouped figure is reproduced with permission [1], copyright 2021.

Increasing the power and duration of the sonication will reduce the size of LM nanoparticles until

the solution reaches an equilibrium. Yamaguchi et al.[57] illustrated this behavior for Ga particles
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and the relationship between the delivered power and the size of particles (Figure 3a). However,
sonication without surfactant in ethanol often results in LM nanodroplets with highly polydisperse
size, undefined spherical shape (textured, oblong, and deformed spheres), and short-term
dispersion stability as shown in Figure 3b [51,83]. The thin passivating oxide shell of LM
nanodroplets can be weakened by various chemical stimuli (acidic, basic, and highly oxygenated
surroundings) and often require additional interfacial reinforcement to prevent LM nanodroplets
from recoalescing. During sonication, the high energy acoustic cavitation exposes the reactive LM
alloy core, causing it to actively bind with self-assembling ligands (surfactants) while suppressing
the formation of Ga oxide. As a result, the synthesized LM nanodroplets have a more rigid and
chemically robust protective interface granted by the thiol layers. For example, well-formed and
predominantly spherical LM particles are generated when bulk LM is sonicated in both 3-
mercapto-N-nonylpropionamide (1ACT9) and 1-dodecanethiol (C12) ethanolic solution (Figure
3c). Comparing these two thiol ligands, LM nanoparticles generated with 1ACT9 surfactant result

in a better yield of spherical nanoparticles.

With the oxide shell replaced by more resilient ligands, the formed nanoparticles will not
recoalesce as easily and are more resistant to surrounding changes in pH or temperature.
Nevertheless, regulating the acidity, temperature, and processing time can enable reversible size
control of synthesized liquid metal nanoparticles [57]. For example, 35 nm liquid Ga particles can
be synthesized by sonication at low temperatures (20 °C) and at high temperatures (50 °C) (state
1 to 2) in the presence of dodecanethiol (C12SH) surfactant (Figure 3d-e). Also, the size of these
liquid Ga nanoparticles with C12SH surfactant is reversible. To demonstrate this, the Ga
nanoparticles with a mean size of 35 nm are unchanged in the presence of acid when sonicated at
low temperature (20 °C) because of the surface stabilization by C12SH thiol at the interface of the
particles. However, when sonicating at a higher temperature, around 50 °C, the size of these same
Ga nanoparticles doubles (~60 nm) despite having additional interfacial stabilization by C12SH as
shown in Figure 3e. Since temperature and surfactants serve as critical processing parameters for
the size and surface properties of synthesized LM nanodroplets, a dynamic temperature control
(DTC) system for improving production of LM nanoparticles via probe sonication has been
recently introduced [81]. Using DTC during sonication is beneficial because it enables a high
concentration of LM nanoparticles to be produced by preventing the solvent from overheating and

evaporating. For example, pulsed sonication of bulk LM in solvent for 15 minutes with DTC can
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produce large concentrations of LM NPs with an average size of 50 nm (Figure 3f). The same LM
nanoparticles can also be simultaneously grafted with stabilizing polyethylene glycol polymer

brush (bPEQG) at the interface for their long-term colloidal stability.

To produce nanoscale LM particles, longer sonication time is required but this often causes
excessive production of heat in the solvent-LM mixture. Consequently, this longer processing
duration can elevate the synthesis temperature and cause excessive oxidation, dealloying, and an
undesirable shape or phase transformation of the generated LM nanoparticles as shown in Figure
3g [82]. Moreover, when sonicating LM in an aqueous solvent without surfactant, the observed
phase and shape transformations of LM nanoparticles become more prevalent [52]. This happens
due to the uncontrollable production of ellipsoidal shaped gallium oxide monohydroxide (GaOOH)
which causes Ga to be separated from its constituent elements (i.e., indium and tin) of the eutectic
metal alloy. One strategy to mediate the production of GaOOH and make the shape of generated
LM nanoparticles controllable in water is utilizing water-soluble melanin nanoparticles (MNPs)
as the additional protective layer. This is possible because MNP exhibits strong binding affinity
with the Ga oxide layer while also being compatible and stable in water [68]. In addition, the
incorporation of MNPs allows the synthesis of various EGaln nanostructures, ranging from
nanorice, nanosphere, and nanorod. With MNPs as the protective agent, the following shapes are
now regulated by selecting the optimum amount of MNPs, sonication time, and temperature of

aqueous solvent during the synthesis of LM nanoparticles.

1.4 Application of liquid metal polymer composites
Liquid metal composites with embedded micro or nanosized particles have been used as thermal
interfaces and electrical interconnections for stretchable and wearable thermoelectric energy
generators (TEG) [56,84,85] The use of nano-/microparticles enables the suppression of freezing
and melting points of LM droplets from those of bulk LM. When this freezing point is lower than
the glass transition temperature of the encapsulating polymer, the LM composite can remain soft
and stretchable even at extremely low temperatures as the LM inclusions remain fluid. Moreover,
this suppressed freezing point or supercooling property of LM micro/nanoparticles occurs
independently of the type of encapsulating polymers (Figure 4a). Thus, this enables a broad range
of LM polymer composites to remain compliant at extreme low temperatures, in the range of -

85°C. To take advantage of this property, this LM composite is used as a compliant thermal
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interface of a wearable TEG for harnessing body heat in cold conditions to electrically power an
electronic sleeve (Figure 4b) in addition to powering a wearable pulse oximeter sensor [56]. One
unique feature that set LM elastomer composite apart is it can remain electrically insulative even
with high volume loading of LM droplets. At the same time, this composite can become electrically
conductive when the embedded LM droplets coalesce by external loading which is a process
known as “mechanical sintering”. > Thus, since LM composites can also form conductive traces
by selective mechanical sintering, the composite can serve as both a thermal conductor and
electrical interconnector [84]. With these combined functionalities, the LM composite can be used
to fabricate soft and stretchable thermoelectric devices by replacing conventional stiff
interconnectors such as copper and silver with stretchable activated traces of LM particles. In a
more recent study, LM elastomer composites with enhanced thermal conductivity are used as
thermal interface material to fabricate not only flexible but also stretchable thermoelectric

generators as shown in Figure 4c.

Smaller liquid metal particles in elastomer composites prevent the leakage of LM at high volume
fractions, which may cause undesirable LM contact on skin and the formation of short circuit
within the device. However, reducing the particle size to the nanoscale level can stiffen the LM-
PDMS composites with limited improvement of their thermal conductivity because of low LM
volume fraction (<20%) in nanocomposite. Thus, to reap the benefits of LMNPs while maximizing
thermal conductivity, high volume fractions of LMNPs should be embedded in the polymer matrix
without a significant effect on the composite’s stiffness. A recent work overcomes this challenge
by modifying the surface of LMNPs with carboxylic acid terminated PDMS to fabricate a
stretchable LM nanocomposite with up to 44 % filler volume fraction and with reasonable
stretchability (110 % strain break; 350 % for unfilled polymer) [86]. With this novel LM
nanocomposite, a stretchable and thermally conductive thermal interface can be demonstrated to
enhance the temperature gradient across a unit cell thermoelectric generator during active heating
or cooling as shown in Figure 4d. Another use of LM nanodroplets is the production of stretchable
high dielectric material for fabricating stretchable dielectric energy generators with high power
conversion efficiency as shown in Figure 4e [65]. This is possible because nanoscale LM
inclusions can increase the effective dielectric constant of LM composites with a moderate

decrease in compliance.
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Figure 4. (a) Freezing and melting temperatures of bulk EGaln and EGaln particles encapsulated in different polymer matrices,
(b) An electronic sleeve with a wearable thermoelectric generator powering a red LED light under large temperature gradient.
Reproduced with permission [56], copyright 2019, Wiley-VCH. (c) Top: A schematic of the stretchable TEG with a thermally
conductive EGaln-PDMS composite as the material interface on the top and bottom. Bottom: A stretchable thermoelectric wearable
conforming to the forearm surface. Reproduced with permission [84], copyright 2020, American Chemical Society. (d) Time
dependent infrared images of thermoelectric device with COOH-PDMS-CONH-PDMS-NH2 (unfilled PDMS) and surfaced
modified liquid metal composite (SMEE) as thermal interfaces. Reproduced with permission [86], copyright 2021, Wiley-VCH.
(e) Left: Schematic of dielectric generator (DEG) when stretched. The DEG consists of LM nanocomposite dielectric layer
sandwiched by two EGaln electrodes. Right: Using LM nanocomposite as dielectric layer improves the power output and efficiency
than using pristine elastomer layer. Reproduced with permission [65], copyright 2019, Wiley-VCH. The following grouped figure
is reproduced with permission [1], copyright 2021.

1.5 MXene polymer composites

1.5.1 Synthesis of MXenes

MXene is the most recently discovered family of conductive two-dimensional (2D) nanomaterials
derived from layered ternary MAX compound where ‘M’, ‘A’, and ‘X’ constitute the transition
metals, group 13 or 14 elements, and carbon or nitrogen elements, respectively [87]. When ‘A’
atoms are chemically removed from the MAX precursor, MXene flakes are obtained with a general
chemical formula of Mu+1 XnTx where Tx is the surface functional groups that can consist of oxygen,
hydroxyl, chloride, or fluoride groups. Currently, titanium carbide (Ti3C2Tx) is the most used
MXene derived from the removal of aluminum atoms from titanium aluminum carbide (Figure 5a)

[10,88-90]. Ti3C,Tx standouts than other nanomaterials because of its superior thermal (55.8W-m"
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I.K™), electrical conductivity (i.e., 1S-cm™ to 20,000S-cm™), lateral sizes (100nm - 10um), and
highly ordered accordion nanostructures as shown in Figure 5a [91-95]. Despite that, MXene’s
impressive conductive properties and nanostructures are unstable [96]. For instance, when pristine
Ti3C,Tx reacts with oxygen, this MXene will decompose into titanium dioxide and carbon
nanoparticles which cause the electrical conductivity of Ti3C>Tx to degrade by 50% after only two
weeks of exposure [97,98]. Surface treatment [98] and extreme cold storage [99] are several
strategies that can maintain the property of MXenes for long-term storage. Nevertheless, one of
the simpler methods to both preserve and harness the properties of MXenes for application
purposes is by encapsulating MXenes in polymer matrices as MXene polymer composites as

illustrated in Figure 5c [10,11].

a JF" | MAX phase ) " » Multilayered Ti,C,T,
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. Single TiyC,T,
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Soft Polymer

Figure 5. (a) Scanning electron microscopy (SEM) image of the Ti3AlC2 (MAX phase) before etching. The resulting multilayered
nanostructure of TisC2Tx after etching with 30 weight % Hydrofluoric acid. (c) Illustration showing single, several, and multilayer
MXenes (i.e., TizC2Tx) randomly embedded in a soft polymer matrix. (d) SEM image of a single layered Ti3Cz on a porous alumina
substrate. Reproduced with permission [100], copyright 2020.

Multilayer MXenes can be synthesized with higher yield (~100%) than single sheet MXenes
because MXenes are originally derived as multilayer structure after the preliminary chemical
etching process (Figure 5b). To obtain large single layer MXene nanosheets, a series of
delamination and washing processes of multilayer MXenes are employed [101]. As a result,
retrieving single layer MXenes (Figure 5d) is costly, not environmentally friendly, and not scalable
for the sustainable production of MXene polymer composites. In contrast, multilayer MXene

fillers are more favorable when it comes to making low cost, scalable, and green MXPCs. Although
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single layer MXenes is preferable when it comes to creating MXPCs with the largest possible
improvement in their thermal and electrical conductivity, these fillers can also cause their

composite to have large stiffness enhancements even at dilute concentrations.

1.5.2 Synthesis and applications of MXene polymer composites

Initially, the packaging materials of most synthesized MXene polymer composites are
predominantly =~ water-soluble  polymers such as  polyvinyl alcohol  [92,94],
polydiallyldimethylammonium chloride [102], polyvinyl chloride [102], epoxy [103,104], and
polyacrylamide [105-107]. These water-soluble polymer matrices are selected because the
hydrophilic surface functional groups on MXene nanosheets allow MXenes to be solution
processable and highly dispersible in these polymers. However, these polymers (i.e., hydrogels)
either turn brittle when dehydrated [108—110] or some have elastic modulus (>1GPa) too stiff for
certain wearable applications. As a result, polymer matrices with low Young’s modulus such as
elastomers and rubbers can be alternately used to create more compliant MXene polymer
composites [24,111-115]. Since these polymers are often water-insoluble (i.e., hydrophobic), only
low volume fraction of MXenes can be usually dispersed in these polymer matrices to prevent
extensive particle agglomeration at higher filler concentration. Thus, MXenes concentrations in
these polymers need to be limited. Nevertheless, MXenes that had been successfully embedded in
these soft polymers (i.e., elastomers or rubbers) had resulted in the emergence of diverse flexible
multifunctional composite that can exhibit excellent supercapacitance [92,116,117],
electromagnetic shielding behaviors [91,118,119], triboelectricity [120—-122], acoustic energy
harvesting [123], thermal management [113], and ultrasensitive strain detection functionalities
[89,116]. Despite these positive functional attributes, MXene is a solid filler with large surface
areas. Thus, the Young’s modulus of the following MXPCs will inevitably increase even when the
volume fraction of MXenes in soft polymer matrix is kept low. This also means that the
stretchability of MXPCs will also be significantly limited as well as the mechanical performance,
and durability of MXPCs. Hence, a predictive tool that investigates this tradeoff between

functionality and mechanical performance of this composite is desirable.

1.6 Cell in agarose gel composite
Agarose gel consists of open structures of polysaccharides which form by hydrogen bonds and

filled by predominantly water [124,125]. The stiffness and viscoelastic behavior of the agarose gel
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can be regulated by controlling the concentration of agarose powder during the gelation process
which takes place when its aqueous solution is cooled. Historically, agarose gel had been used as
diffusive medium for separating DNA fragments of varying sizes by electrophoresis due to its
inherent porous biopolymer microstructure which can be done by varying gel concentrations [126].
The diffusive nature, biocompatibility and viscoelastic mechanical behavior of agarose gel had
made it a popular phantom material for biomedical/biomechanics research to replicate the
mechanical behavior of brain tissue [126], cartilage [127], and human skin [128]. For instances,
agarose gel can emulate the poroelasticity of the brain tissue at low gel concentration (<0.6%)
providing a realistic medium for testing brain infusion equipment and as a phantom material for
human cartilage to enable the validation of the mechanical methods and modelling for determining
dynamic stiffness of cartilage [127]. Urrea et al.[128] used agarose gel to investigate the extent of
organ tissue damage at different needle insertion velocity. In recent years, agarose gel has been
widely used for cell mechanics experiment to study the mechano- and physiological responses of

cancer cells [129-132].

One way to study the mechano-response of cancerous or healthy cells is to embed or layer these
cells in agarose gel [131,133,134]. The following agarose gel matrix serves as a medium separating
the external environment with embedded cancer cells to supply nutrition, prevent contamination,
and maintain isotonic condition for the life sustenance of the embedded or layered cancer cells.
With this functionality, researchers can solely investigate the physiological response of those cells
(growth, death rate, death modes) when confined or when mechanical stresses are applied
externally through the gel. In this dissertation, I will consider the latter case when modeling the

viscoelastic response of the layered cell in gel composite.

So far, we have introduced the background of the soft matter composite materials that will be
investigated in this work. Next, to predict the mechanical and functional properties of soft matter
composites, we will introduce the background of the modeling techniques mainly employed in the

current study which is known as micromechanics modeling.

1.7 Micromechanics modeling
Micromechanics encompasses a branch of mechanics that relates the microstructure of materials
with the effective mechanical properties of various types of heterogeneous materials. At its

beginning stages, this method was simply an extension of continuum theory of elasticity to
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estimate the stress and strain fields inside and outside a defect or inhomogeneities of a
heterogeneous solid. Toshio Mura first demonstrated the versatility of this method in his seminal
book published in 1987 “Micromechanics of defects in solids” which formalizes the
micromechanics model alongside the prominent works contributed by other applied mechanicians
at that time [135]. He had shown that micromechanics models can be used to model the common
materials’ mechanical behaviors such as plasticity, dislocations in metals, and to approximate the
constitutive equations for composite materials. Alternatively, micromechanics models can also be
a powerful tool used to understand the failure mechanisms of materials at the microscale such as

fracture mechanics as well as fatigue failures.

The main motivation of micromechanics modeling in this work is to understand how the
microstructure, composition, and properties of phases at the microscale influence the behavior of
the soft matter composites at the bulk scale. To accomplish this, the micromechanics model needs
to find the average field properties (i.e., stress and strains) of the constituent phases within the
composite when the material is deformed (applied boundary conditions). The following quantities
are useful to develop the constitutive laws such as stiffness (C) tensor of the composite [136—139].
For example, consider a multiphase composite with » number of distinct phases. The mean stress
vector (6) of the overall composite is simply the sum of the product of mean stress field in each
phase (0,) with the corresponding volume fraction of the phase (f;) (Equation 1). Similarly, the
mean strain field of the overall composite is also the sum of the product of mean strain field in
each phase (g,) with the corresponding volume fraction of the phase (f;). By taking the matrix
product of mean stress vector with the transpose of the mean strain vector, we can obtain the

stiffness tensor for the composite (Equation 3).
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Micromechanics models can be classified as numerical models or analytical models. For the

analytical approach, a strain concentration tensor (A;) is introduced (Equation 4). This term is also

generally known as polarization tensor which describes how much larger the magnitude of the
average strain field in each distinct phase in comparison to the overall mean strain of the
composite. Analytical micromechanics models will require to find A; by utilizing mathematical
tools (i.e., complex numbers, elliptical integrals, etc.) to provide compact closed-form solutions
for the elastic boundary value problems which are often setup as a simplification of the real
microstructure of the composite. To find A, I will utilize Eshelby’s equivalent inclusion method
to find this important parameter which will be introduced in the next section. Another important
consideration to obtain suitable A; for the composite is to choose the best homogenization
procedures (i.e., Mori-Tanaka, self-consistent, bounds, effective medium theories) for the
composite material which depends on the distribution and extent of interparticle interactions in the

composite.

The most common techniques used for numerical-based micromechanics model are the finite
element methods [140,141] and more recently Fast Fourier transformation [142,143]. These
methods are used to solve the elastic problem for boundary value problems (representative volume
elements) with more complex microstructures. With this type of approach, we can determine &
and € directly from the simulation results to extract the stiffness constitutive laws of the composite
(Equation 4). For this dissertation, I have formulated an analytical micromechanics model to
accurately predict the effective properties of LMPCs and MXPCs while utilizing finite element
methods as a secondary way to validate my prediction results. Thus, micromechanics models are
a powerful tool to design and optimize novel materials with specific properties. Micromechanics
model can also be used to simulate and visualize the behaviors of materials under extreme
conditions, such as high temperatures, pressures, and strains which are otherwise difficult to
observe or measure experimentally. In my dissertation, the limitation of current existing
micromechanics models will be addressed to be used for modeling, the mechanical and functional
properties of various complex soft matter composites (LMPCs, MXPCs, and cell-in-gel

composites).
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1.8 Eshelby’s equivalent inclusion method
To determine the effective properties of a multiphase material with micromechanics model, the
mean stress or mean strain field (€) perturbation at each distinct phase must be evaluated. To
achieve this, a key concept in solid mechanics known as Eshelby’s inclusion theory must be used.
Eshelby’s theory is a mathematical hypothesis in solid mechanics used to predict the internal stress
(0,) and strain (€,) of an elastic inhomogeneous inclusion in an infinite medium [144]. John
Douglas Eshelby [145] pioneered this concept in 1957 and has since found numerous practical
analysis applications in material science, engineering [2,146,147], geomechanics [148], and

biomechanics [149-151].
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Figure 6. The illustration of Eshelby’s equivalent inclusion method.

To best explain the fundamental concept of Eshelby’s inclusion theory, let us consider a deformed
composite material that has a single reinforcement or inclusion phase (£1) of arbitrary shape and of
dissimilar stiffness property (C?) than its matrix (CM) (Figure 6). Eshelby’s equivalent inclusion
theory (Equation 5) suggests that the reinforcement phase ({1) of the following composite can be
simulated by a homogenous inclusion (similar shape and size with 1) which has a non-elastic
strain transformation and suspended in a matrix phase of similar stiffness property (Figure 6). The
following non-elastic transformation is known as “eigenstrain” and can physically exist as thermal
expansion, phase transformation, or plastic strain in actual reinforcement phase of a composite.
However, when it comes to finding the stress or strain concentration terms (A;), the following
eigenstrain computation is exploited as a mathematical artifice which role is to match the internal

stress or strain in the reinforcement phase of the composite with the actual stress or strain field
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developed in the homogeneous equivalent inclusion. Hence, the nature of these described steps

gives the method its popular name, that is the Eshelby’s equivalent inclusion method (EIM).

To solve the equivalent inclusion problem, a transformation tensor known as Eshelby’s tensor (S)
is formulated which relates the eigenstrain (€*) with the actual strain (€) in the equivalent inclusion
or the reinforcement phase (Equation 6). This tensor is 4™ order and is obtained by solving the
strain field in the equivalent inclusion where the inclusion is given an eigenstrain (€*). Due to the
containment of the surrounding infinitely homogenous body, the effective strain (€ or ;) in the
homogenous inclusion can be determined using 2™ derivative of Green’s function (Gijx1) which is
the solution to the static equilibrium equations for when the matrix materials are either isotropic
or anisotropic. This tensor which is provided in its index notation Sj;,, can be calculated by
solving the volume integral of the inclusion with the Green’s function integrand (Equation 7). As
a result, Eshelby’s tensor generally depends only on the shape and elastic properties of the
inclusion and those of its infinite matrix. One very interesting result of Eshelby’s theory is that as
long as the inclusion or reinforcement phase is an ellipsoid (or sphere), the strain or stress field in
the inclusion remain uniform. Thus, this means we can simply assume that the mean strain (€) of

the reinforcement phase as simply € if the shape of the fillers is close to ellipsoids.

EIM can also be used to find the stress or strain field outside an inclusion or reinforcing phase of
a composite by using an exterior Eshelby’s tensor. Here, the exterior Eshelby’s tensor is simply
obtained by changing the volume integral in Equation 7 in terms of the positions (X) outside the
inclusion (X & ) which causes the strain outside the inclusion to be no longer uniform. Another
important benefit of Eshelby’s theory is that the same concept of equivalent inclusion can also be
used to model the thermal and dielectric behaviors of composites as the mathematical form of the
constitutive laws are quite similar [152,153]. For this case, the derived Eshelby’s tensors are 2™
order as the field components of thermal and electric behaviors are only defined by the three

orthogonal directions (X, y, and z) in Euclidean space.
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To find the effective properties of soft matter composites, the Eshelby’s tensor can be adapted to
different mean-field homogenization theories, most prominently the Mori-Tanaka theory which
will is the bread and butter of the current study [137,154]. In the homogenization theories, the
Eshelby’s tensor (S) will be used in multiple steps in the strain concentration tensors (Aj)
depending on the microstructure arrangement of the modelled soft matter composite. Hence, I will
provide the necessary backgrounds and overview of the Mori-Tanaka theory and their novel

formulation improvements at each subsequent chapter of this dissertation.
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1.9 Motivation and Overview
Overall, the numerous selections of polymers, sizes, shapes, and interfacial modifications of solid
or liquid fillers (cell included) make it challenging for researchers to optimize the standard
processing procedures to create composite with the desired multifunctional properties. The current
work presented in this dissertation aims to curb this challenge by equipping composite designers
with an analytical micromechanics framework that can accurately predict the multiphysics
behaviors of a multiphase soft matter composite at different length scale. To introduce the
significance of this work, Chapter 1 provided the introduction as well as the literature review on
the synthesis and applications of soft multifunctional polymer composites. Next, we will present
the theoretical framework for modeling the effective properties of EGaln (Chapter 2) and MXene
(Chapter 4) polymer composites which are the two recently emerged classes of functional
composite materials. Chapter 3 presents a micromechanics model that can approximate the rupture
stress of the Ga oxide shell which determines whether the embedded EGaln droplets can be
sintered or not under different loading conditions and concentrations. Subsequently, Chapter 5 will
introduce the viscoelastic model for modeling the viscoelastic response of hydrogel composites
under complex sinusoidal displacement loading. The work presented in Chapter 5 provides a
closed-form solution to rapidly predict the stress to time response of a hydrogel composite and
allow optimization to the loading parameters before conducting the real experimentation. Lastly,
Chapter 6 of this dissertation will summarize the main contributions of the current work and
provide recommendations for future works. With the formalization of my dissertation, I am
confident that the introduced micromechanics framework will find relevance among researchers
from all backgrounds and to serve as a robust predictive tool to accelerate the development of

various soft multifunctional polymer composites.
e Chapter 2: Multiscale Micromechanics Modeling of Liquid Metal Polymer Composites

e Chapter 3: Rupture Mechanics of Core-Shell Liquid Metal Droplets in Soft Matter
Composite

e Chapter 4: Novel Micromechanics Framework for Soft Multifunctional MXene Polymer
Composites:

e Chapter 5: Viscoelastic Model for Cells Layered in Agarose Gel Composite:

e Chapter 6: Summary and Future Work
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Chapter 2: Multiscale Micromechanics Modeling of Liquid Metal Polymer Composites
Liquid metal elastomer composites have gained significant attention in advanced technologies
including wearable electronics, soft robotics, and human-computer interactions. This is due to the
combination of metallic conductivity and fluidic properties of liquid metal (LM) inclusions in
addition to their facile fabrication process. With the emergence of gallium-based liquid metal
nanocomposites and advances in synthesis and integration of LM nanoparticles in a variety of
polymer matrices, there is a pressing need for a materials design tool to accelerate the development
of these multifunctional composites. Here, we introduce a double inclusion (DI) model capable of
predicting the properties of polymer composites with core-shell liquid metal droplets. The size-
dependent elasticity of LM inclusions is modeled by considering the solid gallium oxide interphase
between the liquid metal core and the solid polymer matrix. As the size of inclusions reduces from
tens of microns to tens of nanometers, the role of the oxide interface (shell) becomes more
dominant. The results of the DI model show excellent agreement with finite element analysis and
experimental results for a wide range of droplet sizes and volume fractions. This model provides

a design framework for the synthesis of LM composites with tailored multifunctional properties.

2.1 Introduction
Metallic alloys of gallium (Ga) that are liquid near or below room temperature, such as eutectic
gallium indium (EGaln) and eutectic gallium indium tin (known as Galinstan) have become
popular functional materials in recent years [8,38,155,156]. These liquid metal (LM) alloys have
low viscosity (~2 times that of water) [33], high thermal conductivity (20-30 W-m™-K"!) [30,31],
high electrical conductivity (1-4x10° S-m™) [33,157], and low toxicity [32]. This unique
combination of metallic conductivity and fluidic properties of liquid metal has been utilized in a

variety of soft and stretchable electronic devices.

Initially, bulk LMs were embedded as conductors in elastomer microchannels to create stretchable
circuits with potential applications as soft artificial skin with tactile sensing [158,159]. More
recently, liquid metal polymer composites (LMPCs) have been developed by dispersion of LM
micro-/nanodroplets in soft polymer matrices, typically elastomers (Figure 7). These solid-liquid
composites, also known as liquid metal embedded elastomers (LMEE), are a promising choice
among different LM material architectures and other functional composites [35,59,60,76,84,160].

This is mainly due to the metallic properties of inclusions and their liquid phase at room
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temperature. Unlike rigid carbon-based or metallic nanofillers, liquid inclusions do not introduce
significant mechanical resistance in compliant polymer matrices or stress concentrations at the
interface. This unique combination of properties has enabled the synthesis of soft polymer
composites with increased thermal conductivity [160,161], electrical conductivity [59,76,162],
electrical permittivity [60,64,163], and self-healing behavior [61,164]. These enhanced
multifunctional properties of LMPC can benefit a variety of emerging wearable technologies

[165].

In recent years, there has been an increasing interest to reduce the size of LM droplets and
embedded LM inclusions presenting both advantages and challenges [9,36]. LM nanodroplets can
show high stability and low reactivity when in direct contact with metals such as aluminum [166].
Moreover, the confinement of LM droplets to micro/nanometer length scale significantly lowers
their freezing and melting points which increases the operating temperature range for both LM
particles and their composites as they remain soft and stretchable at low temperatures
[55,167,168]. This feature is desirable in applications such as wearable thermoelectric generators
where the LM-elastomer composite functions as a compliant thermal interface to efficiently
generate power from human body heat for biomonitoring at low temperatures [168]. Another
application of LM nanoparticles is shown in dielectric actuators and energy harvesters. The
dispersion of LM nanodroplets in elastomers produces soft and stretchable dielectric materials with

higher breakdown strength, compared to embedded micron-sized LM droplets [163].

Solid Oxide Shell

Liquid Core

Soft Polymer Matrix

Figure 7. (a) Schematic of liquid metal polymer composites (LMPCs), (b) Micrograph of dispersed EGaln droplets in PDMS, (c)
The core-shell structure of embedded liquid metal inclusions.

An important structural feature of small-scale Ga-based LM droplets and inclusions is the
encapsulation of the liquid metal phase with a solid gallium oxide (Ga203) layer. This passivating
oxide layer forms rapidly in the presence of oxygen [169,170]. Although this oxide skin is
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relatively thin (2-5 nm), it forms a core-shell structure that plays a crucial role in the performance
and synthesis of nanoarchitectured LM systems (Figure 7¢). For instance, it affects the structural
stability of LM droplets which allows the synthesis of LM nanoparticles suitable for inkjet printing
of stretchable conductors [79]. However, as the size of droplets reduces, rupturing the protective
oxide skin becomes more challenging which can prevent the formation of coalesced electrically
conductive pathways between neighboring ruptured LM nanoparticles [78,171]. This process is
more difficult when those nanoparticles are suspended in a soft polymer matrix such as elastomers.
However, this behavior of LM nanocomposites can be alternately viewed as an added advantage
for preventing involuntary mechanical sintering (i.e., human touch, folding, and twisting) which
can cause a short circuit within LM-based devices, particularly where the LMPCs are used as
thermally conductive and electrically insulating materials [166,168]. These experimental studies
show the importance of LM inclusion size and the stability of solid-liquid interfaces on the

performance of LMPCs.

Analytical and numerical modeling tools are essential to accelerate the development of functional
LM nanocomposites with tailored properties. Unlike the experimental studies on LMPCs, the
modeling tools capable of predicting the effective properties of these composites are limited. A
pioneering study by Style et al. [147,172] on the softening and stiffening effect of liquid inclusions
has been widely adapted for validating the elastic behavior of LM composites. This model (termed
Style’s model here) is based on a modified Eshelby’s inclusion theory, where the surface tension
of small-scale incompressible liquid inclusions is considered. More recently, computational
modeling studies have also been performed on LM composites to study the role of microstructures

on the functional properties (i.e. thermal and electrical conductivity) of LMPCs [142,173,174].

In this study, we present a three-phase double inclusion (DI) model to predict the overall properties
of liquid metal composites with a well-defined core-shell structure (Figure 7c). The size effect of
embedded LM droplets on the elasticity of composite is also studied by altering the ratio of the
oxide shell thickness (t) to the inclusion diameter (D), as this ratio (t/D) is negligible for larger LM
droplets while it is considerable for LM nanoparticles. The micromechanics modeling results are
validated with finite element analysis (FEA) and available experimental studies. Lastly, the core-
shell structure of the LM fillers is considered to predict the thermal conductivity and dielectric

properties of the liquid metal composites.
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2.2 Modeling Approach

2.2.1 Formulation of Double Inclusion Model

As shown in Figure 8a, three-phase LMPCs which consist of core-shell structured LM fillers
suspended in a soft polymer matrix are considered in the micromechanics modeling. Under the
assumption of linear elastic deformations for both polymer matrix and oxide interface, the effective
stiffness or compliance tensor of LMPCs can be determined by the Mori-Tanaka (MT) mean field
homogenization approach. This approach is more explicit and computationally faster than other
techniques (i.e., differential, and self-consistent) while being suitable for modeling composites
with a well-distinguished matrix phase [139,154]. We utilize a two-level MT homogenization of
DI model (TDI) to predict the behavior of LMPCs with nanoscale LM inclusions (Figure 8b). In
this approach, the liquid core and solid shell (deepest level) are homogenized first then treated as
one of the two phases with the polymer matrix for the overall homogenization of the composite
(highest level) [138]. This is distinctive from the generalized DI model (GDI) that treats the core-

shell inclusions as two separate phases in

the matrix as shown in Figure 8c [136—

138]. Although the GDI model with one
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. Figure 8. Micromechanics model: (a) Double inclusion (DI) model
n phases (n = Q, I' or m) into volume  for LM fillers with the volume fraction of the core (fa), shell (fr),
_ . _ core-shell (fr) and matrix (fm) domains, (b) TDI: DI model with a
average stress (0') and strain (€) vectors  two-level Mori-Tanaka (MT) homogenization technique, (¢) GDI:
. . generalized DI model with MT homogenization scheme.
with respect to the overall composite

volume (P) as shown in Figure 8a. These field vectors are linearly related by the effective stiffness

tensor (C) of the LM polymer composite.
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e=f,e,+frer +fp€q 9
6= Ce 10
In the first level of homogenization, the shell (I') and core (Q2) form a DI composite (I' + 0 or
simply I'QQ) by using the MT approach and has a combined volume fraction of fr. Thus, the
effective stiffness of the inner DI composite (Crq) can be obtained as shown in Equation 11. The

[T 3]

:” operator represents matrix multiplications between any 4™ order tensor:

Crg=C +f—“(c —Cp):A H
rqQ — %“r fQ+f1" Q r’/-aagra

Where C,, and f,, are the stiffness tensor and the volume fraction of each phase (n = I' or Q),
respectively. In this equation, Agq, ro is the strain concentration tensor that relates the volume
average strain (€g) in the core with the volume average strain (€rg) within the core-shell domain
or DI composite as indicated in Equation 12. This strain concentration tensor is dependent on the
volume fractions, stiffnesses of the solid shell and liquid core of the composite, and inclusion’s
geometry (Equation 13-14). In the MT homogenization scheme, Agrqis also commonly
recognized as the global strain concentration tensor, which is a function of the local strain
concentration tensor (B c,). This dependency is essential to accurately predict the effective
stiffness of the inner DI composite when it has large volume fraction of LM core surrounded by a
dilute volume fraction of thin oxide shell [137,175]. In Equation 13-14, the I is a fourth order
identity matrix and S, is Eshelby’s tensor. For LMPCs, Eshelby’s tensor is only a function of the
Poisson’s ratio (vn) of the referenced n-matrix phase assuming LM double inclusions are coaxial
spheres [135,176]. In the first step of the two-level DI model, this Poisson’s ratio (vr) is equated
to that of the solid shell since the solid shell behaves as the matrix in the deepest level for the liquid

core. See the supplemental information to find the complete description of the spherical Eshelby’s

tensor.
éQ = AQ,FQ . él"ﬂ 12
-1
Aqrq = (fo + fr)Bec, : (frl + foBepc,, ) 13
-1 -1
Be.c, = (1 +Sp: (Crt: € — 1) 14
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In the second step, the overall stiffness of the three phase LMPC (C") is computed by a MT
homogenization but now taking the stiffness of the polymer matrix (Cm) and the effective elastic

stiffness of the inner DI composite (Crq) which was calculated in the first level using Equation

I1.

CT=Cp+ (fq + fr)(Crq — C): Argp 15
This homogenization is conducted by introducing another strain concentration tensor (Arq p ). This
tensor relates the volume average strain (€) in the overall composite volume (P) with the volume
average strain (€rq) in the deepest DI composite (I'Q2) as shown in Equation 16. Furthermore, in
this second step of the TDI model, the Poisson’s ratio of Eshelby’s tensor in B¢ _ ¢, is equated to
that of the polymer matrix (vm) because the polymer now behaves as the matrix for the inner two-
phase composite. Similar to the first MT homogenization step, the dependency between Argq p and
B¢ c In this second step ensures the predicted stiffness of LMPC is accurate when the volume

fraction of embedded DI composites is above dilute level of 5% [175].

€rqg = Arqp: € 16
-1
Arop = B¢, ¢ (fml + (fo + fF)BCm.Cm) 17
B -1
ch‘Cl‘ﬂ = (l + Sm: (CEII: CFQ - I)) 18

In contrast to the two-level homogenization approach, the well-known DI model treats the shell
and the core as two separate single inclusion phases with the MT homogenization simultaneously

applied over those three different phases (Figure 8c, Equation S5-S11).

2.2.2 Effective Functional Properties

The formulated elasticity DI models can also be extended to estimate the thermal and electrostatic
behaviors of LM polymer composites. This is because their constitutive equations are of a similar
mathematical form, so that Eshelby’s inclusion solution (i.e., eigenstrain method) can be applied.
Table S1 summarizes the volume average field and flux terms for mechanical, thermal, and
electrostatic behaviors. For example, the constitutive law for the thermal behavior of materials is
based on Fourier’s law (q = K : 0). This corresponds to Hooke’s law (6 = C: €) of elasticity where
the volume average of stress (@), effective stiffness tensor (C) and volume average of strain field

(e) are analogously interchangeable with the volume average of heat flux (q), effective thermal
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conductivity tensor (K) and volume average of temperature gradient (), respectively. Similarly,
for the electrostatic behavior, the volume average of electric flux (d), electric field (E) and
effective dielectric constants (£,) correspond to @, € and C, respectively. Therefore, the DI model
(Equation 8-18) can be repurposed for studying thermal and electrostatic behaviors by

interchanging their respective terms for flux, field and property tensors while utilizing an

uncoupled Eshelby’s tensor for assumed spherical LM core-shell fillers (S = §I3x3).

2.2.3 Finite Element Modeling

It is common to evaluate the accuracy of micromechanics models through FEA [146,177]. Here,
the predictions made by the DI models for the effective mechanical, thermal, and dielectric
properties of LM polymer composites are validated using FEA. To execute that, a centered
spherical liquid core, layered with homogeneous solid shell embedded in a cubic polymer matrix
is chosen as the representative volume element (RVE) of the LM polymer composite (Figure 9a).
This RVE is assigned with appropriate boundary conditions (BCs) based on Table S3 to obtain the
equivalent mechanical, thermal, and dielectric properties of LMPCs. Additional displacement
constraints are applied on opposite faces to create periodic BCs and to ensure continuity between

RVEs.

To predict the mechanical properties using
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FEA, the total strain energy of the RVE
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With computed strain energy and known applied deformations, the components of effective
stiffness tensor and subsequently the effective Young’s and shear moduli are determined (Equation
S19-S22). In a similar manner, the effective thermal conductivity and dielectric constant of LMPCs

are determined by FEA (See the supplementary information of this chapter for further details).
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2.3 Results and Discussion

2.3.1 Mechanical Behavior of LMPCs

To accurately investigate the mechanical behavior of a LM polymer composite using DI and FEA
methods, the actual mechanical properties of the polymer matrix and oxide shell are considered,
while the LM core is assumed to be incompressible and have zero elastic modulus (Table 1). The
equivalent stiffness of LMPCs predicted by these models is isotropic because LM inclusions are

spheres and input material constants for the phases are isotropic.

Table 1. Mechanical and functional properties of the phases in LM polymer composites

Phase Elastic Modulus Poisson’s  Dielectric Thermal Conductivity
(MPa) ratio Constant (Wm' K1)

Matrix
1.5 [163] 0.49 3.3 [163] 0.17 [55]

(Sylgard 184)

Solid shell

. 1060 [78] 0.31 18 [179] 11[180]
(Ga-oxide)

Liquid core

0.1 (fluidic) 0.49 oo (conductor) 30 [33,38]
(EGaln)

As shown in Figure 10a and b, the results of the DI model clearly demonstrate the size influence
of core-shell LM droplets on the overall stiffness of LMPCs. For instance, as the ratio of shell
thickness to inclusion diameter (t/D) of LM fillers increases, the two-level DI model predicts that
both the equivalent elastic and shear moduli of LMPCs will increase regardless of LM volume
fraction (fr). In addition, as the volume fraction of LM inclusions increases, the Young’s and shear
moduli of LMPCs are predicted to increase (stiffen) or decrease (soften) depending on the size of
inclusions. Most LM nanocomposites will be susceptible to stiffening behavior because the usual
diameter of their inclusions is on the order of tens or hundreds of nanometers while the thickness
of solid oxide shell among LM nanodroplets remains in a few nanometers [78]. This enables the
resulting size ratios of inclusions to fall within the wide stiffening range (6x10*<t/D<0.5) of the
composite. In contrast, most micro-sized LM inclusions have diameters on the order of tens or

hundreds of microns while their oxide shell thickness remains in the same range as those of LM
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nanodroplets. Hence, their normalized shell thickness ratio is relatively small (0<t/D<6x107*) and

results in predicting the softening behavior of LMPCs.
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Figure 10. Effective elastic modulus (a) and shear modulus (b) of LMPCs predicted by two-level DI model for different volume
fractions and shell thickness to diameter ratio (/D) of LM inclusions. (c¢) Normalized effective elastic modulus of LMPCs for four
different polymer matrices with nano or micro droplets (100nm, /D = 2x10-2 and 10um, t/D = 2x104).

It should be noted that the effective elastic and shear moduli of LMPCs become independent of
inclusion size when the size ratio exceeds 0.02. Above this size ratio, the increased stiffness of
LMPCs will be similar as the stiffening behavior of composites containing only solid Ga-oxide
(t/D=0.5). This size-independent behavior occurs because of the dominant stiffness of the gallium

oxide shell (1.06 GPa) in comparison to that of the polymer matrix (1.5 MPa).

The compliance of matrix material is another essential factor in the stiffening or softening effect
of embedded liquid micro-/nano inclusions. In addition to silicone elastomers (Sylgard 184 and
Ecoflex 00-30), other stiff and ultrasoft polymers such as polyvinylidene fluoride (PVDF) and
hydrogels can be used in the synthesis of LMPCs [14,163]. These polymers have elastic moduli
(Em) spanning several orders of magnitude. Figure 10c shows the important role of polymer
matrices in the effective Young’s modulus of LMPCs when normalized by unfilled polymer’s
stiffness. Assuming unchanged stiffness of oxide layer (1.06 GPa), the TDI model clearly shows
that when a relatively stiff matrix such as PVDF (En=2.6 GPa, v,=0.3) is used, both nanoscale
(100 nm, t/D=2x10"%) and microscale (10 pm, t/D=2x10"*) droplets show softening effect. In
contrast, when an ultrasoft soft hydrogel (En=90 kPa; v,=0.49) or Ecoflex 00-30 (En=125 kPa;
vin—=0.49) is chosen as the matrix, both the micro and nano droplets increase the stiffness. Hence,
with the guidance of TDI model, the stiffness or compliance of LMPCs can be tailored by selecting

the size and volume fractions of LM particles as well as the type of polymer matrix.
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The TDI model is compared to Style’s model which has been commonly used for LM composites.
To apply Style’s model, the diameter of inclusions is varied while a constant surface tension of 0.5
Nm! is assumed in Equation S12 to determine the equivalent inclusion stiffness (Ei). This stiffness
value was used in Equation S13 to predict the composite’s Young’s modulus based on the size and
volume fraction of LM fillers. The results of both models are compared to the experimental data
for EGaln-PDMS composites in Figure 11. For the composites with micron sized LM inclusions
(D=10 pm), the equivalent elastic moduli predicted by both TDI and Style’s models are in good
agreement with each other and with the experimental results. However, the TDI model appears to
be more accurate than Style’s model as it closely predicts experimental results for LM
nanocomposites with 1um inclusion diameters. A constant solid oxide shell thickness of 2 nm in
the TDI model is assumed to compare its stiffness predictions with those of Style’s model and
experimental results based on the diameter (D) of inclusions [78]. For instance, the prediction of
TDI model for size ratio t/D = 2x107 is equivalent to Style’s and experiment’s result for I1um

inclusion diameter when the shell thickness is approximated to be 2 nm.
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Figure 11. The two-level double inclusion model is compared with Style’s model [147,172] and experimental results [163] for
effective elastic modulus of LMPCs with varying LM volume fractions and inclusion sizes.

Overall, for liquid metal polymer nanocomposites, Style’s model is inferred to be less accurate
than TDI model when comparing both models against experimental results. An example of this is
that the upper limit of Style’s model appears to closely overlap the measured elastic modulus of
LM composites with 1 um and 100 nm inclusion diameters as shown in Figure 11. However,
Style’s upper limit is physically unattainable because it represents the maximum possible

equivalent inclusion stiffness (E/=8Ewm/3) that occurs as the diameter of LM inclusions approaches
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zero (D=0). Therefore, this observed overlap of experimental value of D=100 nm with the
following limiting curve is physically unrealistic. In addition, the results of TDI model are much
closer to the experimental Young’s modulus of LMPCs with 1pm inclusion diameter than Style’s

model.

It is also postulated that the surface tension on Ga-based LM droplets can decrease and vanish
when the thickness of its oxide interface increases [40]. If this physical behavior is considered,
Style’s model would have predicted a much smaller effective elastic modulus (Ec) for LMPCs with
core-shell structures. However, a constant surface tension (0.5 Nm™') was used in Style’s model
when compared to the experimental and TDI model in Figure 11. This assumption was made
because negligible surface tension will lead to negligible equivalent inclusion elasticity in this
model (Equation S12-S13) regardless of inclusion diameter. Hence, when considering the core-
shell structure of LM droplets and its effect on interfacial surface tension, Style’s model is not
suitable for describing the overall mechanical behavior of liquid metal nanocomposites. This
limitation was highlighted in a recent review article by Style et al. [7] where an alternative
formulation was suggested to account for the oxide interphase layer. In contrast to the proposed
equation, TDI model is a versatile mathematical tool that can be simply extended to study

composites with different filler morphologies or anisotropic properties.

The two-level DI model accurately predicts the elastic modulus of LM composites with 1um LM
nanodroplets when compared to experimental results. However, it overpredicts the effective
Young’s modulus of LMPCs with 100 nm diameter. This overprediction arises because of the
variations of elastic modulus, thickness of the Ga-oxide shell and polydispersity of LM fillers
within fabricated LM nanocomposite specimens. The presence of residual macroscale LM droplets
in the composite are believed to be the main factor contributing to errors in experimental results,
particularly at larger volume fractions in the range of 20% [163]. In some cases, these larger LM
droplets (smaller t/D) can diminish the stiffening effect introduced by the LM nanoparticles which
coexist in the same polymer composite [177]. To study the role of polydispersity on the predicted
elastic modulus of LM nanocomposites, a log-normal size distribution was considered for LM
nanodroplets (Figure S1a). For a constant oxide thickness, the size of inclusions was varied from

100 nm (t/D=2x10?) to 1pum (t/D=2x107). As indicated in Figure S1b, the results show that
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although considering polydispersity in TDI model slightly improves the prediction, it is not the

only reason for discrepancy between the modeling and experimental results.

The results of the two-level DI model are validated using FEA to further evaluate the accuracy of
the proposed model for LM composites with core-shell structures. It is shown that the overall
elastic (Figure 12a) and shear moduli (Figure 12b) predicted by the TDI model for different filler
volume fractions and inclusion sizes (here t/D ratios) agree with FEA. Similar to the result of the
TDI model, FEA verifies that there exists a consistent range of inclusion sizes (t/D) where the
stiffening and softening behaviors of LMPCs are bound to occur, which is at 6x10#<t/D<0.5 and
0<t/D <6x10*, respectively. The inclusion’s size ratio of 6x10*is predicted by both methods for
the LM composite to exhibit no changes of compliance or stiffness at any volume fraction. This
behavior arises because at this size, the enhanced compliance of LMPCs by the liquid core of LM

inclusions is exactly offset by the structural rigidity provided by the solid oxide shell.
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Figure 12. FEA validation for the two-level DI (TLDI) model and comparison with GDI model. Estimated overall elastic modulus
(a) and shear modulus (b) as a function of LM volume fraction and the ratio of oxide shell thickness to inclusion diameter. Insets:
deformation of RVE under simple tension (a) and shear (b) and zoomed-in plot for GDI model.

The generalized DI model predicts that the elastic and shear moduli of LM composites to be
dependent on filler volume fraction but independent of inclusion size (Figure 12). For instance,
the predictions of the GDI model for effective elastic and shear moduli of three distinct inclusion

sizes (/D =2x1073, 6x10**and 3x10*) are similar with each other and coincide with the results of
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FEA for micron-sized inclusions (t/D=3x%10*). This result occurs because the GDI model treats
the LM core and gallium oxide interphase as two separate inclusions in a polymer matrix with Ga
oxide phase having the smallest volume fraction because of its inherent thin-shell structure. In this
configuration, this oxide phase will have a minimal role in the overall stiffness of LMPC. Despite
that, GDI model is sufficient to predict the equivalent mechanical properties of LM composites

with at least micron-sized inclusions.

At filler volume fractions higher than 20%, there is a slight discrepancy between two-level DI
model and FEA results. This is because MT approach considers inter particle interaction that is not
reflected in our chosen RVE. Although different RVEs can be selected in FEA and the
polydispersity of the inclusions can be implanted in the DI model, further experimental results are
required to evaluate the accuracy of each methodology. Overall, the FEA validation further
confirms that the presented model can be used as a design framework to reliably predict the
stiffness or compliance of LMPCs not only based on volume fraction but also considering the
inclusion size and their core-shell structure. The two-level DI model can be applied to the emerging

LM composites with tailored interfaces [53].

2.3.3 Functional Behavior of LMPCs

The double inclusion model can also be used to study the thermal and electrostatic behavior of
LMPCs. Figure 13a shows the dielectric constants of LMPCs with different inclusion sizes and
volume fractions based on the input material properties presented in Table S3. The predicted
dielectric constants of LM composite by TDI model matches FEA results up to 40% volume
fraction for distinct inclusion sizes (t/D=0.5, 5x107 and 0). However, those predictions made by
TDI model are only in agreement with the measured dielectric constants up to 15% volume fraction
of inclusions with diameters of 10 pm (t/D=2x10"%), 1 um (t/D=2x10") and 100 nm (t/D=2x102).
To improve this model, a modified TDI model based on interpolation (ITDI) is introduced which
can closely predict the measured dielectric constants of LMPCs up to a higher 30% volume fraction
for both similar microscale and nanoscale LM inclusions. Here, the normalized size (t/D) and
diameter (D) of LM inclusion are made comparable by assuming 2nm as the constant oxide shell
thickness. The derivation details of this interpolated TDI model can be found in the supplementary

information.
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At most volume fractions, ITDI model predicts negligible change of dielectric constant of LMPC
with respect to three distinct inclusion sizes (t/D=2x10", 2x107 and 2x107?). However, when the
volume fraction is above 15%, the experimental results show that LM composite with
nanoparticles (D=100 nm) has higher dielectric constant than the composite with microparticles
(D =1 um and 10 pm). This result occurs in experiment because LM nanoscale inclusions are
polydisperse with respect to their diameters which are normally distributed in the composites
[163]. The following morphology enables LM nanoscale inclusions to act as fillers in between
microscale LM inclusions to create multiple narrow inter-inclusion gaps. Each of these gaps has
an insulating polymer phase separating the conductive fillers to concentrate inter-inclusion electric
flux by behaving like a micro-capacitor. Thus, it is possible that this concentrated local electric

flux increases the overall electrical permittivity of the LM nanocomposites.

At above 15% volume fraction, the interpolated TDI model is unable to predict the measured
dielectric constant of LM composite because this model utilizes Eshelby’s theory which is also
often equivalent to effective medium theory. In both frameworks, a perfectly homogeneous filler
dispersion in the polymer matrix is assumed. Based on this assumption, the DI model is generally
unable to accurately consider a composite with more complex microstructures. As a result, the
measured dielectric constant increases for LM nanoparticles while micromechanics such as TDI

model and its interpolated version are unable to accurately predict this behavior.
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Figure 13. Functional properties of LMPCs predicted using ITDI, TDI model and FEA and compared to experimental results: (a)
effective dielectric constant (Experimental data [163]), (b) the effective thermal conductivity of the LM composites (Experimental
data [161]).
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Figure 13b demonstrates the estimated thermal conductivity of LMPCs with different volume
fractions and inclusion diameters. In this plot, the thermal conductivity of LM composite predicted
by TDI model matches FEA results up to 40% volume fractions for the lower (t/D=0) and upper
bound (t/D=0.5) inclusion sizes. The predictions for both sizes show negligible differences.
However, those predictions made by TDI model are lower than the measured thermal conductivity
of LM composite [161]. Therefore, a modified TDI model based on interpolation (ITDI) can be
used to better predict the measured thermal conductivity of LM composite while also indicating
that the effect of inclusion size on the thermal conductivity remains negligible. This occurs mainly
because in comparison to other properties, the thermal conductivity differences between the oxide
interphase and the LM core is much closer to each other. For instance, the thermal conductivity
range of LM (i.e. EGaln and Galinstan) and Ga-oxide are in the range of 20 to 30 W-m™-K™! and
10.9 to 27 W-m-K'!, respectively [33,38,180]. Despite selecting the thermal conductivities of
each core and shell phase to have the largest contrasting value (Table S3), the DI model still
predicts negligible size influence of core-shell LM inclusion on the overall thermal conductivity
of LM composite. Since the size influence of inclusion is negligible and spherical geometry is
assumed, the following results of DI model become consistent with other micromechanics model

such as Bruggerman theory and Maxwell-Garnett model shown in a recent study [178].

This minimal size effect of core-shell structured LM fillers on the thermal properties of composites
shows promising applications of LM nanocomposites as multifunctional units. While the
advantages from reducing the diameter of LM fillers observed through experiment or modelling
results had shown improved dielectric constant, dielectric breakdown strength, supressed freezing
and melting temperatures, and limited corrosive effect, the thermal conductivity of LM composites

will remain unchanged for the same filler volume fractions.
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2.4 Conclusion
In this study, the effective structural and functional properties of liquid metal polymer composites
were investigated using a two-level double inclusion model. This model examines the role of LM
volume fraction and inclusion size by considering a core-shell structure for the embedded LM
droplets. The results of the DI model for Young’s modulus of LMPCs were also in better agreement
with the experimental data when compared to a previous model based on surface tension of liquid
inclusions and Eshelby’s theory. Furthermore, finite element model validation had confirmed the
accuracy of this modeling approach for elastomer composites with embedded core-shell liquid
metal inclusions. Lastly, the DI model is extended to estimate the relative permittivity and thermal
conductivity of the LM composites with different volume fractions and inclusion sizes. It can be
concluded that the double inclusion model provides a versatile design framework for liquid metal
composites with nano and microscale inclusions. Therefore, as new surface and interface
modifications of LM droplets emerge, this model can accelerate the development of advanced

liquid metal composites with low computational cost and complexity.
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Chapter 3: Rupture Mechanics of Core-Shell Liquid Metal Droplets in Soft Matter
Composites
One of the vital parameters when designing the microstructure of liquid metal polymer composite
(LMPCs) is the size of the core-shell liquid metal droplets. Gallium-based liquid metal droplets
such as eutectic gallium indium (EGaln) have a defined core-shell structure which comprise of a
conductive liquid metal core surrounded by a thin but rigid gallium (Ga) oxide shell. The rupture
of this insulative oxide layer is needed to form continuous conductive traces between the
suspended droplets. However, the same oxide shell also behaves as a rigid dielectric barrier. This
interfacial barrier must be preserved when creating LMPCs with high thermal conductivity but
electrically insulative [181]. Thus, in this chapter, a predictive model is developed to investigate
the rupture mechanics of small or large embedded LM droplets that can have various packing
density in their composite. This predictive model would pave the foundation to conduct further

investigation of the toughening, fracture, and large deformation behaviors of LMPCs.

3.1 Introduction
Synthesized micro- and nano- sized liquid metal droplets such as EGaln have a core-shell structure
which can be observed in their micrographs [1,55,56]. These core-shell structures exist because of
the presence of self-passivating thin oxide shell. As the size of EGaln droplets is reduced to the
nanoscale, the thickness of this rigid gallium oxide (Ga20s3) shell becomes relatively larger than
the size of the LM droplet. When small core-shell LM droplets are embedded in a soft matrix phase
such as an elastomer, it becomes challenging to sinter these LM droplets by external forces. This
is because the applied forces are mechanically damped by the surrounding soft elastomer

[77,160,182].

Enabling and preventing the mechanical sintering of EGaln droplets in a polymer composite is one
of the most important considerations when designing the microstructure of LMPCs. Successful
mechanical sintering of the embedded EGaln droplets enables the fabrication of stretchable
electrical interconnections with strain-invariant resistance behavior [14,183—185]. For example, to
create electrically conductive traces in LMPCs, the Ga oxide shell of the embedded EGaln droplets
must be ruptured by external loading. When the oxide shell is ruptured, the conductive EGaln core
is exuded and coalesces with its neighboring liquid metal droplets, but this is assuming that the

insulating polymer barrier is also fractured during the process. On the other hand, the sintering of
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the EGaln droplets is undesirable if their composites must remain electrically insulative but also
possess high thermal conductivity or electrical permittivity [84,85,181]. Hence, this raises a
question of whether there is an optimum arrangement (volume fraction, packing factor, droplet
size) or boundary conditions (uniaxial, hydrostatic pressure) that could maximize the localized
stress concentration to rupture and coalesce the embedded EGaln droplets into single continuous
LM trace. Alternatively, it is also important to determine the optimum microstructures of the LM
droplets that will prevent involuntary mechanical activation (short circuit) due to external

deformation applied on the LMPCs.

The microstructure selections of LMPCs decides whether the suspended LM droplets are favorable
for mechanical sintering. One of the simplest ways to achieve particle sintering is to embed
predominantly large (microns) LM droplets where the thickness of the oxide shell is negligible in
comparison to the size of the droplets [181,184]. However, selecting large LM droplets can lead
to the leakage of the encapsulated LM droplets from its polymer packaging during the sintering
procedure, which can lead to involuntary short circuit and lack of control in the resolution of the
created conductive trace. Alternately, it is preferably to use LMPCs with smaller (several microns)
EGaln particles when the composite is intended to be used only as a thermal management
[84,86,181] or dielectric components [60,65,186] of an electronic device. This is because smaller
EGaln droplets have structurally rigid core-shell structure which cannot be easily sintered and leak
even when their composite is subjected to excessive mechanical loading. Despite that, it is possible
to mechanically sinter the small LM droplets in their composite. This can be done by allowing
these LM droplets to sediment in its precured polymer matrix for a prolonged period to create LM
rich layer with high packing density of liquid metal droplets [184,187,188]. With this
configuration, it becomes much easier to coalesce the liquid metal rich layer of the LMPCs by
either applying shear (peeling) [184] or compressive forces [77,187,188]. Another recent study
also demonstrated that it is possible to sinter microsized LM particulates in a printed 3D
architecture LMPC by applying hydrostatic stresses which is transferred to the composite using
another secondary matrix with viscoelastic characteristic [189]. These experimental observations
highlight the importance of understanding the effects of microstructure arrangements and

loading/boundary conditions when attempting to prevent or enable the sintering of LMPCs.
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A full three-dimensional stress solution in a composite provides a fundamental mechanical
parameter to predict the deformation and failure behaviors of liquid metal polymer composites at
various length scales. Currently, the exact stress field in a liquid metal polymer composite can be
simplified as a 2D elastic problem. In this formulation, the LM droplet is represented as a core-
shell spherical inhomogeneities and the stress solutions has been derived using Airy’s stress
function approach to estimate the specific elastic energy stored in the EGaln droplet [190] or to
estimate the maximum shear stress of the thin oxide shell [183,185] when a composite is under a
given mechanical loading. There are other stress function approaches which can help find the 3D
stress solution for a general composite with an ellipsoidal inhomogeneity and an interphase.
However, the formulation for such problem is laborious especially when different boundary
conditions and additional interphases are considered [191,192]. Alternatively, in this current
dissertation, we provided a compact modeling framework that can generally find the complete 3D
stress field in a liquid metal polymer composite. This model can flexibly account for various
morphologies of core-shell EGaln droplets with additional interphases and interparticle

interactions in a composite system.

3.2 Modeling Approach
The microstructure of LMPCs typically consists of polydisperse core-shell liquid metal (EGaln)
droplets suspended in a polymer matrix (Figure 14a). In both the large and small LM droplets, the
core-shell structure comprises of a liquid core surrounded by uniform thickness of rigid Gallium
(Ga) oxide shell (Figure 14b). These droplets can be modelled as either sphere or ellipsoids which
are the common shapes of the synthesized EGaln micro, or nano particles observed in different
elastomers [8,60,160]. To explicitly formulate the full-field solutions of the stress and strain field
inside and outside the core-shell liquid metal inclusion, we will use Eshelby’s equivalent inclusion
method (EIM) and the principle of superposition in elasticity [193,194]. Once the computed stress
and strain components for a single core-shell EGaln inclusion is found, we can reapply the same
notion of superposition [148] to investigate the effects of interparticle interactions when the
droplets are jammed at high packing density in their polymer matrix. Interparticle interactions are
considered in this study as it can elevate the stress concentration at the Ga oxide shell and at the
boundary of the Ga oxide and the polymer phase (i.e., oxide-polymer interface) which are the

locations where the rupture of the core-shell particle take place.
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3.2.1 Geometric definition of Core-shell EGaln particulate
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(1" ) to radius (r =r ) ratio of o Figure 14. (a) An illustration of a soft liquid metal polymer composite with
3 1 2 layers of large and small LM droplets. (b) The individual large or small LM
and an oxide shell (T) of uniform droplets can be modelled as a core-shell LM inclusion suspended in an infinite
( ) soft polymer matrix. Large spherical LM droplets will have small t/r> while

thickness (t) which surrounds the  smaller soherical LM droplets will have large tr..

liquid metal core (€). Since the LM core is also ellipsoidal, the surface geometry of the core can
also be defined by Equation 20 and the aspect ratio (y) of the core domain is larger than a because
the oxide shell thickness tend to be much smaller than the outer radius (r,) of the core-shell
domain. However, both the aspect ratio of the core and overall core-shell structure becomes one

when the considered core-shell inclusion is spherical.

To ascertain whether the position where the stress or strain components are evaluated is at the core,
shell, or the polymer phase, several sets of mathematical criteria are introduced. For example, if
the position vector X = (X4, X, X3) of a point of interest causes Equation 19 to be less or greater
than one, the chosen location will be respectively inside (X € X) or outside [X € (D — Z)] of the
core-shell inclusion. Similarly, if the chosen position vector led Equation 20 to be smaller than
one, the position of the point of interest will be within the core phase of the inclusion. Finally, if
the chosen location of the point of interest is in the oxide shell, the evaluated value of Equation 19

will be less than one, but Equation 20 must be greater than one as indicated by Equation 21.

ﬁ+x_%+§_{ a<1X €3 Y 19
2 2 12 la>1LXed-1) ’ T, I

X7 N y3 75 :{ b<1,X € Q _m—t_ -t 20
L —-92 (-2 (3-02 b>LXe®-0' Y -t -t
a<1&b>1, XeT 21
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3.2.2 Stress field inside and outside of EGaln inclusion without oxide shell

To introduce the Eshelby’s equivalent inclusion method [176], it will be simpler to begin with
formulating the stress field inside and outside an incompressible ellipsoid inclusion (EGaln)
without the presence of an oxide shell (Figure 14b). This EGaln inclusion which has isotropic
stiffness tensor of C? is embedded in an infinite soft polymer matrix (M) with stiffness tensor of
CM. Here, the polymer matrix is under an applied stress (6°) and the ellipsoidal single inclusion
(Q) has aspect ratio of a and isotropic stiffness tensor of C®. The effective stress (o%) in the
inclusion can be summarized as Equation 22 which suggests that the internal stress is always
spatially uniform regardless of the far field stress [135]. In this equation, the equivalent inclusion
method (EIM) is used which allows us to evaluate the disturbance strain (€9) or strain
concentration in the LM inclusion. This is possible because the stress field (o) of an
inhomogeneous inclusion ({) in a polymer matrix (M) can be made equivalent to the stress field
of an inclusion in a homogeneous polymer medium as long as a proper eigenstrain (€*) is
computed. As a result, the disturbance strain field becomes proportional to the following
eigenstrain and related by the 4™ order internal Eshelby’s tensor (S') as suggested in Equation 23.
Furthermore, by substituting Equation 23 into Equation 22, the eigenstrain can be formulated as
Equation 24 by explicitly expressing for € in the EIM formulation. Further explanations for the
concept of EIM used in this study are provided in the introduction of this thesis at section 1.8

Eshelby’s equivalent inclusion method.

02 =0°+ Ched =06+ CM:[ed — &), X e 22
ed =8¢ 23
g =[CM:ST(a) — CM — Cc2: S ()]~ [C2: {CcM} L —1): 0° 24
oM (X) = 6° + CM: SE(X, 0): €7, XeED-Q 25

Finding the stress field outside the LM inclusion will help determine whether the created local
stress concentration is sufficient to rupture the polymer phase which will allow neighboring LM
droplets to coalesce when sintered. To achieve this, the stress (6™) in the polymer phase can be
determined by summing the uniform far field stress with the stress concentration (2™ term) at a
position (X) outside the inclusion as described by Equation 25. As a result, the stress outside the
liquid metal inclusion is no longer uniform. This is because near the inclusion, the stress fields are

polarized due to the presence of inhomogeneity (i.e., LM particulates) while at far away from the

55



inhomogeneity the stress field must converge to the applied stress boundary conditions (6™ = ¢°).
To compute the stresses inside and outside the liquid metal inclusion, the external [SE(X, «)] and
internal Eshelby’s tensor [S!(a)] is given by Equation S30 and Equation S38, respectively. Both
these Eshelby’s tensor are dependent on the aspect ratio («) of the core-shell LM droplets but only
the components of external Eshelby’s tensor [SE(X, a)] will vary at any point of interest outside
the inclusion. The instructions to assemble these six-by-six tensors are given in the supplemental

information.

3.2.3 Stress field inside and outside a core-shell EGaln particulate

A mechanical parameter that determines whether the rigid oxide shell of an embedded liquid metal
droplet will rupture or not fundamentally depends on the stress components inside and outside the
core-shell droplets when their composite is under a mechanical load [6° =
(0%1,069,,0%3,093,093,0%,)]. The core-shell domain (X) of EGaln droplet shown in Figure 15a
illustrates that the liquid metal core (), oxide shell (I'), and the matrix phase (M) are expected to
have distinct stress vectors of 6%, o' (X), and 6M(X) respectively. To determine these stress
components, the core-shell domain (double inhomogeneity problem) must be decomposed into
two separate single inhomogeneity problems or also known as two-phase composites [193]. For
example, Figure 15b illustrates one of these composites as a single inhomogeneity body with a
Ga oxide inclusion which is the same size as the original core-shell LM droplet (¥) that is
embedded in an identical polymer matrix (M). The other two-phase composite is illustrated in
Figure 15¢ which consist of a liquid metal inhomogeneity suspended in a similar polymer matrix.
Here, the ellipsoidal liquid metal phase has the same shape and size as the core domain ({2) in the
original double inhomogeneity problem (Figure 15a). Moreover, both these decomposed single
inhomogeneity problems are applied with the same stress boundary conditions as those in the

original core-shell liquid metal polymer composite.
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Figure 15. (a) The isolated core-shell liquid metal inclusion representing LMPC is decomposed into (b) single Ga oxide
inhomogeneity and (c) single liquid metal inhomogeneity problems. Equivalent inclusion for (d) Ga oxide and (e) liquid metal
single inhomogeneity problem to find the internal and external stresses of each case by EIM. (f) The equivalent inclusion for the
LM inhomogeneity is applied with the eigenstrain stemming from the EIM of the Ga oxide inhomogeneity problem.

Finding the internal and external stress field of the inclusion for the two single inhomogeneity
problems is straightforward with the help of Eshelby’s equivalent inclusion method. By using EIM,
the stress vector inside (') and outside [62?(X)] of the Ga oxide inhomogeneity can be evaluated
using Equation 26 and Equation 27, respectively. To achieve this stress field solution, an
eigenstrain (') for the equivalent inclusion of the Ga oxide inhomogeneity (Figure 15d) needs
to be evaluated which can be done by simply replacing the stiffness tensor of the inhomogeneity
body with the stiffness tensor (C") of Ga oxide as shown in the previous formulation (Equation24).
Similarly, with the help of EIM again, the stress field solution inside (6€) and outside [62¢(X)]
the liquid metal inhomogeneity (Figure 15¢) can be expressed as Equation 29 and Equation 30,
respectively. However, these equations are now modified by changing the stiffness tensor of the
inhomogeneity body with the those of liquid metal phase. Finally, the internal (6'€) and external
stress [62¢(X)] of the equivalent LM inclusion (Figure 15¢) which are also equivalent to the
internal and external stress field in the LM inhomogeneity problem (Figure 15¢) can be determined

when EIM finds the proper eigenstrain (") through EIM (Equation 31).
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6'® = 0° + CI:SI(a): % 26

6%°(X) = 6° + C™: SE(X, 0): €%, X €[D-12] 27
e = [Cc™:Sl(a) — C™ — Cl: S ()] [CT: {C™} ! —1]: 6° 28
6! =0°+ C:S!(y):eT 29
6%¢(X) = ¢° + C™: SE(X,y): €', X €[D-Q] 30
el = [c™:Si(y) — c™ — ¢S] [ {Cc™} L —1]: 6° 31

Now with internal and external stress components for each of the decomposed single
inhomogeneity problems (biphasic composites) formulated, superposition can be employed to
derive the effective stress fields in the core-shell liquid metal polymer composite (Figure 15a). For
example, Figure 15f shows that the effective stress field in the liquid core [6}(y, «)] becomes the
vector sum (Equation 32) of the internal stress in the Ga oxide and the liquid metal inhomogeneity
followed by the deduction with 6. This last term is the stress field in an equivalent LM inclusion
(Q) due to the eigenstrain (£*%) used for the EIM evaluation of the Ga oxide inhomogeneity (%)
elastic problem. The third term (o) is introduced because the additional internal stress field ('P)
contributed by the equivalent Ga oxide inclusion () at the space originally occupied by the liquid

core (£2) needs to be removed. Thus, this will enable the superimposed internal stress to match the

internal stress of the liquid core domain in the actual three-phase composite.

¢’(y,0) = o'® + o1¢ — o, X €Q 32
o'l =0° + C:S!(y): e* 33
6" (X,y,a) = 6™ + 6%°(X) — 6%{(X), X €er 34
?f(X) = 6° + C:SE(X,y): e 35
oM (X, y,0) = 6% (X) + 6%°(X) —6*i(X), X €M 36

Following the same superposition procedure, the effective stress [6! (X, y, a)] in the Ga oxide shell
(X €T) of the embedded core-shell LM can be formulated as Equation 34. Here, 6" (X,y, @) is
found by employing EIM solution to find the internal and the external stress of the Ga oxide and
LM inhomogeneity problem, respectively before subtracted with [6%{(X)]. The final term of
Equation 34 is the additional external stress stemming from the EIM solution for the Ga oxide
inhomogeneity problem [¢%{(X)]. Lastly, the stress field outside the core-shell LM inclusion (M
or D —2X) can be found by adding the external stress solution for the Ga oxide and LM

inhomogeneity problem followed by reduction with the external stress contributed by the
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superimposed Ga oxide inhomogeneity problem (Equation 36). To simplify the formulation in the
next section, the stress terms for ¢* (v, ) and oM (X, Y, a) are symbolized to be a function y and «
to indicate that these values are dependent on the aspect ratios of the referred core-shell LM

inclusion.

3.2.4 Stress interactions between neighboring core-shell LM droplets

Size and packing density of the core-shell LM droplets in a composite can influence the local stress
inside or outside the droplets. To theoretically demonstrate these effects, we can employ the
principle of superposition to find the full stress solution of a composite with a pair of distinct (or
identical) core-shell liquid metal particles. These core-shell particles are assumed to be always
non-intersecting and are separated by a center-to-center distance of ||A|| (Figure 16a). The core-
shell LM inhomogeneity (labelled 0) near the global origin has aspect ratio of y = y® and a = o,
while the neighboring core-shell LM inhomogeneity (labelled 1) has aspect ratio of y = y! and

oa=a".

With the consideration of interparticle interaction, the effective stress field [6(®)(X)] in the core
(X € T'%) of the LM particle at origin can be evaluated by Equation 37. To find ¢®(®(X), the
internal stress [6*(Y°, «®)] at the core phase (X € Q°) of the same core-shell LM inhomogeneity
(Figure 16b) that is in isolation (no interaction) is added with the external stress [6M(X,Y°, a®)]
induced by the 2™ isolated inhomogeneity problem at X € Q° (Figure 16¢) before deducted by o°
which ensure that the summed far field stress consistently matches the actual problem. Here,
6 (y°, a®) is formulated by replacing the aspect ratios used in Equation 32 with y = y° and o =
o® while 6M(X,y?, al) is determined by having the aspect ratio in Equation 36 as y = y! and a =
ol. By following the same formulation concept, it is also possible to compute the stress field
[0 (X)] in the LM core (X € I'Y) of the neighboring LM droplet (Equation 38). Here, 6> (X)
is a term that represents the sum of the external stress [6M (X, Y°, a®)] of the core-shell LM particle
(labelled 0) at the origin together with the internal stress [6“*(Y?, a!)] in the core phase of the

neighboring LM inhomogeneity (labelled 1) and also followed by deduction with 6?.
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Figure 16. (a) Two generally distinct core-shell ellipsoidal liquid metal droplets embedded in a polymer matrix with a given
arbitrary gap and direction in the composite. The two-interacting core-shell LM droplets are decomposed into an elastic problem
involving just the (b) left hand side and the (c) right hand LM droplet in its respective polymer medium. (d) The superimposed
stress/strain field of the two single inhomogeneity problems must be deducted with the case of an unfilled polymer medium under
uniaxial stress loading to ensure equivalency to the original elastic problems involving two interacting LM droplets in their polymer
composite.

The stress field of the Ga oxide phase at each of the neighboring core-shell LM inclusions can also
be determined using superposition. For instance, the stress field [67(?)] in the Ga oxide shell (X €
I'%) of the interacting LM droplet at the origin can be evaluated by Equation 39. Here, ¢™© is
found by taking the stress [6" (X, y°, «®)] in the oxide interphase of the same LM droplet (at origin)
added with the external stress field [6M(X,y?!, a!)] induced at X € I'? by the neighboring LM
droplet before also subtracted with 6°. On the other hand, the stress in the Ga oxide shell [6"™ (X)]
of the other LM particle (away from origin) can be formulated by simply swapping the aspect
ratios of the two interacting LM particulates in the internal and external stress terms (Equation 40).
Moreover, the effective stress field [6F (X)] at the polymer phase or outside the interacting LM
droplets is not only affected by the aspect ratios of these droplets but also their separation distance.
To predict 6F (X), we will have to superimpose the external stress field [6M (X, y°, a®)] induced by
the LM droplet at origin with the external stress field [6M(X, !, a')] introduced by the second
neighboring LM droplet and again followed by subtraction of the applied remote stress. With these
micromechanics models fully introduced, it is possible to predict the stress components along any

direction or region of interest in a LM polymer composite which has a pair of suspended core-shell

60



liquid metal droplets suspended at any arbitrary positions. Moreover, it is also possible to scale up
the current framework to model the stress field of composites with more than a pair of interacting

LM droplets by simply extending the superposition principle.

2O (X) = 62(y%,a®) + oM(X,y},a}) —6®, X e Q° 37
D (X) = 6?2y, ob) + M(X, v, «®) — a°, X el 38
o"OX) = 6" (X,v%, a®) + sM(X,y},al) —6°, X eT° 39
o' D(X) =o' Xy, ) + oM(X,v%,a%) —6°, XE€T! 40
6"X) = aMX,v% %) + aMX, vy, at) -6, Xe(D-32°-31) 41

3.3 Discussion
To find the full stress field solution of a liquid metal polymer composite such as EGaln polymer
composite, the isotropic stiffness properties of EGaln, Gallium oxide, and the polymer phase need
to be assigned in the model. For the Gallium oxide phase, the elastic modulus is chosen as
Es=1.06GPa and with Poisson’s ratio of 0.2 which is close to the Poisson’s ratio of most metallic
materials [78]. These properties are summarized in Table 2 which shows the isotropic elastic
modulus and Poisson’s ratio of these phases used in our micromechanics model. It is also assumed
that the EGaln phase is less compressible than the polymer phase as the measured bulk modulus
of elastomer (~4GPa) [195] tends to be smaller than EGaln (~10GPa). Hence, the exact Poisson’s
ratio of EGaln (0.499999) is chosen to be closer to 0.5 (i.e., perfectly incompressible) than the
Poisson’s ratio of elastomer (0.49). With these chosen finite Poisson’s ratios, we ensure that the
LM core will have hydrostatic compressive stress while preventing the bulk modulus of EGaln
from being infinite. On the other hand, the Young’s modulus of elastomer is chosen as Em=2MPa

which is close to those of commercial elastomers such as Sylgard 184 [195].

Table 2. Summary of the isotropic mechanical properties of the phases in a liquid metal polymer composite.

Phase material Elastic modulus Poisson’s
ratio

Polymer (Sylgard Em =2MPa [195] 0.4999

184)

Oxide Shell (Ga;03)  Es=1060MPa [78] 0.2

Liquid core (EGaln)  Ec=0.06Pa (Compression) 0.4999999
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3.3.1 Validation with solutions of Benchmark problems
For our micromechanics model to be accurate when estimating the full stress field in an EGaln
polymer composite, the model must match existing benchmark solutions in literature that uses

other modeling approaches. As shown in Figure 17a, one of these solutions provides the predicted
stresses inside and outside two aligned [x, parallel to Xgl)] spherical cavities of mutual radius (r)
suspended in a matrix phase that is under triaxial loading (6° = [6°,6°,6°,0,0,0]) [196]. Also,
both these spherical cavities in the benchmark problem are assumed to be separated by 4 times of

their mutual radius.
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Figure 17. (a) Two aligned interacting spherical cavities under triaxial loading following the benchmark problems from literature
[196]. (b) The progression of the normal stress components along the x2 axis predicted by the benchmark study matches exactly
the results of our developed micromechanics model shown in (¢). (d) Similarly, the normal stress components along x3 axis that are
obtained from the same benchmark study also illustrate good agreement with the predictions of our model in (e).

Figure 17b illustrates one of the solutions from the benchmark study which shows the changes of
the stress components from position x,/r = —3 to x,/r = 2 along the x; axis. The same stress
solution at the exact positions is reproduced with our micromechanics model as shown in Figure
17¢c. According to both results, the magnitude of the stress components (0,4, 0,5,and o33) at
positions that are away (x2< -1) from both spherical cavities is smaller than the magnitude of the
stresses in between the neighboring spherical cavities (1r<x;<4r). On the other hand, the

benchmark study also produced the stress solutions along the x3 axis of the left spherical cavity
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(Figure 17d) which again can be successfully reproduced by our micromechanics model in Figure
17e. Based on these agreements, we had corroborated the accuracy of the current method to
produce a stress solution for two interacting inhomogeneities in a matrix phase without having to

use the much complex approach used in the selected benchmark studies.

One of the other objectives of our micromechanics model is to investigate the stress concentration
within and outside a core-shell LM inclusion when their composite is under mechanical loading.
However, we first need to ensure that the predicted stresses under the influence of interphase match
the solution to a benchmark problem which shows the stress solution for a short fiber reinforced
composite with interfacial coating. The solution to this benchmark problem uses a more laborious
approach known as 3D stress functions [6] and we would like to demonstrate that our
micromechanics model can produce similar results with a framework that is more intuitive,
generalizable, and computationally less expensive. In this benchmark problem, the aspect ratios of
the core (L) and the core-shell domain (Z) are the same but the core-shell domain defined in our
model has uniform shell thickness which suggests that aspect ratios of the core and shell cannot
be equal. For only the purpose of this validation, this geometry discrepancy is rectified by having
the aspect ratio of the short fiber to be the same as the overall fiber + coating domain (Figure 18a).
Thus, the equation of ellipsoid describing the core fiber is redefined as Equation 42 where the
aspect ratios is now a. Other than that, the Poisson’s ratio of the short fiber, coating or interphase,
and the matrix are all assumed to be 0.30 in the micromechanics model which are consistent with
the setup for solving the benchmark problem.
x? y? 72 R; R, 42
®R? @2 W TR Ry et
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Both the micromechanics model (Figure 18b) and the solutions (Figure 18c and Figure 18d) from

the chosen benchmark problem predict exactly similar stress behaviors of a single fiber composite

under uniaxial loading. For example, both models predicted that the stress concentration (044 /6°)

in the fiber and coating region are
close to 9 and 2, respectively in a high
aspect ratio (a = 20) short fiber
composite with thick coating (t/R; =
1.1). For this comparison, the elastic
modulus of the fiber and the coating
material are respectively 2 times and 5
times larger than those of their matrix
phase. For the next validation case, the
modeled composite has shorter fiber
aspect ratio (a =5), thinner coating
thickness (t/R; = 1.05), and less stiff
fiber material while keeping other
parameters unchanged. For this case,
both models also estimated that the
stress concentration (0;;/0°) at the
fiber and coating material decrease

close to 3.5 times.
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Figure 18. (a) A short fiber composite benchmark problem with the core has
the same aspect ratios as the overall short fiber. (b) The predicted normal
stresses (033/0°) in the x3 direction by our micromechanics model when
different aspect ratios () or interphase thickness (t) are considered. The
original solution to the benchmark composite problem for (c) long aspect ratio
fiber with thick interphase and (d) short aspect ratios fiber with thin coating.

3.3.2 Stress in EGaln core-shell inclusion with mild interaction

By taking advantage of the closed-form feature of Eshelby’s equivalent inclusion method, it is

possible to rapidly predict the stress behaviors at any location within or outside of an EGaln droplet

in a composite. To demonstrate this feature, we will consider a composite under uniaxial

compression (033 = 6°) which contains a pair of spherical core-shell EGaln droplet that is aligned

and sparsely arranged (Figure 19). By using EIM, the resultant stress field variations inside and

outside these EGaln droplets at the x1x2 plane (i.e., x3= 0) of the composite are illustrated as stress

color maps. With the visual aid of these color maps, it is possible to investigate how the Ga oxide

shell thickness relative to the core-shell radius (t/r,) will change the 3D stress (0441, 052, and 033)

distributions inside and outside the core-shell LM droplets. The resultant stress distributions of this
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study will provide a preliminary insight of whether the size of core-shell structure, packing density,
and applied loading conditions can enable or prevent the rupturing or coalescing of EGaln droplets

in their composites.

When the embedded EGaln droplets in a composite are very large (>10um), the structural
reinforcement provided by the rigid Ga oxide shell can be neglected since the shell thickness
remains several nanometers regardless the size of EGaln droplet. If a uniaxially compressed
(033 = 6%) composite contain the following large droplets (Figure 19a), our micromechanics
model predicts that there will be 3 times increase in tensile stress concentration acting in the xi
(Figure 19¢) and x; (Figure 19d) directions near the LM-polymer interface at the x; and x» axis,
respectively. Similarly, there will be also 3 times increase/decrease in compressive stress
concentration (033 ~30%) acting in the load direction at the proximity of the LM-polymer interface
(Figure 19b). On the other hand, the EGaln core in the identical composite remain under
hydrostatic stresses (0;; = 0, = 033) Wwhich are at approximately 30% of the applied
compressive stress (—0.36°). Based on these stress distributions, the large local tensile stress (055)
in the polymer phase between the suspended EGaln droplets entails that these droplets would
easily expand in the x;x; plane and eventually form Hertzian contacts or contact stresses between
two curved body (i.e., EGaln droplets). In theory, the contacts of these two LM particles would
lead to their coalescence (aided by surface tension) and thus a fair indicator whether a single

conductive phase can eventually form in the composite.

As the size of EGaln droplet is reduced to several microns or hundreds of nanometers, the core-
shell structure of the LM droplet becomes more dominant. At this size range, the relative size of
the oxide shell to the radius (t/r;= 0.1) of the droplet cannot be neglected and should be included
in the EIM computation. When a pair of this core-shell EGaln droplet is suspended in a uniaxially
compressed composite, the maximum stress concentration is dominant at the rigid oxide shell and
is predicted to be at thousands orders in magnitudes (~10005°) while stress concentration right
outside the core-shell droplet remain negligible. For example, the tensile normal stress
concentration in the x1 (Figure 19h) and x> (Figure 19g) directions in the rigid oxide shell appears
to uniformly peak near 2x10°¢° particularly near the LM core-oxide interface at the x; and x axis,
respectively. Moreover, the compressive stress (33 ) in the Ga oxide phase of both EGaln droplets

appear to uniformly increase by also about a thousand times but the compressive stress outside
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these droplets remain close to the magnitude of the applied compressive stress (Figure 19f). These
results suggest that the thin oxide shell which separates two closely incompressible bodies (liquid
metal and polymer) undergoes large mechanical stresses when the composite is under compression
and could independently rupture with sufficient applied loading. However, since the stiffness of
the oxide phase is very large, it is expected that there will still be limited deformation of the overall
core-shell particle. In addition, there is limited increase in the stress concentration at the polymer
phase separating the core-shell EGaln droplets which makes it difficult to merge those two
particles. Thus, it is possible that despite the stress in the Ga oxide is high, the stress at the polymer
separating the droplets is insufficient to bridge the particles either by fracturing the polymer phase
or by the shape change of the droplets, that is the shape transition from sphere to high aspect ratio

ellipsoid.
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Figure 19. (a) Uniaxially compressed polymer (Sylgard 184) composites with EGaln inclusion that has no Ga oxide shell resulting
in stress concentration distributions in the (b) x3-, (¢) X2-, and (d) xi- axis. The following stress heat maps represents the predicted
stress distributions on the x1x2 plane which is at x;=0. Other cases that are considered are the same composite but with (¢) moderately
large size ratio (t/r2=0.1) and (i) extremely large size ratios (t/r2 = 0.5). As a result, the final stress distribution for the normal stress
concentrations at the x3 (f and j), X2 (g and k), and x1 (h and 1) directions are illustrated as heat map distributions.
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Based on Figure 19, if the size ratio of EGaln droplets is further reduced (t/ri=t/r>=0.5) to an
extremely small scale or due to extreme growth of the oxide shell (i.e., thick oxide skin), the
average stress concentration in the oxide shell becomes lower (~10?) than the case when the oxide
shell thickness was smaller (t/r;=0.1). On the other hand, the stress concentrations for all
components (044, 025, and o033) outside the EGaln droplets remain at the same order magnitude as
the applied load. Therefore, these prediction results suggest that if the oxide shell becomes thick
or the droplet size becomes much smaller, it will be both challenging to rupture the Ga oxide phase
and coalesce the EGaln particulates in the polymer matrix. Therefore, without additional surface
treatment or surface functionalization to alter the structural rigidity of the Ga oxide shell in the
EGaln nanodroplets, it will be challenging to create conductive pathways in an elastomer

composite by mechanical activation.

3.3.3 Size ratio of core-shell EGaln droplets

Next, we will conduct a closer inspection for the stress distributions between the two core-shell
EGaln droplets when their composite is under compressive mechanical loading (Figure 20a).
Figure 20b and Figure 20c illustrates the stress components along the parallel axis (x,) that joins
the centroids of both EGaln droplets in the polymer phase when the radius of the droplets is large
(t/r2=0.004) and small (t/r>=0.1), respectively. Based on these figures, aside the reduction in the
large stress concentration in the Ga oxide shell, the stress concentration at the Ga oxide-polymer
interface also reduces when smaller size or thicker oxide interphase of the embedded EGaln
droplets are present. For example, the tensile stress concentration in the X1 (g4 1) direction decreases
from 3 to 1.7 while the compressive normal stress concentration in the X3 (g33) direction decreases
from 2.8 to 1.7 in magnitude. Hence, the decreased stress concentration behaviors near the oxide-
polymer interface suggests that if the rigid oxide shell can handle the internal stress induced by
external load, the formation of internal defects or failure initiation in the polymer phase can be

delayed. Thus, this prediction suggests that the strain at break of the composite could be increased.

The following behavior is also exhibited in the mechanical testing of liquid metal elastomer
nanocomposite. For example, it is shown that the liquid metal elastomer composite will undergo
reduced strain at break in comparison to pristine elastomer when the size of embedded LM droplets
is large (i.e., >10um) [65]. However, once the size of LM droplets is reduced (<Ium), the strain

at break of the elastomer composite improves by about 70% for the same filler volume fraction.
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This observation suggests that the size of the oxide shell relative to the size of EGaln droplets
serves as an important parameter in the toughening or strengthening behaviors of the overall soft

composites.
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Figure 20 (a) Uniaxial compression on Sylgard 184 composite with a pair of non-intersecting and spherical core-shell EGaln
droplets. The resultant normalized stress components when the ratio of the oxide shell thickness to the size of those droplets are
small (b) and (c) large. Hydrostatic compression on a similar polymer composite that comprises of EGaln droplets with thick oxide
shell or small diameter. The resultant superimposed stress concentration when the center-to-center distance of the particles are (e)
wide and (f) narrow. (g) When the polymer matrix is replaced with a softer elastomer medium, the stress concentration between
the narrowly packed EGaln droplets is reduced. The heap map stress concentration distribution for a,,/a® when the polymer matrix
of the densely packed EGaln droplets is used as (h) Sylgard 184 and (i) Ecoflex 00-30.

3.3.4 Boundary conditions

So far, we learned that the stress concentration in the rigid oxide shell of EGaln droplets are
predicted to be hundreds order of magnitudes under compressive stress, but the large stiffness of
the oxide shell means these droplets are not very deformable as the thickness of the rigid shell

becomes significantly larger in relative to the size of the particle. With the help of our
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micromechanics model, we now demonstrated that by a combination of hydrostatic compression
of the composite alongside high packing density of the embedded LM droplets, it is possible to
maximize the chance for a pair of EGaln particulate to coalesce. This is because the following
arrangement allows the EGaln particulates to maximize the local stress in the phases separating
the droplets which can increase the chance of rupturing the oxide shell barrier and the polymer

phase that are hindering those droplets to coalesce.

According to Figure 20e, hydrostatic compression on the liquid metal polymer composite can
amplify the stress concentration in the rigid oxide shell by several orders of magnitude in
comparison to when the composite is applied with uniaxial compression. For example, the stress
concentration (0,,/0°) in the x» direction at the oxide shell of nanoscale LM droplet (t/r>=0.1)
increases from 2 x 103 to 7 X 10® when the boundary conditions of the composite are switched
from uniaxial compression to hydrostatic compression, respectively. Similarly, the other stress
components (0,, and 033 ) that are in compression also increases by several times to about
2 x 103. Also, in comparison to applying uniaxial compression, hydrostatic compression of the
composite will also increase the stress concentration at the oxide shell-polymer interface. For
instance, 0,,/0° at the boundary (x2/r>=1) separating the Ga oxide and the polymer phase rise by
6 times when hydrostatic compressive loading is applied on the composite. In contrast, when the
composite is applied with uniaxial compressive loading, the same stress concentration component

at the same compared location increases to only 1.7 times.

3.3.5 Packing density

Another method that can further increase the local stress near the interface of both EGaln core-
shell droplets is by placing both droplets in proximity. Highly packing density LM droplets are
found in various LM composites that have jammed or sedimented liquid metal droplets in their
polymer matrix. The purpose of this configuration is to reduce the activation force needed to sinter
these particles. Here, micromechanics model is used to investigate the effects of packing density
of a pair of EGaln core-shell droplets on the stress distributions in their composite. This result will

help us to deduce whether the sintering of embedded LM particles can be possible or hindered.
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When the center-to-center distance between both liquid metal droplets is reduced to ||A|| = 2.05,
the large local stress concentration at the interface of each droplet will be further superimposed
(Figure 20f). In this case, the stress concentration in the x; direction at the small gap between the
droplets nearly doubled to 11 times while the compressive stress concentration in the x3 direction
also almost doubled to 7 times. Similarly, the stress in the oxide shell of each droplet is also
expected to increase but the amplification is not as much as at the polymer phase that is sandwiched
between the droplets. Hence, the following simulation results indicate that the loaded LMPCs with
densely packed LM particles will experience larger stress in their oxide shell and polymer phase

therefore correlate to higher likelihood for particle sintering.

3.3.6 Prevent rupture of closely packed EGaln droplets

For other engineering purposes, it is desirable to preserve the core-shell structure of the LM
droplets to limit the dielectric loss, dielectric breakdown strength, or involuntary activation
(electrically conductive) of the composite. One way to preserve the structural integrity of the
highly packed LM droplets is to utilize ultrasoft polymer matrix to absorb any extreme or repetitive
external forces when the composite is subjected to various modes of deformations (twisting,
compression, tension, etc.). To prove this, our micromechanics model demonstrates that the stress
at the polymer phase separating a closely packed LM inclusions can be drastically reduced when
a stiffer (2MPa) elastomer matrix (Sylgard 184) is replaced by a more compliant (0.3MPa)
elastomer known as Ecoflex 00-30 (Figure 20g). Now, consider a liquid metal polymer composite
that is under hydrostatic compression embedded with a pair of identical core-shell spherical LM

droplets of large size ratio t/r> = 0.1 and narrow center-to-center separation of 2.05r>.

When the Sylgard 184 matrix is replaced by Ecoflex 00-30 as the polymer phase, the 6;;/6° in
the polymer phase located between those particles decreases from 11 to 1 while the magnitude of
0,,/0° at the same location decreases from 7 to 1. Both these stress concentrations are referring
to the values along the x; axis as shown in Figure 20d. Although the overall stress concentrations
is damped in the polymer phase, the magnitude of stress concentrations in the oxide shells appears
to be unchanged (~10°) when the stiffer elastomer matrix (Figure 20h) is replaced with the much
softer elastomer (Figure 20i). Therefore, based on these modeling results, the use of ultrasoft
polymer matrix can tremendously reduce the local stress concentration between the closely packed

LM droplets which suggests that the chance for the densely packed LM inclusion to be coalesced
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is significantly lowered. However, the large stress concentration at the Ga oxide shell is unchanged
which means that this phase could eventually rupture. However, if the structural integrity of the
insulative polymer phase barrier remains unaffected, the coalescing of the neighboring droplets

remains hindered.

3.4 Conclusion
A closed form micromechanics model that is formulated using Eshelby’s equivalent inclusion
method and superposition principle is used to find the full 3D stress solutions for a pair of
interacting core-shell EGaln droplets in a polymer composite. With these stress solutions, we can
investigate the role of the microstructure, nanostructure of EGaln particulates, packing density,
and the applied loading conditions on deciding whether these embedded liquid metal droplets are
susceptible to sintering or not. Based on the produced prediction results, the rupture of the oxide
shell barrier in liquid metal nanodroplets can be encouraged if hydrostatic compressive forces are
applied on the composite and the packing density of the LM droplets is high. If the sintering of the
droplets needs to be prevented whilst maintaining their high packing density arrangement to form
thermal percolation pathways, the size ratio of the particles will either need to be reduced or more

compliant polymer matrix needs to be selected.

The full stress solution obtained from our micromechanics model can be taken advantage of as a
predictive tool to predict the failure mechanism of the composite at various length scales. In the
future, we shall consider different potential failure criteria appropriate for predicting the failure of
the multiphase composite. Moreover, the formulated micromechanics model can also be used to
determine the stress intensity factor or energy release rate in the presence of microdefects in the
composite to predict the fracture initiation of the polymer composite. Other than that, it is also
possible to expand the same developed framework to predict the effective stress distributions when
there is more than a pair of LM droplets as well as the presence of multiple interphases, in addition
to the native oxide shell. With that being said, the current micromechanics framework paves an
exciting starting point to help understand and regulate the sintering behaviors of liquid metal
nanoparticles in their nanocomposites. Moreover, another attractive benefit of the current
framework is it can also consider various ellipsoidal shapes of the inclusions with multiple

interphases as well as predicting large deformation behaviors of liquid metal polymer composites.
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Chapter 4: Novel Micromechanics Framework for Soft Multifunctional MXene Polymer
Composites
MXenes are two-dimensional (2D) metallic nanomaterials with high electrical, thermal
conductivity, and aspect ratios. Recently, efforts have been made to disperse MXenes in compliant
polymer matrices to develop flexible and stretchable composites with embedded functionalities.
Experimental results indicate that MXene polymer composites (MXPCs) can function as flexible
electrical, thermal conductors, or dielectric components with potential applications in soft matter
engineered systems. However, the 2D structure of MXene inclusions and their relatively large
elastic modulus can significantly increase the stiffness of the polymer matrix and limit the
mechanical flexibility of these functional materials. Here, we present a micromechanics model that
can predict the structural and functional properties of MXene composites and to evaluate their
applicability as functional soft matters. In particular, we are interested in investigating the effect
of MXene’s size, layered structure, and percolation arrangements on the effective properties of
their composites. The predicted elastic modulus, thermal conductivity, and dielectric constant of
MXene elastomer composites are found to be in good agreement with results obtained through
finite element analysis. With the current framework, we can theoretically identify the
microstructures of MXenes that are necessary to create MXPCs with the desired synergy in

mechanical and functional properties.

4.1 Introduction

Two dimensional carbides and nitrides, called MXenes, are a rising family of functional
nanomaterials that can show excellent electrical, thermal, and optical properties in different
systems [87,197,198]. MXenes are atomically thin 2D materials composed of early-transition
metals (M element, e.g., Ti, Zr, or Mo), and carbon or nitrogen (X element). When ‘A’ atoms are
chemically removed from the MAX phase precursor, MXene flakes are obtained with a general
chemical formula of Mu+1 X, Tx where Tx is the surface functional groups that can consist of oxygen,
hydroxyl, chloride, or fluoride groups. Titanium carbide (Ti3C>Tx) is one of the commonly studied
MXenes (Figure 21a). These Ti3C,Tx nanoflakes can have high thermal conductivity (55.8 W-m~
1. K1) [94] and electrical conductivity (i.e., <20,000 S-cm™") [91-93] with a wide range of lateral
sizes (100 nm — 10 pm) [91,92,95] as a single or highly ordered multilayer nanostructures.
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MXene polymer composites are currently
gaining attentions because of their potential
application as multifunctional and intelligent
materials [10,11]. In these composites,
exfoliated MXene nanosheets are dispersed in
a polymer matrix. For instance, epoxy resins

and water-soluble polymers such as polyvinyl

alcohol have been used as the matrix material
to  produce  high-strength  functional
nanocomposites [94,103,104]. More recently,

MXenes are considered as a nanoscale

building  blocks for  creating  soft

Layered
\Soft MXene
composites, MXenes are embedded in Polymer

multifunctional composites [88]. In these

Figure 21. (a) Micrograph of TizC2Tx before exfoliation process,
(b) schematic of MXene polymer composites with multilayered
structured MXene fillers.

compliant polymers such as elastomers (e.g.,
polydimethylsiloxane — PDMS) and gels.
Even at low volume fractions of MXene nanosheets, the following soft multifunctional composites
exhibit promising electromagnetic shielding behavior [24,118,199], triboelectricity [113,120-
122], thermal management [113,199], and high strain sensitivity [200,201] which makes MXPCs

desirable for applications in wearable electronics, soft robotics, and human-computer interactions.

The nanostructure, volume fraction, and orientation of embedded MXenes are several primary
microstructure parameters that dictate the effective properties of MXene polymer composites.
Unlike zero-dimensional functional nanomaterials (i.e., solid nanoparticles), the alignment and
orientation of dispersed MXenes contribute to the anisotropic mechanical and conductive
behaviors of their nanocomposites [202]. In addition, synthesized MXenes can have several to
multiple layered structures with various lateral sizes [87,95,203]. Large MXenes with several
layered structures are often selected to create high dielectric [204,205] and thermally conductive
[117,206] MXene polymer composites at low concentration, while the mechanical stiffening in
MXene-based soft composites is found proportional to the lateral size of embedded TizCoTx
[206,207]. As illustrated in Figure 21b, utilizing multilayered MXenes allows the sustainable
production of MXPCs because layered MXenes can be synthesized close up to 100% yield without
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the several exfoliation and washing steps that are required for producing monolayer MXenes
[95,100]. Therefore, material design tools must be developed to predict the effective properties of

MXene polymer composites.

Most current studies investigate the mechanical behaviors of MXene polymer nanocomposites
using computational techniques. For instance, finite element method (FEM) is used to study the
effects of MXenes’ multilayer structure on the fracture toughness, strength, and stiffness of MXene
epoxy composites [208]. In other studies, FEM simulations are used to investigate the effective
Young’s modulus [209] and damage mechanics [210] of multiphase epoxy composites with other
2D fillers such as graphene. The same FEM technique can also be used to computationally
demonstrate how agglomerated MXene platelets with non-uniform aspect ratios and random
orientations can suppress the stiffening effects in their polymer composites [210]. Most of these
modeling efforts focus on approximating the mechanical behaviors of MXene nanocomposite with
stifft polymer matrices (elastic modulus of ~1 GPa) while also emphasizing the structural
reinforcement of the composite enabled by MXenes. On the contrary, the stiffening effect of
MXPCs should be minimized for soft-matter engineering applications while the enhancement of
thermal conductivity and dielectric constants (i.e., functional properties) are improved. To achieve
this goal, the size, shape, structure, and volume fraction of embedded MXenes must be optimized.
Thus, we develop a micromechanics model that can consider the influence of these microstructures
on the bulk properties of soft multifunctional MXene polymer nanocomposites. Furthermore, this
model can consider the percolation behavior and the layered structure of MXenes. The results of
this study will help outline the tradeoff between the stiffness and functional behaviors of MXene
polymer composites based on the size and structural arrangement of MXenes. To the best of our
knowledge, this is the first micromechanics model that is formulated to predict the effective

behaviors of soft multifunctional MXene polymer composites.

4.2 Modeling approach
4.2.1 Micromechanics model formulation
Mori-Tanaka (MT) theory is the common micromechanics model used to estimate the effective
mechanical and functional properties of composites with 2D inclusions [137,154]. However, when
these 2D inclusions have high aspect ratios such as MXene and are embedded in polymer matrix

with low elastic modulus, the accuracy of this model declines even at mild filler volume fractions
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[211]. Moreover, Mori-Tanaka theory generally assumes that each of the inclusions in
consideration are well separated and always surrounded by the matrix material. However, this
configuration contradicts the fact that most MXenes in their composites have tightly layered
arrangements. To address this modeling incompatibility, we had modified the existing Interpolated
Mori-Tanaka (IMT) model [212,213] to consider MXene’s highly ordered nanostructure and
percolation behaviors by incorporating Cauchy’s interpolating function [214-216]. This modified
IMT model is used to evaluate the effective properties of MXPCs based on the properties of
polymer matrix and the homogenized properties of clustered or multilayered MXenes which have
been determined first by MT theory. This two-level homogenization approach is necessary for our
IMT model to consider the multilayer structure, lateral lengths, interphase, orientations, and
interactions between suspended MXenes at different length scales in the composite. In this section,
the IMT model will be formulated to determine the general properties of MXPCs before eventually

being redefined to predict the effective mechanical and functional behaviors of the composite.

MXene polymer composites can be treated as a three-phase composite which constitutes the
isotropic polymer matrix, interphase, and MXenes (Figure 22a-b). To include the influence of
MXenes’ multilayer structure or cluster on the final properties of MXPCs, an equivalent medium
(QY) 1s used to represent the locally averaged properties of MXene clusters (MC) which will be
evaluated by MT theory at the first level of homogenization. The overall property of the MC
depends on the properties of interphase (Li), monolayer MXene (Lr), thickness (t), diameter (a),
distance between single layer MXenes (d), and number of stacked layers (n) as shown in Figure
22b. In addition, the shape of this equivalent medium is assumed to be aligned and centered to the

flat cylindrical shape of layered MXenes (Figure 22b-c).

The ratio of volume fraction of MXenes (fr) to those of equivalent medium (fo = fr + f;) is defined
by expression R which does not depend on the number of layers (n) of MXenes in the cluster
(Equation 43). Instead, R converges to one when the interlaminar distance (d) approaches zero as
the thickness to diameter ratio of MXene is very small. If the gap between monolayer MXenes is
equal to the thickness of single layer MXene, R will converge to 0.5 because the width (W) of MC
remains unchanged (Figure 22b). In the case of MXPCs without MXene clusters (n =1), R will be
one (t=0) unless a distinct interphase with finite thickness exists which alternately will have R =

a%/(a+ t)2. In general, the relationship between the volume fraction of polymer matrix (fin),
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interphase (fi), and MXenes (fr) in the composite is determined by Equation 44 where their total

summation must be one.

_fr _ tna? _ tna? 43
T fr+f;  W2H  (a+t)2(nt+nd)

1 f f 44
fi=(3-1)fr fm=1-T;fp =1

4.2.2 Effective properties of MXene clusters

Mori-Tanaka model is first used to determine the effective property of the MXene clusters which
is the equivalent medium (L) as shown in Equation 45. In this method, a global field
concentration tensor (Ar o) is computed to relate the average field in the MXene phase (®r) with
the average field in the equivalent medium (®,) (Equation 46-47). For elastic properties, this field
concentration tensor will become the strain concentration tensor. Thus, when a strain field is
applied on the composite, Ar o quantifies the load transfer efficiency between the interphase and
MXene nanosheets within the equivalent medium. According to Equation 48, Ar g is dependent
on the local field concentration tensor (B, p.) which is a quantity that considers the field
concentration values when single layer MXenes are clustered or layered within their interphase of
the equivalent medium or MC. In Equations 46 and 48, the term I represents the general identity
matrix while *:” is the multiplication operator either for 2" (functional properties) or 4" (elastic

properties) order tensors.

Lo = Li + R(Lr — L): Arg 45
-1

AF,Q = f_Q BLi’LF: (fll + fFBLi,Lr) 46

(T)F = AF,Q: q_)Q 47

_ -1 48
By = (1 +Sp: (LT Lp — 1))
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Figure 22. Illustration of the two-step homogenization approach of IMT model to evaluate the effective properties of MXPCs. (a)
Each MXene cluster will be homogenized as equivalent medium embedded in a polymer matrix. (c) The equivalent medium

substitutes the MC in the polymer matrix. (d) Final homogenization step to evaluate the overall properties of MXPCs with the (e)
consideration of percolation microstructure based on Cauchy’s cumulative probability function.

The improved properties of the equivalent medium (Lg) rely on the morphology of the encircled
monolayer MXenes which behaves as field polarizers or reinforcement bodies of the MC (Figure
22b). Hence, IMT model must consider the aspect ratio (a = a/t) of single layer MXene in the
first homogenization step. This can be achieved by employing Eshelby’s tensors (Sp) to
analytically determine the average strain, electric potential field, or thermal gradient in MXenes
[2,135,138,176,217]. These Eshelby’s tensors can be defined as Equation S39 and S51 when
evaluating the mechanical and functional properties of the equivalent medium, respectively. For
instance, the mechanical Eshelby’s tensor (Sr) in By, ;. will depend on the Poisson’s ratio of the
interphase (v;) and the aspect ratio (o) of monolayer MXenes. On the other hand, to determine the
functional properties of the equivalent medium, the same Eshelby’s tensors (Sr) will be replaced
by a 2™ order (Equation S51) Eshelby’s tensor which is only dependent on the aspect ratio of
MXene (a). It is also important to emphasize that the current study utilizes flat cylinder [218,219]
instead of standard flat ellipsoid Eshelby’s tensor [135] to model the field polarization behaviors
of 2D MXene inclusions. This is because the modified micromechanics model in this study is
found to significantly overestimate the properties of soft MXPCs when the embedded MXenes are
simplified as flat ellipsoids or penny shape.
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4.2.3 Effective property of MXene polymer composites

Once the effective properties of MXene clusters or the equivalent medium (Lg) is determined,
IMT method is applied in the second homogenization step. In this step, the homogenized MXene
clusters are now the field polarizers or reinforcement bodies in a polymer matrix phase (Figure
22c¢-d). Therefore, IMT model is used here to determine the effective anisotropic property (Lp) of
MXPCs with aligned MXene clusters (Equation 49). However, in most synthesized composites,
the embedded MXene clusters are either misoriented or randomly oriented, resulting in the
presence of anisotropy among MXPCs. Hence, it could be necessary to estimate the effective
property of MXPCs (Lp) with randomly oriented MC (Equation 50). This can be done by
conducting numerical orientation averaging (<->) on the second term of Equation 50 [220]. The
definition of this orientation averaging operation for 4™ order (mechanical property) and 2™ order

(functional properties) tensors are expressed by Equation S54 and S58, respectively.

Lp = Lm + f_Q(L_Q_ - Lm):A_Q,p 49
p =Ly +fo <(Lg—Lyp)Agp > 50
‘T’Q = Aqp: ‘T’p 51
B=w/H 52
AQ_’p = N: (fml + fQN)_l 53
N -1 -1 54
N = ( (1-D(Br,) + TBLQ,Lm)
-1
B 1, = (I+Sq:(Lyl:Lg — 1) 55
56

Brotm = (I+ Sm: (Lg'i Ly — 1))_1
At the final homogenization of MXPCs, the role of the field concentration tensor (Aq p) of IMT
model is to relate the average field in the overall composite body (®p) with the average field in
the equivalent medium (®g,) (Equation 51). Since MC can have large aspect ratios (Equation 52),

these fillers are very likely to interact and form a percolating network when the volume fraction of
the clusters is high. To consider this effect, Agp is made dependent on the interpolated field
concentration tensor (N) (Equation 53). As the volume fraction (fo) of MC increases, N will

interpolate between the local field concentration tensor evaluated when the distance between
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neighboring layered MXenes is large (B 1,) and when embedded MC are so densely
interconnected that the polymer phase appears disconnected (B, ) (Figure 22e). The
interpolation progression between these two tensors is dictated by Cauchy’s cumulative probability
function (t) which realistically simulate the percolation evolution of layered MXenes ({1) as their

volume fraction (fo) approaches and exceed a percolation threshold (f°) from a scale of zero to one

[214-216,221].

In the second homogenization step, the flat cylinder Eshelby’s tensors are dependent on the aspect
ratio (B) of the equivalent medium which is now treated as the reinforcement body for the polymer
matrix. When modeling the functional property of MXPCs, both Sqand S,,, are 2" order tensors
(Equation S51) which solely depends on . On the other hand, when evaluating the stiffness of
MXPCs, Sq is a 4" order Eshelby’s tensor (Equation S39) that relies on the Poisson’s ratio (v, ) of
polymer matrix and B. Similarly, S, will be a 4™ order Eshelby’s tensor which depends on the
Poisson’s ratio of MXene (vr) in addition to B. This is done because the composite’s microstructure
represented by By ;  suggests that the polymer phase is disconnected and appears as 2D shaped
inclusions surrounded by MC when MXenes’ volume fraction (fq = 1) is high (Figure 22¢). Also,
it is important to clarify that in eigenstrain theory for elasticity, S;, (Mechanical Eshelby’s tensor)
would be dependent on the anisotropic property of the equivalent medium which is non-trivial to
solve [135]. Instead, S, is assumed to be dependent on MXene’s Poisson’s ratio as an upper

approximation for By .

4.2.4 Interchangeability of property tensors

In the formulation of interpolated Mori-Tanaka model, the property tensors of each A™ phase in
MXPCs are represented asLj. This general term is interchangeable when evaluating the
mechanical or functional properties of MXene polymer composites [152]. Table S5 summarizes
the appropriate replacement of L, in Equation 45 to 56 when the effective stiffness (Cp), relative

permittivity (&p), and thermal conductivity (kp) of MXPCs are evaluated. Also, the introduced

general average field vector (®;) can be considered as the strain, electric potential field, and
temperature gradient of A™ phase when the mechanical, dielectric, and thermal properties of

MXPCs are respectively evaluated.

79



4.2.5 Cauchy’s cumulative probability function for modeling microstructure evolution
Single or layered MXenes are initially sparsely distributed in MXene polymer composites when
the volume fraction is below a percolation limit (). As the volume fraction (fo) of MXene clusters
increases, the probability of MXenes forming multiple interparticle contacts increases (Figure
23a). Eventually, when the volume fraction exceeds a percolation limit, MXPCs will be saturated
with layered MXenes that the polymer phase becomes disconnected. This microstructure transition
can be simulated by Cauchy’s cumulative probability (CCP) function (Equation 57) before
incorporated into IMT model (Equation 54).

T=1— tan‘l((1—f“)y‘1)+tan‘1(f*y‘1) 57
tan~1((fq—f*)y~1)+tan"1(f*y~1)

2
« _ 18(Sgh) —9sy!
- 2
18(S) —3st-4

and y1=n 58

Based on Equation 57, CCP function increases rapidly at the percolation limit (f) which depends
on the first component (S§!) of the Eshelby’s tensor (Sg) [214,215]. The concise expression for
S§! is given in Equation S52. Since S§! is only dependent on the aspect ratio of multilayer MXene
(B), £ will be strictly dependent on the morphologies of MC (Figure S3). The estimated f* assumes
that MXenes are randomly dispersed in a composite and is used to approximate the percolation
limit of MXene clusters in their composites MXPCs. Based on Figure S3, f is expected to decrease

when the aspect ratio of MC ({~1=P) in the composite is large which occurs when the number of

layer (n) increases or the size (a) of MXenes decreases.

The rapid increase of Cauchy’s cumulative probability function (t) reflects the formation of
percolation microstructures within MXPCs. For instance, CCP function suggests that MXPCs with
large MXenes (a = 500) will form percolation microstructure at lower volume fraction than
MXPCs with small (« = 50) MXene fillers (Figure 23a). When the size of MXene is unchanged,
a greater number of stacked layers (n) of embedded MXenes will cause the formation of
percolation pathways to delay (f* shift higher) but the formation rate (y~!) to increase (Equation
58). This trend is realistic because for the same volume fraction and diameter, multilayer MXenes
cannot form wider interconnected networks than few layer MXenes within the polymer composite.
To create wider percolation networks, additional volume fraction of MC is needed to saturate the

polymer matrix.
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4.2.6 Resistance function (Functional Properties)

MXenes’ percolation microstructure leads to the commonly observed sudden thermal conductivity
and dielectric constant enhancement of MXPCs at a concentration threshold. This is because when
percolation networks are formed, numerous neighboring MC will be in close contact with their
respective interphase partially intersects each other (Figure 23b). As a result, these overlapped
interphases (Li) undergo large localized thermal conductivity or dielectric constant enhancement
which respectively contributes to the sharp thermal or dielectric property improvement of MXPCs.
Hence, a resistance function (T) is introduced to associate the function’s resistance drop to the
sudden enhancement in the local thermal conductivity (k;) and dielectric constant (&;) within the
percolated MXene clusters (Equation 59 and 60). In thermal property modeling, the sharp drop of
resistance function within the interphase signifies the reduction in interfacial (Kapitza resistance)
or contact thermal resistance among percolated MC [216,222]. Alternately, in dielectric property
modeling, the rapid drop of resistance function mimics the spontaneous formation of
nanocapacitors or the onset of Maxwell-Wagner-Sillars (MWS) effects among percolated MC.
Therefore, Figure 23c suggests that MXPCs with large (o = 500) monolayer MXenes will have a
sharp decrease in resistance function or large functional property enhancement at 2.5 % volume
fraction. In contrast, MXPCs with small (a = 50) monolayer MXenes will have acute drop in

resistance function or sudden functional property improvement at 10% volume fraction.
Li=L,T™! when L) =k,org, 59

_ tan‘l((l—f’/R)y51)+tan‘1(f’y(‘,l/R) 60
- tan—l((fg—f’/R)y51)+tan—1(f’ygl/R)
In this study, a scaling parameter (y,) of 0.02 is used which is the approximated statistical value

previously used for modeling the percolation evolution in graphene polymer composites [216]. For
simplicity, the percolation threshold (f*) used to model CCP function and the critical volume
fraction (f') for resistance function are assumed equal when modeling MXPCs with different sizes
or layers of MXenes. It is also important to notice that at low volume fraction, Equation 60 suggests
that the thermal or dielectric property of interphase converges to those of polymer matrix (L; =

L) because of negligible interparticle interactions.
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Figure 23. (a) The probability for the formation of interparticle contacts (overlapped interphase) of MC follows Cauchy’s
cumulative probability function (t) as volume fraction (fo) of MC increases. (b) An illustration of MC dispersed in a polymer with
the interparticle contacts forming a continuous percolation pathway. (c) The overlapped interphase phase of neighboring MC led
to the local surge of functional property indicated by the drop in resistance function (T).

4.2.7 Finite element method

Finite element method is an effective way to validate the results of micromechanics model and to

identify potential limitations of the model when predicting the effective properties of composites

[2,146,223]. To achieve this, the representative volume
element (RVE) chosen for finite element evaluation needs to
be sufficiently large to realistically reflect the microstructures
of MXene polymer composite while is small enough to reduce
computational resources [224]. Hence, we chose the breadth
(b) and height (h) of RVE to be at least two times larger than
the diameter (a) and thickness (t) of MXenes, respectively
(Figure 24a). In this cubic RVE, there are hexagonal
arrangements of flat cylinders representing MC dispersed in
polymer matrix. In addition, the embedded MXenes can have
several (n =1 to 3) clustered flat cylinders uniformly separated
by the thickness (d = t) of single layer MXene. For RVE with
larger volume fraction of MXenes, the height of RVE is
increased but the breadth is unchanged because the aspect ratio
of MXenes is fixed. Each flat cylinders will have a diameter
of 500 and thickness of one unit length in order to represent

single layer MXene with aspect ratio of 500. We evaluated

Multilayer
MXene

Polymer

Yy Single
B e
X

T e— Sheet

Figure 24. (a) RVE of MXPC with several
layered MXenes. (b) The meshed body of
the RVE with the layered MXenes
configured as hexagonal packing.

twenty four RVE of MXPCs with volume fraction of MC ranging between 1 % to 10 % and

clustered layers of one to three. In all these RVE, both the bodies of the polymer and thin
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cylindrical MXenes are meshed with three node elements in ANSYS where the maximum

allowable mesh size is set 500 times smaller than the breadth of RVE.

To prevent wall effects, the meshed RVEs are constructed to satisfy the material periodicity so the
volume element behaves as they originate from the bulk nanocomposite [224]. To do this, the thin
plate inclusions (stacked or single layer) at the corners or boundaries of RVE are allowed to
penetrate the borders but must reappear at the opposite edge (Figure 24b). This guarantees that the
opposites sides to have similar property and the evaluated final properties of the RVE to be
transversely isotropic. Finally, homogeneous boundary conditions are used to evaluate the
anisotropic elastic modulus, thermal conductivity, and static dielectric constants of the RVE. The
detailed assembly of these boundary conditions are in the supplemental information: 3.7 Boundary

conditions in FEM.

4.4 Results and discussion

4.4.1 Input properties for modeling MXPCs

To accurately predict the effective properties of MXene polymer composites, a realistic range of
input material properties for monolayer MXene and polymer matrix is needed. These input
material properties are summarized in Table S6 which includes the measured elastic modulus of
single layer Ti3C,Tx by atomic force microscopy test [225] and the measured elastic modulus of
the polymer matrix (Sylgard 184) obtained from conducted tensile tests [226]. The measured
elastic modulus of single layer MXene can vary between 9 GPa and 70 GPa [225]. In this
modeling, the elastic modulus of MXene sheet is assumed to be 9 GPa (isotropic) as the effective
stiffness of MXPCs with soft polymer matrix is found negligibly unchanged when MXenes’ elastic
modulus ranges from the lowest (9 GPa) to the highest (70 GPa) stiftness (Figure S5a). Moreover,
the Poisson’s ratio (v;) of Sylgard 184 and MXene is approximated as v,= 0.49 and vp = 0.2,
respectively. Table S6 also includes the selected dielectric constants and thermal conductivity of
the polymer matrix (Sylgard 184) and MXenes (Ti3C2Tx) which are used to predict the effective
functional properties of MXPCs. Lastly, we assume that the thickness (t) and the separation
distance (d) of MXenes is 1 nm. This approximation is appropriate because according to most X-
ray diffraction measurements, the separation distance of multilayer MXenes can range between

0.5 nm to about 1 nm.
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4.4.2 Mechanical properties

As the number of layers of large (a = 5 um) Ti3C,Tx inclusions increases from one to ten layers,
the large elastic modulus enhancement of MXene in Sylgard 184 composite (MXene-Sylgard 184)
shifts to higher volume fraction (fr). This behavior is predicted because the mechanical
reinforcement behavior of the composite depends on the filler distribution (Figure 25a) and
involves MXenes’ microstructure transitions when their volume fraction increases. When the
number of layers of embedded MXenes are small (n < 4), this interpolation function surges at low
volume fraction (fo < 2.4 %). As a result, the elastic modulus of MXene-Sylgard 184 with single
and two-layer MXenes (a = 5 pum) increases by 800 % (~12 MPa) and 400 % (~6 MPa),
respectively at 1 % volume fraction (Figure 25b). In contrast, when the embedded MXenes have
ten layers, the increase in the elastic modulus of the composite is initially slow (< 200 %) but
escalates near 1.5 % volume fraction. According to Figure 25a, this volume fraction (fr ~ 1.5 %)
is consistent to the volume fraction (fo, = fr/R = 3 %) where the corresponding interpolation
function of ten layer MXene clusters begins to increase. At above 3 % volume fraction (fr), the
predicted stiffness of MXene-Sylgard 184 with two or more layers of MXene inclusions becomes
approximately equivalent to each other. These results indicate that the large stiffening effects of
MXPCs at low volume fraction can be minimized when multilayer instead of single layer Ti3C2Tx

inclusions are selected.

MXene-Sylgard 184 with nanosized single layer TizCTx sheets will have lower stiffness
enhancements than MXene-Sylgard 184 with microsized single layer MXene sheets (Figure 25c).
For example, at 4 % volume fraction, the effective elastic modulus of MXene-Sylgard 184 with
large (a =5 pm) and small (a = 100 nm) single layer MXenes are predicted to improve by 53 times
(~80 MPa) and 3 times (~4.5 MPa), respectively. In addition, the stiffness increment of MXPCs
with small monolayer Ti3C,Tx remains mild even at 10% volume fraction (fr). This is because as
the volume fraction of smaller size MXenes increases, the microstructure transition (t) of these
fillers from sparse (low fo) to dense (high fq) distribution occurs much gradually. As a result, the
stress or strain field around the smaller MXene fillers is only close enough to interact with their

neighboring fillers when the filler volume fraction is sufficiently high.
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Figure 25. (a) CCP interpolation function for MXene inclusions with different lateral diameter and layered structure. (b) IMT
model predicts the effective elastic modulus of MXene-Sylgard 184 with fixed MXenes’ size (a = 5 pm) but with distinct layered
structures. (c) The effects of aspect ratio or diameter of monolayer MXene inclusions on the stiffness of MXene-Sylgard 184. (d)
The measured elastic modulus of MXene-Sylgard 184 with L-MXene and MXene-NBR with S-MXene are compared with their
respective predicted elastic modulus [206,207]. The elastic modulus of unfilled NBR is chosen as 2.24 MPa while for unfilled
PDMS will be 0.4 MPa. (e) Longitudinal and (f) transverse elastic modulus evaluated from FEM are compared with the prediction
results of IMT model.

4.4.3 Experimental comparison (Stiffness)

The results of Interpolated Mori-Tanaka model are compared with the measured Young’s modulus
of MXene elastomer composites. Since most fabricated MXene nanocomposites have randomly
oriented rather than aligned MXenes, we will approximate the orientations of MXenes inclusions
to be random in this experimental validation. With this assumption, the interpolated Mori-Tanaka
model is able to accurately predict the measured Young’s modulus of MXene in PDMS composite
(MXene-PDMS) which has large 5 um size MXenes (termed L-MXene) as shown in Figure 25d.
For example, when single, double, or triple layers of L-MXenes are randomly distributed in the
following PDMS composite, the predicted effective elastic modulus matches the measured
stiffness of MXene-PDMS up to 3% volume fractions. This range of layers is chosen because the
embedded MXenes in the following cited study have measured thickness of several nanometers.
Thus, the non-uniformity in this reported thickness measurement indicates that the embedded
MXenes have predominantly a few layered structures as the thickness of individual MXenes can
be approximated as 1nm. Also, upon closer comparison, the measured elastic modulus of MXene-

PDMS composite appears to be between the predicted elastic moduli of the composite with single
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and double layered MXene clusters (Figure 25d). This is because in the test specimens, there could
be a mixture of single and several layer MXene fillers with variable lateral sizes, which may

explain the slight gap exists between the experimental and theoretical results.

Interpolated Mori-Tanaka model can also accurately estimate the measured elastic modulus of
MXene in Nitrile-Butadiene-rubber composite (MXene-NBR) which contain small size MXenes
(termed S-MXene) [206]. Initially, the measured elastic modulus of MXene-NBR shows negligible
increase up to 8% volume fractions. This minimal stiffening behavior is consistent to the
predictions of IMT model when the following composite is assumed to have two to three layers of
MXene clusters (Figure 25d). Eventually, at about 14% volume fraction, the measured elastic
modulus of MXene-NBR has increased by six times but according to IMT model, this is only
achievable when only single layer MXenes are assumed randomly dispersed in the composite.
However, it is extremely challenging to fabricate composites with only monolayer MXenes
because nanosized MXenes would often agglomerate aggressively at such high concentration and
would instead decrease the mechanical reinforcement of their composite. Thus, it is possible that
other unaccounted factors such as the irregular lateral size distribution, orientation, and shapes of

MXenes to cause the observed discrepancies between the predicted and measured results.

4.4.4 Finite element method validation (Stiffness)

To validate our proposed micromechanics model, the anisotropic (longitudinal and transverse)
elastic modulus of MXene-Sylgard 184 that are predicted by IMT model and finite element method
will be compared with each other. To produce these predictions using IMT model, it is assumed
that the diameter of individual MXenes is fixed at 500 nm (a=500) which is consistent with the
size of MXenes in the created RVEs (Figure 24a). Since the following MC have high aspect ratio,
well-aligned, and well separated in the RVEs, the percolation threshold (f*) of IMT model is
approximated to be close to zero (i.e., £*~0.01) while the formation rate (y~1) of CCP function is
set to one. This small percolation threshold is chosen because the predicted percolation threshold
for randomly oriented MXenes is already at 0.02 when the considered aspect ratio ({~1) is 500
(Figure S3). Hence, we can use the same modeling parameters when validating the thermal and

dielectric properties of MXene polymer composites that are evaluated by FEM.

When comparing the longitudinal elastic modulus, both IMT model and FEM results appear to
yield similar prediction behaviors. The elastic modulus predicted by IMT model and FEM for
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composites with single layer MXenes show the best agreement up to 5% volume fraction. On the
other hand, the agreement between the theoretical and experimental results for composites with
two and three layers of MXenes are up to a low volume fraction before beginning to deviate at
higher filler concentration (Figure 25e¢). Similarly, the transverse elastic modulus of MXPCs
predicted by both IMT model and FEM also have comparable trend. However, in this comparison,
the predicted transverse elastic modulus by the micromechanics model can only remain in close
agreement with the results of FEM up to several percent volume fraction (Figure 25f) and at higher
filler concentration, IMT model will begin to underpredict the transverse elastic modulus evaluated
by FEM particularly for the case of MXene-Sylgard 184 with single and two-layer TisC2Tx
inclusions. This discrepancy occurs because at high volume fraction, the interface of layered
MXenes becomes close to the boundaries of RVE. As a result, this will cause large wall effects
which will reduce the accuracy of the FEM results. Despite this, most of the anisotropic elastic
modulus of MXPCs that are predicted by both FEM and IMT model are close to each other up to
3% volume fraction, which is realistically the concentration limit for MXenes this large size to

remain uniformly dispersed in their composites.

4.4.5 Soft Interphase

The introduction of distinct interphase surrounding the embedded multilayer MXenes can change
the stress transfer between the applied load to the fillers in their composite. To investigate these
effects, the proposed two-step homogenization model will treat the suspended MXenes in a MXene
polymer composite to be encapsulated by an interphase that is softer than the polymer matrix. With
this formulation, we can now investigate the effect of weak or soft interphase on the overall
composite’s stiffness. For example, if a hydrogel such as a polyacrylamide (PAAm) is chosen as
the interphase, which is assumed to be about five times more compliant (300KPa) than Sylgard

184, the overall stiffness of MXene-Sylgard 184 will decrease by several orders of magnitude.

According to our micromechanics model, the large stiffening behavior of MXPCs can be
suppressed with the help of soft interphase which can be done in composites with either microscale
multilayer (Figure 26a) or nanoscale single layer MXenes (Figure 26b). For instance, when 5 um
size single layer MXenes are embedded in Sylgard 184 at 1% volume fraction, the stiffness of
MXPCs is predicted to increase by only 1.9 times when a soft interphase is presence or otherwise

can increase up to 8 times when the soft interphase is not considered (i.e., perfect bonding). If the
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soft interphase does not exist, the stiffness of the interphase and the polymer matrix will be

equivalent in the model (Figure 26a).
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following modeling results indicate that the surface treatment of multilayer MXenes with a soft
interphase could be an effective processing technique to create highly stretchable and flexible

MXPCs.

4.4.6 Thermal properties

By using the Interpolated Mori-Tanaka model, we can theoretically investigate the effects of
MXenes’ micro or nano structures on the final properties of their composites. The model predicts
that as the number of layers of large (5 um) Ti3C2Tx increases from one to ten, the largest thermal
conductivity improvement of MXPCs shifts from low to high volume fractions (Figure 27a). For
example, MXene-Sylgard 184 can achieve thermal conductivity improvement of 7 times (~2 W-m’

LK) when either 2.0 % volume fraction of monolayer MXenes or 2.5 % volume fraction of ten-
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layered MC are used. This is because monolayer Ti3C,Tx has the largest surface area to volume
and can form very wide thermal networks at low volume fraction. In contrast, multilayer Ti3C,Tx
(n > 1) are locally clustered in their composite and are unable to form a comparably wide
conductive networks at the same low concentration despite having the same size. On the other
hand, when the filler volume fraction is very low (< 0.5 %) and have no chance to percolate, the
predicted thermal conductivity of MXene-Sylgard 184 becomes approximately the same

regardless of the number of layers in the embedded MXene clusters.

At low filler volume fraction, nanoscale MXenes are less efficient than microscale MXenes when
it comes to improving the thermal property of MXPCs. For instance, the thermal conductivity of
MXene-Sylgard 184 will improve by 7 times (2 W-m™-K™!) and 1.5 times (0.4 W-m™-K'") when 2
% volume fraction of monolayer Ti3CoTx that are 5 um and 100 nm in size are respectively used
(Figure 27b). This is because as the size of monolayer MXenes reduces, the volume fraction where
there will be sufficient MXene fillers to form thermal conductive pathways and undergo reduced
interfacial thermal resistance will increase. IMT model can model these behaviors because the
following critical volume fraction (i.e., percolation limit) that dictates the microstructure transition
(inflection point of CCP function) and reduced interfacial thermal resistance (resistance drop) are

inversely proportional to the aspect ratio () of the embedded MXene clusters.

4.4.7 Finite element method comparison (Thermal conductivity)

To validate our proposed micromechanics model, Figure 27c compares the predicted longitudinal
and transverse thermal conductivity of MXene-Sylgard 184 with the results of finite element
method. Here, the thermal conductivity of the interphase used in IMT model is equated to those of
polymer matrix (K; = Kp,) because the multilayer Ti3C>Tx in the created RVEs are always
separated. Based on Figure 27¢c, the longitudinal (k) and transverse (kt) thermal conductivity of
MXene-Sylgard 184 predicted by IMT model agrees reasonably well with the results of FEM,
particularly at low volume fraction. Furthermore, both models suggest that the estimated thermal
conductivity of MXene-Sylgard 184 with two- and three- layered MC are approximately similar
while the composite with single layer MXenes (same lateral size) exhibits the best thermal property

enhancement.

MXPCs with aligned MXene clusters can have large thermal conductivity at the in-plane direction

but have very small out-of-plane thermal conductivity. For instance, the transverse thermal
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conductivity of MXene-Sylgard 184 shows negligible enhancement even when the filler volume
fraction is high. This is because the heat flow in this direction is impeded by multiple alternating
layers of thermally insulating interphase and by the insulative polymer matrix phase that is
separating the aligned MXene clusters. Nevertheless, it is important to note that this ideal filler
separation may not exist in realistic MXPCs. For example, an experimental study demonstrated
that the transverse thermal conductivity of MXene epoxy composite with aligned MXenes can still
improve by several times. This occurs because the presence of smaller MXene flakes created an
additional heat transfer bridges within the interphase or at the spacing between the aligned MXene
clusters in the composite [227]. Although the following arrangement cannot be fully considered in
this study, IMT model is capable of generally explaining the influence of MXenes’ orientation and

multilayer structure on the effective thermal property of MXene polymer composites.
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Figure 27. The IMT model predicted the longitudinal thermal conductivity of MXPCs with (a) different layers of embedded MC
and (b) different lateral lengths of single sheet MXenes. (c) Experimental measurements [113,117] and (c) FEM results are
compared with the predicted thermal conductivity of MXPCs. In this plot, the thermal conductivity of MXene-Sylgard 184 and
MXene-PVDF are respectively normalized by the thermal conductivity of unfilled Sylgard 184 (kxm=0.27) and unfilled PVDF
(km=0.19), respectively. The evaluated longitudinal thermal conductivity of MXPCs due to (e) changes in the MXenes’ layered
structures (fixed Sum diameter) and (f) changes in the diameter of single sheet MXenes are compared with the predicted
longitudinal elastic modulus of the composite due to the same respective variance in the layered structure and size of their MXene
fillers.

4.4.8 Experimental comparison (Thermal Conductivity)
For further validation, the results are compared to the measured thermal conductivity of MXene

polymer composites that have large (3.5 pum) and small (300 pm) MXene fillers [113]. In this
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comparison, the measured thermal conductivity of MXene-Sylgard 184 with 3.5 pum size MXenes
(L-MXene) is closely approximated by our micromechanics model when ten to twenty sheets of
MXene clusters are assumed to be randomly suspended in this composite (Figure 27d). On the
other hand, the IMT model is also used to accurately predict the thermal conductivity of MXenes
embedded in Polyvinylidene Fluoride composite (MXene-PVDF) [117]. In this case, the
suspended MXenes in the following composite have size of approximately 300 nm (S-MXene) but
their size distribution and range of layers are not reported. Nevertheless, for this composite, we
determined that the measured thermal conductivity of MXene-PVDF best matches the predictions
of IMT model when the composites have MC that comprise of twenty to thirty layers. Despite this
assumption, the chosen number of layers in the simulation are realistic because most synthesized
MXene clusters consist of at least several layers of TizC;Tx and only a small handful of single
layers Ti3C2Tx which can be realistically produced. Thus, it is reasonable to assume in our model
that the average number of layers among the embedded MXene clusters in the fabricated

composites could be in the tenths of orders.

Above the percolation volume fractions, the IMT model predicts that the thermal property of
MXPCs would continue to significantly increase. However, the experimental results show that the
thermal conductivity improvement of MXene-PVDF with L-MXenes will slow down. Similarly,
when the appeared percolation limit (fr) of 2.2% is surpassed, the measured thermal conductivity
of MXene-Sylgard 184 with S-MXenes appears to decrease, but the theoretical model predicts that
the composite’s thermal property will continue to escalate. These prediction mismatches occur
because in the micromechanics model, MXene clusters (large or small) are always assumed to be
uniformly dispersed in their composite but in the actual composite, the MC would progressively
agglomerate as their volume fraction increases. As a result, this phenomenon will reduce the
available contact surface area for suspended MXenes to maintain or widen the formed thermal
pathways, thus impeding the high conduction heat transfer within the thermally insulating polymer

matrix.

4.4.9 Thermal conductivity and elastic modulus correlation
To answer the question whether MXene is suitable for soft multifunctional composite, it is
important to investigate the tradeoffs between the stiffness and thermal conductivity of their

composites based on the selected size and structure of MXenes. To visually evaluate these
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tradeoffs, two material property chart (i.e., Ashby’s plots) are created from the results of IMT
model to correlate the predicted effective thermal conductivity with the predicted effective elastic
modulus (without soft interphase) of MXene-Sylgard 184 (Figure 27¢ and f). In the first
correlation, the influence of the number of layers and sizes of MXene clusters on these paired
properties of the composite is investigated. From this correlation, it is determined that it is possible
to preserve the thermal conductivity enhancement while reducing the stiffening effects of MXPCs
by favoring layered (n>1) instead of single layer MXene fillers. For example, as the volume
fraction of 5 pm size single layer MXene increases to 5 %, the estimated longitudinal elastic
modulus and longitudinal thermal conductivity of MXene-Sylgard 184 converge to 88 MPa and
5.5 W-m!'-K'!, respectively (Figure 27¢). In contrasts, as the volume fraction of 5 um diameter
MXene with two clustered sheets increases to 5 %, the longitudinal elastic modulus and
longitudinal thermal conductivity of MXene-Sylgard 184 are predicted to be 30 MPaand 5.3 W-m’
.K"1, respectively. This theoretical finding is promising because we had shown earlier that with
the introduction of soft interphase (PAAm) around the embedded MC, it is possible to further
minimize the stiffening effects of MXPCS without compromising the thermal conductivity gain as
long as the thermal property (~0.3 W-m™-K!) of the substituted soft interphase is close to those of
the polymer matrix. The following minimization of the stiffening effects by selection of layered
MC in a composite uniquely works when the difference in the elastic modulus between the fillers
and their polymer matrix i1s large. As a counter example, IMT model shows that layered and
monolayer MXenes will induce similar mechanical reinforcement behavior when these fillers are
embedded in a stiff polymer (epoxy) matrix despite both fillers having identical lateral size (Figure

S5b).

The second material property chart correlates the predicted effective thermal conductivity with the
predicted effective elastic modulus of MXene-Sylgard 184 when the size of dispersed MXenes
(monolayer) is varied (Figure 27f). The following comparison reveals that at 5% volume fraction,
MXene-Sylgard 184 with nanosized (100 nm) monolayer MXenes will have both the lowest
longitudinal thermal conductivity (~1.5 W-m'-K'") and smallest longitudinal elastic modulus
(~5.7 MPa) enhancement. In contrast, MXene-Sylgard 184 with large 5 um size MXene fillers will
have both the highest thermal conductivity and largest Young’s modulus at the same filler
concentration. Hence, without the presence of MXene clusters, it appears to be challenging to

suppress the large stiffness reinforcement while maintaining the thermal property improvements
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of MXPCs. In theory, by increasing the volume fraction (>5%) of those small single layer Ti3C>Tx
sheet, we could potentially increase or extrapolate the thermal conductivity to stiffness ratio of
MXPCs. However, in practice these nanosized fillers will begin to locally bind due to strong Van
der Walls interactions, which will instead cause the composites’ effective thermal conductivity
improvement to deteriorate as the formation of thermal conduction networks within the polymer

matrix are now limited.

4.4.10 Dielectric properties

Figure 28a displays the predicted values for longitudinal dielectric constants of MXene-Sylgard
184 when one to ten sheets of aligned TizCoTx with Sum size are used. As the number of layers of
MXene fillers increases, the large dielectric constant enhancement of MXene-Sylgard 184 shifts
from low to high volume fraction. For example, the large jump in the dielectric constants of
MXPCs with ten- and one- layer TizCoTx occurs at 1.5% and 0.4% volume fraction, respectively.
In this result, the MXPCs with one to several layer MXenes have dominant increase in dielectric
constants at low volume fraction. This is because both the microstructure transition (Figure 25a)
and the onset of Maxwell-Wagner-Sillars effects (Figure S4) among these MXene clusters are
active at low percolation volume fraction (fr = R - f{5<2%). Hence, these combined factors suggest
that MXenes with large size and a few layered structures can efficiently create composites with
high electrical permittivity at low concentration. In contrast, when the filler volume fraction is
large (>4%), the dielectric constants of MXene-Sylgard 184 with ten-layer MXenes becomes
higher than the dielectric constants of the composites that have a few layer MXenes. This is
because once percolation is attained, the introduction of additional multilayer MXenes will saturate
the composite at a faster rate and shorten the average interparticle distance. In practice this
continuously improved dielectric behavior of MXPCs is only possible assuming that there is no
electron tunneling by ohmic conduction at the interphase, which happens when many neighboring

MC are in direct contact with each other [228].
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Figure 28. The predicted longitudinal dielectric constant of MXene-Sylgard 184 by IMT model due to (a) effects of layered
structure of MXenes (fixed Sum diameter) and (b) sizes of monolayer MXenes on the dielectric constants of the composite. All the
dielectric constants presented in (a) and (b) are all normalized with respect to the dielectric constants of the unfilled Sylgard 184
(€m = 2.7). (c) Finite element method results are compared with the predicted longitudinal (g;,) and transverse (e7) dielectric
constants of MXene-Sylgard 184. (d) The measured dielectric constants of PVDF-Ti3CoTx with assumed randomly oriented small
(S-MXenes) and large MXenes (L-MXenes) are compared with modeling results [229]. (e) The predicted dielectric constants in
Figure 28a is correlated with stiffness predictions in Figure 25b. (f) Similarly, the evaluated dielectric constants in Figure 28b is
plotted with the stiffness predictions shown in Figure 25¢c. Both Figure 28e and Figure 28f are plotted for the predicted effective
properties (dielectric constants and elastic modulus) up to 5% volume fraction (fr) of MXenes.

The dielectric constants of MXPCs can also be improved with the help of nanosized MXenes.
However, a high-volume fraction of these nanoscale fillers is required to maximize the dielectric
constants of the composite. For example, to create MXene-Sylgard 184 with a longitudinal
dielectric constant of 10, we can either utilize 4% volume fraction of 100nm size single layer
MXene or 0.5% volume fraction of Sum size monolayer Ti3C,Tx (Figure 28b). Thus, smaller
MXene fillers are less efficient in enhancing the dielectric constants of their composites. This is
because a high filler volume fraction is needed for their average neighboring distance to be short
enough (near percolation) to induce large electric field polarization or large nanocapacitance
effects. The following behavior is expected in our micromechanics model because the percolation
microstructure transition (Figure 25a) and the MWS effects for MXPCs with small monolayer
MXenes can only theoretically take place at high volume fraction, that is when the suspended MC
are probabilistically the closest with each other (Figure S4).
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4.4.11 Finite element method comparison (dielectric constants)

The finite element method can also be used to estimate the anisotropic dielectric constants of
MXPCs. Here, we will predict the dielectric constants of MXene-Sylgard 184, which comprises
of unidirectional MXenes that are 500nm in diameter (Figure 28c). In this FEM modeling, the
relative permittivity of the interphase will be treated as equivalent to those of the polymer matrix
(Sylgard 184). This is because MWS effects are absent and the created circular plates (MXene

cluster) are well separated in the RVE.

As the MXenes’ volume fraction in MXene-Sylgard 184 increases, both the interpolated Mori-
Tanaka model and finite element method solutions appear to predict a similar improvement trend
for the longitudinal dielectric constants (g;,) of the composite. For instance, each model suggests
that MXPCs with single layer Ti3CoTx will have the largest overall improvement in the longitudinal
dielectric constants while the composite with two- and three- layer MXene fillers will have lower
and almost equivalent g}, at the same filler concentration. Based on these prediction comparisons,
the electrical permittivity predictions are closest to the results of FEM up to only 3% volume
fraction for the case of MXPCs with single layer MXenes. In contrast, there is much better
agreement between both models when estimating the longitudinal dielectric constants of MXene-
Sylgard 184 with two or three layers of MXene fillers. Therefore, the proposed IMT model can be
a reliable predictive tool to evaluate the dielectric constants of MXPCs with low volume fraction

or composites with layered and large size MXenes.

In comparison to longitudinal dielectric constants, the Interpolated Mori-Tanaka model predicts
that the transverse dielectric constants (1) of MXPCs are much smaller and show negligible
improvements even at high filler volume fraction. This is because the electrically insulating gaps
(i.e., interphase or polymer) which exist between aligned multilayer MXenes tend to be smaller in
the longitudinal direction than in the transverse direction, especially at high concentration.
Moreover, in this transverse orientation, the nano/micro capacitors formed by the aligned MXene
clusters can be imagined to be in serial connection [228]. Hence, according to the theory of electric
circuits, the effective capacitance or relative permittivity will be least improved in this
configuration. As a result, there will be lower interfacial electric field polarization at the interphase

and smaller effective dielectric constant enhancement in the orientation perpendicular to the
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suspended MXenes than in the direction parallel to MXenes [205]. Thus, the orientation of

multilayer Ti3C>Tx can have a dominant effect on the final dielectric properties of MXPCs.

4.4.12 Experimental comparison (dielectric constants)

For the Interpolated Mori-Tanaka model to be a reliable predictive tool for experimentalists, the
model needs to be reasonably capable of predicting the measured dielectric constants of MXene
polymer composites. To demonstrate this, the IMT model is used to approximate the measured
dielectric  constant of MXenes in  poly(vinylidene  fluoride-trifluoro-ethylene-
chlorofluoroethylene) composite or shorthanded as MXene-P[VDF-TrFE-CFE] (Figure 28d).
Here, the accuracy of our micromechanics model will be evaluated by comparing our model
predictions with the measured dielectric constants of MXene-P[VDF-TrFE-CFE] that have large
(L-MXenes) and small (S-MXenes) MXene fillers [204,229]. In these composites, the L-MXenes
have average lateral sizes of 4.5 um while the S-MXenes have mean length of 1.5pm. Both fillers
are assumed to be randomly oriented in their respective composites with a thickness of one

nanometer.

According to Figure 28d, the interpolated Mori-Tanaka model can closely predict the measured
dielectric constants of MXene-P[VDF-TrFE-CFE] with L-MXenes. This agreement is only
achievable if the embedded Ti3C.Tx clusters are assumed to have two to four layers. Similarly, the
established micromechanics model is also capable of estimating the measured dielectric constants
of MXene-P[VDF-TrFE-CFE] with S-MXenes when the randomly suspended Ti3C,Tx are assumed
to have eight to ten layers. This range of chosen layers in the model are reasonable and consistent
to the actual filler microstructures of most MXPCs. However, to achieve the best agreements, the
critical volume fraction (f") of the resistance function needs to be empirically selected from the
experiments which is at 6% and 7% (largest DC jump) for the composite with L- and S- MXenes,

respectively.

If the critical and percolation volume fraction are equal (f* = f") which is assumed in the original
formulation, the IMT model will overestimate the dielectric constants of these composites even at
moderate concentration (>1%). This is because the peak microstructure transition (inflection point
of CCP function) and MWS effects take place simultaneously. However, the following behavior is
not portrayed in the actual composite as the largest dielectric constants enhancement takes place

at a higher filler concentration than the theoretical percolation limit (f'<4%). This can potentially
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happen if the morphologies (multilayer structure, polydispersity, etc.) of suspended MXenes at
high volume fraction is drastically different than those at low volume fraction. For example, if
large MXene clusters agglomerate at high volume fraction, the real critical volume fraction or
percolation limit will be much higher than the theoretical estimate. This is because in our
micromechanics model, all the suspended MXenes are treated to have uniform structures and
distributions regardless of their concentration in the composite. Furthermore, it is also possible
that the particle agglomeration at high filler concentration lowers the chance for more nano/micro
capacitors to form in the composite. This means that unless additional filler volume fraction is
introduced, the actual MWS effects can only occur at a greater volume fraction which could
explain the secondary surge observed in the measured dielectric constant of MXene-P[VDF-TrFE-

CFE].

As volume fraction continues to increase, both the MXPCs with large and small MXenes begin to
portray decreasing measured dielectric constants. However, the micromechanics model predicts
that the dielectric constants will continue to improve. This disagreement occurs because in the IMT
model, it is assumed that once MWS effects take place, it will remain active even when the filler
concentration continues to increase. However, in the real composite, the stored charges among the
highly percolated MC will eventually experience electron or charge leakages (electrical
conductors) when electric field is applied. As a result, this phenomenon will negate the effective

charge storage property and the final dielectric property of the composite.

4.4.13 Dielectric constants and elastic modulus correlation

Next, by correlating the predicted dielectric constants with the predicted elastic modulus of
MXPCs, we can examine the tradeoffs between these properties when changes are made to the
layered structure and size of embedded MXenes. Figure 28e illustrates this by correlating the
predicted longitudinal dielectric constants with the predicted longitudinal elastic modulus of
MXene-Sylgard 184. In this correlation, one to ten sheets of 5 um size Ti3C2Tx inclusions are
considered in the composite. Alternately, Figure 28f correlates the predicted longitudinal dielectric
constants with the predicted longitudinal Young’s modulus of MXene-Sylgard 184 when the size

of single layer MXenes ranges between 100 nm to 5 pm.

Based on Figure 28e, MXene-Sylgard 184 with multilayer Ti3C,Tx can achieve dielectric constants

in the order of hundreds while attaining minimal elastic modulus (<30 MPa) enhancement at low
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volume fraction (<5%). For example, the MXPCs with ten-layer TizCoTx and with size of 5 pm
will have dielectric constants of 580 and elastic modulus of 30 MPa at 5% volume fraction. In
contrast, MXene-Sylgard 184 with single layer Ti3C>Tx and diameter of 5 pm will have dielectric
constants of 430 and stiffness of 90MPa at 5% volume fraction. Hence, these modeling results
suggest that large size MXene fillers with multilayer structure can create MXene polymer
composites with sufficiently high dielectric constants and minimal mechanical stiffening. On the
other hand, large MXene fillers with single to a few layered structures are much more ideal for
creating stiff and high strength composite materials, where having high dielectric constants is not

a priority in the applications.

Alternately, it is also possible to use small single or a few layer MXenes to create compliant MXene
polymer composites. However, according to our theoretical model, it will be challenging to create
MXene-Sylgard 184 with both high dielectric constant and low stiffness with these fillers. This is
because when the size of single layer MXenes is reduced to 100nm, MXene-Sylgard 184 is
predicted to have both low elastic modulus (20MPa) and low dielectric constants (20) at 5%
volume fraction (Figure 28f). In contrasts, MXene-Sylgard 184 with large (a=5um) single layer
MXenes will have both high dielectric constants (~400) and large Young’s modulus (90MPa) at
5% volume fraction. Therefore, based on these correlations, MXene fillers with large single or a
few layered structures may not be suitable to create MXPCs that require both high dielectric

constants and high mechanical compliance.

4.5 Summary and conclusion
A modified micromechanics framework termed as interpolated Mori-Tanaka model is introduced
in this study to predict the effective mechanical, thermal, and dielectric properties of MXene
polymer composites. The IMT model first locally evaluates the property of the multilayer MXenes
at nanoscale length before computing the overall bulk property of MXPCs. This scheme allows
the model to effectively account the effects of multilayer structure, size, orientation, interphase,
and the percolation microstructure on the effective properties of the composite. Moreover, the
prediction results of IMT model are reasonably accurate for low to moderate filler concentrations
when compared with the results of finite element method and various measured properties of soft

multifunctional MXene polymer composites.
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Our micromechanics model suggests that we can efficiently create a highly compliant MXPCs
(MXene-Sylgard 184) with maximum functional properties (thermal conductivity and dielectric
constants) by having large and aligned multilayer MXene fillers surrounded by soft or weakened
interphase. The following suppressed stiffening effects of MXPCs is proportional to the number
of layers in the embedded MXenes. In contrast, MXPCs with large single layer MXenes are
predicted to cause both large enhancement in the mechanical and functional properties as their
volume fraction increases. Therefore, these predictions prove that large size multilayer MXene
fillers should be highly favorable when it comes to creating soft multifunctional MXene polymer
composites. These results can help us tune the nanostructures and microstructures of MXenes that
are essential parameters to create composites with the optimum mechanical and functional

properties suited for their diverse soft matter engineering applications.
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Chapter 5: Viscoelastic Model for Cells Layered in Agarose Gel Composite
Cells in agarose gel are a common bio-composite that is used to study the mechanobiology of
embedded cells. Recently, we had adopted the following composite material to execute in vitro
dynamic or quasi-static mechanical testing of breast cancer cell lines such as MDA-MB-231 and
BT-474. To ensure consistent stress conditions such as the mean stress and amplitude stress, it is
important to control the displacement, or the strain loading applied on the composite. However, it
can be challenging to maintain the desired stress/force conditions over a long duration by
appropriate displacement loading due to the stress relaxation behaviors of both the cells and
hydrogel matrix. To overcome this challenge, the current work had introduced a closed form
viscoelastic model which homogenizes and predicts the dynamic stress (DS) behaviors of layered
cell in agarose gel composite. With this model, we can accurately predict the measured force
temporal data of the following hydrogel composite for a loading duration up to 200s with applied
dynamic compressive strains that range between from 1% to 5%. The experimental study for this

work has been published in Biology Open with me listed as the co-author [131].

5.1 Introduction
Time dependent mechanical behavior or viscoelastic property in solids is commonplace among
soft polymers, particularly those with high water contents such as hydrogels. Even if the fillers in
these soft polymers are stiff or non-viscoelastic, the resultant soft composite will still exhibit time-
dependent mechanical behavior. This temporal stress behavior creates a unique challenge when
adapting soft composites in soft robotics applications because of the delay between the inputs and
responses caused by the relaxation or creep behaviors of the utilized soft composite material. There
are several soft functional composites that utilizes highly viscoelastic polymer matrix such as silver
embedded in polyacrylamide-alginate [13] and liquid metal embedded in liquid crystal elastomer
[74,230]. The gel-based composite can be used soft actuators by varying the water content in the
medium by varying dehydration and drying process whereas the liquid crystal elastomer-based

composites is thermally responsive which can be applied as a soft thermal actuator.
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Figure 29. (a) Illustration of the cell-in-agarose gel composite under compression by the dynamic plate movement (u(t)). (b) The
layered cell-in-gel composite architecture. (¢c) Light microscopy image of MDA-MB-231 cancer cells at the bottom of cell-rich-
layer with scale bar length of 200pm. Image retrieved from Takao et al.[131]. (d) Dynamic displacement loading dictating the
compressive movement of the dynamic plate. (¢) The measured force applied on the cell-in-gel composite during the dynamic
displacement loading.

Controlling the actuation force and predicting the deformation behavior of these viscoelastic
composites are challenging because of the inherent stress relaxation and creep behavior of this
composite, respectively. For a thermally responsive polymer composite, it is possible to vary the
temperature changes to increase the blocking force or to change their shape. However, due to the
relaxation behavior of the polymer, the generated force will decrease with time, or the final
actuation displacement will take time to reach steady state, respectively. Therefore, to predict the
stress and deformation behavior of these active soft actuators, we need a robust physical model
than can approximate the stress or strain response when the viscoelastic composite is under quasi
static or dynamic loading conditions. With this model, future users can sequentially adjust the
applied inputs (displacement or other stimuli) to maintain the applied force on the medium or vice

versa which pave the way to the creation of a simple and closed loop system.

To understand the effects of viscoelastic behaviors in soft composites, we developed a model that

can predict the stress temporal behaviors of a cell-in-agarose gel composite under dynamic
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loading. To avoid confusion to the reader, we first like to clarify that the introduction and
methodology of this theoretical framework will be elucidated based on the purpose of studying the
mechanical stress induced cell death (MSICD). This perspective motivated the initial development
of the viscoelastic model which can also be translated into modeling the viscoelastic behaviors of

other soft multifunctional polymer composites.

Water-soluble soft matter such as agarose gel is commonly used in biomedical applications.
Agarose gel had been mainly used as nano filtration medium for separating DNA fragments of
varying sizes by electrophoresis [126] The water diffusivity, biocompatibility and viscoelastic
behaviors of agarose gel had made it a preferred phantom material to replicate the mechanical
property of brain tissue [126], cartilage [127], and human skin [128]. When cells are encapsulated
in this gel, the viscoelastic behaviors and physiological response of cells under different dynamic

mechanical stimulation can be investigated [129—-132]

For in vitro MSICD experiments, agarose gel separates the external environment from the cancer
cells to supply nutrients, prevent bacterial contamination, and maintain isotonic condition for
sustaining the cultured cancer cells (Figure 29a and Figure 29b) [130]. Hence, by removing other
non-mechanical variables that also contribute to cell death, we can record reliable results of cell
death counts strictly induced by mechanical stimulation. Since agarose gel has high water contents
(up to 90 %), the embedded cells are not only provided with life-supporting nourishments, but also
a highly viscoelastic interface that prevents cells from receiving direct forces induced by the rigid
surface of the load (Figure 29b). Alternately, the gel matrix uniformly distributes the external load
to the embedded cells, so each cell receives equal mechanical stresses. When preparing gel samples
for in vitro mechanical stress experiments, the common microstructural arrangement for the cell-
in-gel composite is either randomly dispersed cells [129,130] or a composite consisting of rich cell
and rich gel layers such as those shown in Figure 29b [231-234]. In this study, the viscoelastic
model is developed based on the layered cell-in-gel composite configuration which is much easier

to be mathematically homogenized.

In mechanical testing, there is an option to either use a displacement control which is commonly
used in uniaxial testing or to use force-based control which is commonly used for fatigue testing.
Comparing both methods, it is much simpler to precisely apply the dynamic or static compressive

displacement on the cell-in-gel composite without needing any force feedback during the test
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(Figure 29c¢) [231-233,235]. For instance, the amplitude, frequency, rise time, and mean
compressive displacement can be maintained by a piezo controller during experiment while the
resultant forces as a function of time are measured simultaneously which is used to correlate with
the observed cell deaths’ frequency in the gel. Although the applied dynamic displacement remains
unchanged, the resultant dynamic force tends to relax with unpredictable rate as the loading time
progresses (Figure 29d). For example, if the variable displacement peaks too soon (low rise time),
the resultant compressive force on the gel composite will decrease too rapidly before converging
to zero (no mechanical stimulus). The following observed trends occur because of the strain rate
sensitivity and viscoelastic nature of the cell-in-gel composite as studied in several modeling works
[151,236]. As a result, the non-uniform stress conditions created difficulty in ensuring the
repeatability of the results in MSICD related tests. One way to address this challenge is to tediously
rely on trial-and-error selection for the best combinations of the input variable displacements that
will produce the desired temporal stress outcomes of the cell-in-gel composite. Clearly, this
solution is not practical and cost-effective because culturing each cell-in-gel composite can take
up to a week if done successfully. Therefore, to streamline the experimental process, it is
advantageous to have a predictive model that can accurately tune the expected dynamic forces

prior to running the MSICD test to ensure the success of the experiment.

Although the cell-in-agarose gel composite system is completely not related to the field of soft
multifunctional polymer composites introduced earlier, the proposed viscoelastic model can be
easily substituted with other categories of soft composites by simply replacing the viscoelastic
constitutive properties. Furthermore, the proposed viscoelastic model is in a closed form and can
be used to rapidly predict the dynamic stress relaxation, creep behaviors, and storage or loss
modulus of the material simply with the help of the measured stress relaxation modulus. Another
advantage of this model is it can consider complex sinusoidal displacement loading with
exponentially increasing amplitude and mean values. In contrast, most viscoelastic finite element
methods of soft matters are limited to much simpler loading conditions such as quasi static (step
strain), linear (ramp strain), and purely sinusoidal input loading as these boundary conditions
minimizes the computational cost needed to complete the simulation. Thus, the prowess of the
proposed viscoelastic model allows us to rapidly estimate the temporal stress behaviors of
viscoelastic composites which can help designers to tune the actuation performance of soft robotics

systems that rely on actuators that made of viscoelastic materials.
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5.2 Experimental details
To study the effects of dynamic mechanical stress on cancer cells a custom-built mechanical tester
consisting of a piezo actuator attached to a dynamic platen and load cell (PiezoMove, Physik
Instrument, USA) is designed (Figure 30a) [131]. The piezo actuator movement shown in Figure
30a is governed by Equation 61 implemented via LabVIEW Data Acquisition (DAQ) program
(National Instruments, USA).

u(t) = %{sin(ZTrft) + 1} {1 — e_%} + B{l — e_%} 61
In this governing displacement function, t is time, a is displacement amplitude, f is displacement
frequency (Hz), B is minimum mean compressive displacement, 11 is the time constant for
displacement amplitude and 12 is the time constant for mean compressive displacement. The
following parameters are varied to investigate the effects of frequency, force amplitude (AF) and
mean force on final cell death counts. When a chosen set of displacement parameters are added to
dictate the displacement loading, a viscoelastic force-time response of the layered cell-in-gel
composite is acquired by the load cell (Figure 29¢). For example, we can control the force
amplitude (AF) by optimizing the displacement amplitude (Au) of the plate to ensure that the
averaged measured forces decays slowly. As introduced earlier, the viscoelastic nature of cell-in-
gel composite has made the maintenance of force amplitude (AF) and mean force during the
mechanical testing to be challenging. Hence, having a reliable viscoelastic model to predict force-
time behaviors under a given complex displacement function will be very useful for designing a

repeatable experiment.
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Figure 30. (a) The custom-built mechanical tester to apply dynamic loading on cell-in-gel composite. (b) Cross section view of the
layered cell-in-gel composite architecture.

Our initial work investigated two breast cancer cell lines, BT-474 (less metastatic) and MDA-MB-

231 (highly metastatic triple negative breast cancer cells) which are layered with 3 weight %
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agarose gel (i.e., 97 wt. % water). In the current framework, MDA-MB-231 will be selected as the
embedded cells in agarose gel and the preparation details (culturing and curing of gel) of this

layered cell-in-agarose gel composite can be found in the previous work [131]

5.3 Viscoelastic model

5.3.1 Homogenization of layered cell-in-agarose gel composite.

To compute the stress-time response, we first need to homogenize the relaxation modulus of the
layered agarose gel and cells composite as two distinct standard linear solid model (SLS)
configured in series (Figure 31a). Each SLS representative of agarose gel and cancer cells is
governed by a Prony series expressed in Equation 62 and Equation 63, respectively [131,237-239]
The Prony series for 3 wt.% agarose gel fits the stress relaxation measurement of the gel under
step displacement loading [240] For the MDA-MB-231 cancer cells, their SLS model are taken
based on the stress relaxation measurements obtained by atomic force microscopy [238,239,241]
or shear assay technique[242]. The SLS stress relaxation modulus of the cancer cells retrieved
from literature is rearranged as simplified Prony series [Ge(t)].

3rd Order Jr(®) = J4(t) = J.(¢)
Prony Series g

-
AT
\_?_ ___ Simplified Gr(t)
nl T Prony Series
N [ PANVVATL
N 1

VAVAVAV

Agarose Gel A Cancer Cell

Ja(®) Je(®

Figure 31. Standard linear solid model (SLS) made of Newtonian spring and dashpot. Two SLS in series representing layered
agarose gel and cancer cells respectively (Figure 29B) in consistent to our experimental setup. Creep moduli are additive in this
serial SLS configuration.

3 1 62
Gg(® = Go = ) Gi(1 = &™) ==
i=1 T

Ge(D) = G§ — G§(1 — e7PY) 63

105



When two SLS models are configured in series, the overall displacement change will be the sum
of displacement change in each SLS model while the forces in both spring-damper models are
always equivalent. Hence, to homogenize these layered cell-in-gel composite, the creep moduli of
agarose gel and cancer cells are added as shown in Equation 64.

]T(t)hT = ]g(t)hg + ]c(t)hc 64
s2Gi(s)]i(s) = 1 65
Gy 11 66
Gg(s) z?_zGi(g_s+ai)
G .1 s 67
Ge(s) =?‘G1(§‘s+s)
Jr(s)hr = ]g(s)hg +Jc(s)h, 68

In Equation 64, hg is the initial thickness of gel, hc is the thickness of cancer cell (4pm for MDA-
MB-23) [242], hr s total initial thickness of layered gel and cell, J, is agarose gel creep modulus,
Jc is cancer cell creep modulus, and Jr is effective creep modulus of composite. In linear
viscoelasticity, a simple constitutive relation between general creep modulus Ji(t) and relaxation
modulus Gij(t) exists in the Laplace domain, where subscript i can be the gel (g) or cells (c)
[240,243]. To conveniently utilize viscoelastic constitutive relationship in Equation 65, we
obtained Laplace transform of Equation 62, 63, and 64 as Equation 66, 67, and 68 respectively to
transform all of them into the frequency domain. Finally, to determine the effective relaxation
modulus of layered cell-in-gel composite, Equation 65 and 67 are substituted into Equation 68 to
be rearranged into Equation 69. In this expression, the two newly introduced shorthand terms are

defined as Vg=hg/ht and V. =hc/ht.

1
&) = 3 ®

(6o~ 2 G (5} (568 + B(GS — 6D )

- Vgs{sGg + B(Gg — G1)} + Ves(s + B) {GO —XGi (s -T-(iai)}

Y st 70
Gr(®) = G, = ) Gry(1— 719
i=1
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To formalize Gr(s), the Prony series coefficients for agarose gel and cancer cells can be found in
Table S7. By applying inverse Laplace transform on Gr(s), the time domain effective relaxation
modulus Gr(t) can be retrieved. To complete this transformation, the MATLAB residual function
is used to obtain the explicit partial fractions of Equation 69 which can be found in Equation S73.
The following partial fractions can then be conveniently inversed and arranged into the Prony
series representing the effective stress relaxation modulus of layered cell-in-gel composite. The
following detailed derivations for Equation 70 and its resulting coefficients (see Table S8) are

included in the supplemental information.

Dynamic displacement loading on the gel composite is governed by the complex displacement
function shown in Equation 61. By using linear viscoelasticity and corresponding principle, we
can predict the resultant force-time response using Boltzmann superposition theory while also
considering the boundary conditions imposed by the petri dish wall on the cell-in-gel composite

[244].

5.3.2 Boltzmann superposition theory

Viscoelastic material stress or strain responses are dictated by its deformation histories. For
example, it is found that as the rise time of the mean and amplitude displacement increases, the
average force applied on the gel composite decreases more rapidly. In a mathematical standpoint,
the current stress at time (t) is the sum of multiplication between the relaxation modulus of the gel
composite and previous strain histories (t) where t < t. This computation is essentially the
Boltzmann superposition theory where the relationship between time-dependent stress and strain
involves solving the convolution integral shown in Equation 71. In this expression, €(t) is the

applied time-dependent strain on the gel composite which is the ratio of compressive displacement

change with its initial thickness (i.e., e(t) = %} where the initial thickness is just the addition
T
hc and hg as shown in Figure 30b.
t de(t
o(t) = j Gr(t -1 Y 4 &
o+ dt
o(s) = sGr(s)e(s) 72

To avoid solving lengthy convolution integral and obtain a closed-form solution, Equation 71 can

be converted into Equation 72 by Laplace transform. This method is preferred because the
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algebraic form of the stress and strain expressions in terms of laplace variable (s) is easier to handle
if the inverse laplace transform can be done analytically. Hence, the Laplace transform of Equation

70 and Equation 61 are substituted into Equation 72 before expressed as Equation 73. In Equation

73, several terms are redefined as follow: w = 27f, G; = GTi,% = oy

3 73
o Gow Z w sw Gow
1

o(s) =543 2~ i| 22 2 1 2
2h |s? +w L s+ w (S+Ti)(sz+w2) (s+1_l) 1 o2
1

S+

i Tq E Ti E
Ble, & 1 1 G
el
S = S S+1 S+T_
2
3
# Yol Lt
i 1 1 1
i=1 S+E (S+Ti)(s+g)

We can derive closed form of stress-time equation by conducting inverse Laplace transform of
Equation 73, but the partial fraction of each term needs to be done first for mathematical
convenience. The derivation details for Equation 72, 73, and 74 are given in the supplemental

section.
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The coefficients of ti1=elterms in Equation 74 (a, b, ¢, d, e, f, g, h, f, g and h') are the result of partial
fraction simplifications. See their respective expressions attached in the supplemental information.
Up to this point, we had successfully obtained the closed form solution of o(t) but upon computing
this equation, there was a significant underprediction of force amplitude (AF) shown in Figure S7.
This underprediction exists because we believe the gel composite is under hydrostatic compression

because of the circular boundary conditions imposed by the inner wall of petri dish.
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5.3.3 Modified Concentric Cylindrical Model (CCM) based on MSICD Experimental Setup
Upon closer inspection of the experimental setup (Figure 30b), the layered cell-in gel composite
sits in the petri dish with negligible gap (<0.1mm) between the inner surface of dish and cylindrical
surface of the composite medium. It is suspected that the underprediction of AF illustrated in Figure
S7 occurs because of the absence of these appropriate boundary conditions in our viscoelastic

model. Simultaneously, another boundary condition

A @ g @ arises from the plane stress surface at the gap
(0.4mm) between platen and inner diameter of dish.

% During platen compression, the agarose gel at this

gap will expand upward due to Poisson’s effects.

0 b a . Currently, the following boundary conditions are not

O Homogenized 3% agarose

\ considered in the derived stress-time response
| gel and cancer cells

(Equation 74). Thus, we will include these boundary

conditions in the proposed viscoelastic model and
show that the effective stiffness of the cell-in-gel
0 ‘ _ composite increases by an order of magnitude
iiGrmial because of the highly incompressible nature of
Cylinder (IC) agarose gel (97wt. % water) [125,242,245]. To
External Cylinder (EC) achieve this, we first obtain the exact elastic solution
with the help of concentric cylindrical model (CCM)
Figure 32. (A) The BCs defined mathematically from @S 1llustrated in Figure 32 [246]. Here, CCM is used

realistic experimental setup assuming homogenized .
gel cell medium. (B) A CCM model is used to @S @ boundary value elastic problem that can help

visualize the realisti elastic problem. predict the effective stiffness of our cell-in-gel
composite by idealizing two internal and external annular cylindrical regions with distinctive
elastic supports (Figure 32). For our modelling objective, we modified CCM (Figure 32A) to
match our experimental setup (Figure 30a) by having those two cylinders (internal and external)
having similar material (cell-in-agarose gel composite). The internal cylinder (r<b) and external
cylinder (b<r<a) are areas where compression loading £(t) is applied and has free surface traction
at Z=h, respectively. Also, the radial displacement of cylindrical cell-in-gel composite is bounded

at r=a while the traction and displacement continuity are enforced at r=b (Figure 32A). By solving

these boundary conditions alongside the static equilibrium conditions (Equation 75), strain-
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displacement relationship (Equation 76) and presumed isotropic linear elastic constitutive law

(Equation 77), we can establish the effective stiffness of the cell-in-gel composite.

Oji,j = 0 75
1 76

ey = 5 (w + wj)
E 77

\%
% T Ty (e + 1—2v e
To establish the concentric cylindrical method, the static equilibrium equation (Equation 75) is
expressed in cylindrical coordinates. This equation is simplified by assuming axisymmetric
condition about the Z-axis with frictionless boundary conditions at Z=0 and r=a to simplify
Equation 15 into Equation 18.

Orr — Ogp
r

78

Orrr + 0

u, 79
€rr = Urr , €90 = T’ €2z = Uzz

The following terms orr, Gee, €rr, €00, €2z, and u, in Equation 78 are the radial stress, angular stress,
radial strain, angular strain, out of plane strain and radial displacement, respectively. Similarly,
strain-displacement relationship in Equation 76 can be simplified into Equation 79 because of the
frictionless boundary condition. Note that frictionless and axisymmetric assumption had nulled all
components of shear stresses (6, 61z and 6,9) and partial differential terms of Z and 6. Hence, this
simplifies Equation 75 into an easily solvable differential equation (Equation 78). For instance,
Equation 78 can be solved using Cauchy-Euler solution (i.e., Equation 80 and Equation 81.
Equation 80 and 81 are the radial displacement expression within the internal and external cylinder

respectively. The internal region will have its constant C5 = 0 because radial displacement of gel
cell medium must be 0 at r = 0. Cf is a generic representation of constants with i subscript (i=1,

2) and j™ superscript (j=1, E).

ul =cir+ cir? 80
uf = ckr+ chr? 81
wr=b)=u(=>b), onr=>b)=0or(l=D>) 82
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ut(r=a)=0 84

So far, there are three unsolved coefficients (CE, CE, and C!) that will require three other linearly
independent equations to solve. These equations arise from radial displacement and radial stress
continuity at r=b (Equation 80), zero surface tractions at Z=h of external cylinder (Equation 84)
and from bounded radial displacement at r=a (Equation 84). Equation 82 can be obtained from
substituting Equation 79 into Equation 77 with zero stress in the Z direction (0,, = 0) at Z=ht in
the external cylinder. From Equation 80 to 84, the solution for C} (Equation 85) and C¥ (Equation
86) where v is Poisson’s ratio and E is the assumed equivalent elastic modulus of the gel composite.
After determining C! for ul, the expression for out of plane stress in the internal region, (Equation
87) can be determined by using strain-displacement relationship (Equation 79) and constitutive
elastic relation (Equation 77). Now, the derived oL, becomes spatially independent because of the
assumed axisymmetric and frictionless boundary conditions. In our experiment, the resultant force
is measured by a load cell. Hence, the theoretical force measurement can be derived by taking the
surface integral of o, in z-direction (Equation 88) to obtain the theoretical force (P.,) when the

gel composite is under applied step strain (€).

2
(-@)) =

2v. (2vi—4v+2)a*

v—1 viv—1) b2

Ci=

CE — 1 86
1 2v. (2vi—4v+2)a?
v—1 vi(v—1) b?

E
%= G D= (- D~ 2vCie 87

b
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The incompressible nature of gel and cell composites with Poisson’s ratio v=0.5 will cause the
effective stiffness of gel cells medium to converge to infinity when a = b. From Equation 89, the
smaller the gap between platen and inner dish cylindrical surface, the larger the effective stiffness
(K). Therefore, larger AF can be predicted when smaller strain (€) is applied. In the next section,

we will use corresponding principle to convert elastic solution to viscoelastic solution.

5.3.4 Corresponding Principle

A given solved elastic solution can be converted into viscoelastic solution using corresponding
principle [240,243]. Once we determined our elastic exact solution (Equation 89), we can apply
Laplace transform by having strain (€) as a function of time (t) (Equation 90), apply corresponding
principle (Equation 91) and lastly apply inverse Laplace transform (Equation 92). In these
equations, (.)e and (.)y terms denote elastic solution and viscoelastic solution respectively of given

variable defined in the bracket.

(P;)e = KEe(s) 90

(P..)y = KsEe(s) 01

(lez(t)) — KE * de 92
v

Inverse Laplace transform of Equation 91 is equivalent to solving Boltzmann Convolution Integral
in the time domain which the solution is already provided by Equation 74. Hence, we can express

the theoretical force-time equation from Equation 92.

5.4 Results and discussions
In the previous section, we had derived a viscoelastic model (Equation 92) to predict the
experimentally measured force-time behavior (Figure 32 and Figure 33). We will compare force
amplitude, max force (Fmax) and min force (Fumin) at steady state at various displacement amplitude

(o) (Equation 61) for fixed values of B, T1, T2and f (=230 pm, T1=1>=50 s and =30 Hz).
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Figure 33. (Left column) Experimentally measured displacement-time and force-time behavior of layered agarose gel and cells.
(Right column) Viscoelastic model prediction of force-time response for displacement amplitude a=100pm.
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Figure 34. (Left) Experimentally measured displacement-time and force-time behavior of layered agarose gel and cells. (Right)
Viscoelastic model prediction of force-time response for small displacement amplitude (a=20um).

By using different values of a ranging from 20 pm (Figure 34) to 100 pm (Figure 33) while setting

B fixed at 230 pm as well as the time constants (50 s) and frequency (50 Hz), we approximated the

resultant force amplitudes (AF) at steady state (210 s < t < 300 s) at the corresponding set

displacement amplitudes. The comparison of the predicted forces by the viscoelastic model and

the corresponding force measurements for different displacement amplitude (a) is summarized in

Table 3.
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Table 3. Comparison table between viscoelastic model prediction of AF, Fmin and Fmax with respective MSICD experimental results.

a (um) Experiment AF Model AF Experiment  Model Experiment Model

(N) (N) l:"min (N) Fmin (N) Fmax (N) Fmax (N)
20 6.6 5.0 9.1 13.6 15.7 18.6
50 12.3 12.5 7.6 10.9 19.9 234
80 22.1 20.1 7.7 8.1 30.1 28.2
100 23.4 25.1 6.6 6.3 30.0 314

From Table 3 our viscoelastic model consistently predicts the force amplitude (AF) of the
experiment at small and large alpha (o) at steady state. Moreover, it can also be visually observed
that at the transient stages (t<50s) of the dynamic loading, the measured dynamic forces [Figure
33 (left) and Figure 34 (left)] matches really close to the force-time behavior predicted by the
viscoelastic model regardless of the input displacement amplitudes. However, when the amplitude
displacement is small (20 pm), it appears that the measured force tends to decay much rapidly than
those predicted by the model. For example, both the measured and predicted force amplitude when
the cell-in-gel composite is dynamically loaded with small displacement amplitude (Figure 34)
have approximately similar force amplitude of 6.6 N and 5.0 N, respectively. On the other hand,
at steady state both the predicted maximum (18.6 N) and minimum forces (13.6 N) applied on the
same composite are much larger than the respective measured maximum and minimum forces. It
is possible that as loading time increases the measured peak forces appear to be consistently lower
than the predicted ones because agarose gel loses its water content (i.e., water exudation) or
redistribute itself during compressional loading which results in the formation of hollow cavities
within the hydrogel matrix [132,245,247]. Thus, the formation of cavities or porous structures can
cause reduction in stiffness over time which is unable to be considered by our model. As a result,
this could potentially explain why the measured minimum (Fmin) and the maximum (Fmax) forces
tend to be much lower than the predicted forces of the viscoelastic model for the same displacement
loading conditions. Despite that, based on the comparison made in Figure 33 and Figure 34, this
current viscoelastic model is a sufficiently accurate model to predict the force time behavior of the
layered cell-in-agarose gel composite within moderate duration with reliable range of force

amplitude.

5.5 Summary and conclusion
Our viscoelastic model homogenizes and predicts the dynamic stress behavior of layered cell-in-

agarose gel composite when applied by variable compressive displacement loading. The proposed

115



viscoelastic model is capable of accurately predicting the measured force-time data from MSICD
experiment for treatment time under 200 s before the stiffness of the gel decreases due to the
formation of porous structures by water exudation. In the future, similar models can be expanded
for modelling any viscoelastic layers under periodic displacement functions such as pulsatile
loading since such functions are simply Fourier series consisting of sines and cosines. In addition,
this will also allow the development of force control algorithm to determine the appropriate pre-
programmed displacement loading progression to apply uniform dynamic stress on a viscoelastic

material.
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Chapter 6: Summary and Future Work

6.1 Summary
Soft multifunctional composite materials are a unique class of soft matter composites that can be
designed to have high conductivity while remaining mechanically compliant. This combined high
conductivity and low stiffness features had been taken advantage in their applications as compliant
thermal interface for flexible energy harvesting device, stretchable thermal actuators for soft
robotics, and robust electrical conductors for flexible electronics. Some of the recently emerging
soft matter composite studied in this dissertation are the liquid metal polymer composites and the
MXene polymer composites. LMPCs have the benefit of being able to achieve high thermal
conductivity while remaining electrically insulative and soft. However, it can also be electrically
conductive if the embedded liquid metal inclusions are mechanically sintered. In contrast, MXPCs
have the advantage of having very large thermal and dielectric properties at dilute filler volume
fraction. However, this composites’ stretchability can deteriorate due to the enhanced stress
concentration at the filler-polymer interface. In this dissertation, I introduced several novel
micromechanics frameworks that help accurately predict the bulk properties of these composites
based on the microstructure and nanostructure of these composite. Thus, here are the notable

contributions achieved by the developed models presented in this dissertation:

1. A micromechanics model known as the two-step Mori-Tanaka model can successfully
account the effects of the size of core-shell liquid metal inclusions on the elastic property
of liquid metal polymer composites. The same modeling framework can be used to predict
the thermal conductivity and dielectric properties of LMPC:s. It is determined that the size
of embedded liquid metal particles has negligible influence of these properties.

2. Ananalytical model based on Eshelby’s equivalent inclusion method predicts that the stress
around the embedded liquid metal droplets and the oxide shell is highest when the packing
density is high, and their composite is under hydrostatic compression. These conditions
could be favorable for sintering small size core-shell liquid metal inclusions or LMPCs
with ultrasoft polymer matrices which confirms most reported experimental observations.

3. Interpolated Mori-Tanaka model demonstrates that multilayer structures of MXene fillers

are a critical factor when producing MXPCs with maximum functional properties and
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compliance. This new insight will be useful for MXenes’ composite designers in changing
their synthesis approach to create more compliant and functional MXPCs.
4. A compact viscoelastic model capable of rapidly predicting the force-time response of

hydrogel composites which is advantageous over numerical simulations.

6.2 Recommendations

6.2.1 Liquid metal polymer composite

The current TDI and EIM model assume that all the phases in the liquid metal polymer composites
are linear elastic, and the shape of the fillers does not significantly change. Thus, in the large
deformation regime, the following model no longer reflects the actual mechanical behavior of the

composite. To improve the current models, here are several suggestions:

1. Extend the two-step MT theory and EIM to predict the large strain behavior as well as the
hyperelastic stress developed in the bulk LMPCs and in the embedded LM droplets.

2. Validate the estimated internal stress in the LM droplets with those predicted by high-
fidelity finite element models.

3. Execute mechanical testing of LMPCs with different loading conditions and packing
density of the embedded EGaln droplets to corroborate whether the sintering likelihood of
these droplets correlate to the predictions of EIM.

6.2.2 MXene polymer composite
An interpolated Mori-Tanaka model is used to predict the overall properties of MXene polymer
composites which accounts for the multilayered structure of MXenes and the formation of
conductive networks when their volume fraction approaches the percolation limit. Here are several

suggestions for future studies:

1. Conduct comprehensive experimental studies that will systematically characterize the
microstructures parameters (i.e., size, dispersion, number of layers, type of interphases, and
filler volume fractions) of MXPCs to be correlated with their measured effective properties.

2. Use the following experimental studies to evaluate the overall accuracy of the developed
interpolated MT model and determine whether multilayer MXenes are indeed suitable to

create MXPCs with the best synergy in their mechanical and conductive properties.
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6.2.4 Viscoelastic behaviors in soft matter composites

Another dominant mechanical behavior that exists in many soft matter composites is the
viscoelastic behavior. The analytical modeling of this time-dependent mechanical behavior is
complex as the addition of time variable needs to be considered in the formulation. As
demonstrated in Chapter 5, even for a simple boundary value problem, the derivation to evaluate
the overall force-time response of a homogenized cell in agarose gel composite is laborious.
Nevertheless, there are potential options to augment the current micromechanics model to simulate
the viscoelastic behavior of such gel-based composite by utilizing numerical-based
micromechanics model such as extended Mori-Tanaka theory to predict the effective creep
behavior of a soft multiphase composite [149,151,243]. One mathematical convenience of the
micromechanics model is when it is converted to the frequency domain by Fourier transform, the
effective complex modulus of the soft matter composite can be explicitly evaluated as the
convolution integral is converted to simple multiplication operation in the frequency variable.
Now. through the complex modulus, the storage, loss modulus, and tand of the soft composite can
also be estimated which are otherwise difficult to be measured, unless specialized testing apparatus

(i.e., dynamic mechanical analysis) are used.
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Appendix
1. Supplementary Information for chapter 2
1.1 Eshelby’s Tensor for Spherical Inclusion

Spherical Eshelby’s tensor is a 4™ order tensor as shown in Equation S1 where the non-zero tensor
components are expressed from Equation S2 to Equation S4. Variable n refers to the phase treated

as the matrix in the first and second level of MT homogenization step [135].

(S1111 S1122 S1133 A
S2211 Sz222 Sz233 0
S3311 S3322  S3333
S(vn) = 9 253323 ( st
Sym 283131
\ 251212/
7 —5v,
S1111 = Sz222 = S3333 = —15(1 ) S2
n
5vp —1
S1122 = S2233 = S3311 = S1133 = S2211 = S3322 = —15(1 Py ) S3
n
4 —5v,
S1212 = S2323 = S3131 = —15(1 —v) S4
n

1.2 Generalized Double Inclusion Model
The equivalent stiffness tensor (C%) of a composite computed by one-level of MT homogenization

is determined in Equation S5.

CC=Cp+a(Co—Cp):Ag + fr(Cr — Cp): Ar S5
In this common approach, two global strain concentration tensors (A and Ar) are introduced
concurrently. Ag and Ar relate the volume average strain (€g) in the core phase and volume
average strain (€r) in the interphase respectively with the volume average strain (€) in the total
composite volume (P). This GDI model can be made equivalent with the original Eshelby’s single
inclusion model when fq or fr in Equation S5-S11 is zeroed where each simplification corresponds

to modelling biphasic LMPCs with solid oxide or pure liquid inclusion respectively [176].

-1
AQ = ch’cQ . (fml + fQch’cQ + fFBCm,Cr) S6

éQ:AQ:é S7
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Bepco = (1+ Sm: (Cit: Cq — 1))_1 S8

-1

AF = BCm:CF . (fml + fFBCm,CF + fQBCm,CQ ) S9

& =Ar: @ S10
-1

ch'cr = (l + Sm: (CI;II: CF - I)) S11

The effective stiffness of liquid metal polymer composites is predicted using DI model which
consists of both two-level and one-level/generalized MT homogenization schemes. The
effectiveness and accuracy of each model are identified based on the size (t/D ratio) and volume

fractions (fr) of the core-shell structured LM inclusions.

1.3 Extending DI for Functional Properties

Table S1. Extending elastic DI model to functional properties in liquid metal polymer composites [152].

Behavior Constitutive law Avg Flux vector Avg Field vector
Mechanical o= Ce G e
Thermal q=K:0 q 0
Electrostatic d=%&E d E

1.4 Formulation of Style’s Model

According to Style’s model, when the radius of LM fillers is smaller than its capillary length (L),
the interfacial surface tension will be dominant to cause overall stiffening of LMPC as a function
of volume fraction. L here is defined as the ratio of surface tension (y) to elastic modulus of
polymer matrix (Em). In this model, the effect of the Ga-oxide shell (specific to LM inclusions) is
not considered although the presence of this oxide interface can diminish the surface tension of
LM fillers from a maximum value of 0.5~0.6 Nm™ to approximately zero [40,248]. Moreover,
gallium oxide has a relatively large Young’s modulus (0.4~1.4 GPa) in comparison to the modulus
of common elastomer matrices (<10 MPa) used to encapsulate LM droplets [40,78,249]. As a
result, while the predicted properties by Style’s model agree with experimental behavior of LMPCs
containing microscale inclusions, it is not suitable to physically describe the elasticity of LM

nanocomposites.
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In the formulation of Style’s model, the increase in elastic modulus (Ec) of the LM polymer
composite is based on a higher inclusion-matrix interfacial surface tension when the liquid
inclusion diameter (D) gets smaller or when the elastic modulus of polymer matrix (Em) is
relatively low as shown in Equation S12-S13 [147,172,250]. This surface tension effect can be
represented by using Eshelby’s equivalent inclusion analogy where the equivalent elastic modulus
of inclusions (E;) depends on the surface tension (y), diameter of liquid inclusions (D) and the
elastic modulus of its polymer matrix (Em). As the diameter of the LM inclusion decreases, this
equivalent inclusion elasticity will increase which leads to an overall larger elastic modulus of the
composite as a function of filler volume fraction (fr). In the context of Style’s model, fr described
here refers to the volume fraction of a pure liquid inclusion with diameter equivalent to the core-

shell inclusion in DI model.

2
L 3E
E, (2 5f)E; 5

n (5t (1436

s

E 185y
Em 10+ 18-Y S
m E.,D

For Style’s model, predicting the stiffening behavior of the composite by liquid inclusions (without
a core-shell structure) is done by considering EGaln’s surface tension of 0.5 N-m™! and using

similar elastomer’s elastic modulus selected in DI model as input material constants [34,40].

1.5 Two-level Double Inclusion model with log-normal inclusion size distribution

The predicted effective elastic modulus of LM composite based on log-normal size distribution of
LM inclusions can be found using Equation S14. In this equation, X; refers to the volume fraction
of each i inclusion size (/D) following a log-normal distribution with its total summation
equivalent to unity (Figure Sla). Cl, and AL p are the effective stiffness of the inner DI composite
(Equation 11) and strain concentration tensor (Equation 12-13) for various inclusion sizes (i),
respectively. Based on Table S2, 7 (N=7) discrete inclusion sizes (t/D) are chosen between 2x1073

to 2x107? to represent the assumed log-normal distribution.

N
C=Cn +f ) Xi(Cha = C): Al S14

i=1
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_. t .
Cha = Cr+ (1= 25) (Ca— €0):Bopcy Alnra s15
. t\3 t\3 -

Al g = frBec, - (fR (1 - 25) I+ fy {1 - (1 - 26) }BCF'CQ> 516
N _1

Argp = Be, g | nl +fr ) XiBg p, S17
i=1

. -1
B, i, = (14 Sm: (Cil: Cho — 1)) S18

CL, and AL, 1o can be derived from Equation 11 and 13 respectively by noting that ;ﬂ is equivalent
! R

3 .
to (1 — 2%) for core-shell sphere (Figure 8a). Similarly, ALqp and ch'(—:}n are obtained by

respectively modifying Equation 17 and 18 to consider each ith inclusion size (t/D) of the log-

normal distribution.
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Figure S1. (a) Size distribution of liquid metal droplets with diameters varying from 100nm (t/D=0.02) to 1 mm (t/D=0.002), (b)
TDI model predicting the effective elastic modulus for both monodisperse and polydisperse LM inclusions, compared to
experimental data [251].

124



Table S2. A log-normal size distribution (Figure S1a) of inclusions for LM nanocomposite.

i inclusion size 1 2 3 4 5 6 7
Size Ratio, t/D 2x10°  5.0x10%  8.0x10° 1.1x102 1.4x102% 1.7x102 2.0x107
Number of 4 5 8 11 16 23 33
Inclusions, Ni (%)
Volume Fraction, 60.3 12.1 7.5 5.4 49 4.8 5
Xi (%)

1.6 Details of Finite Element Modeling

To predict the mechanical properties using FEA, the total strain energy (U) of the RVE under
simple tension (e11) and pure shear (e31) conditions is used to compute the components of the
equivalent stiffness tensor (C;11;) and the shear modulus (f1) of the composite, respectively. The
strain energy in the RVE is acquired directly from ANSYS by applying loading BCs for simple
tension and pure shear conditions. Additional displacement constraints are applied on opposite
faces to create periodic BCs and to ensure the continuity between RVEs (Table S3). With known
strain energy and applied deformations, the components of effective stiffness tensor are computed.
Furthermore, the relationships between elastic constants can be used to determine the effective

Young’s modulus (E) where V is the Poisson’s ratio of the composite as shown in S19-S22.

L3 _

U= ?Ci]-klei]-ekl S19
_ 2U
C1111 = T2 2 820
L3e%;
__ 20 E 1
=32, ~ 20+ )
S22

Ci111 = 200
un = A T 2y
Instead of applying known deformations, known thermal gradient (AT, ;) and potential difference
(AVy,) are applied between selected faces of the RVE to determine K and &, respectively.

Simultaneously, other faces of the cubic RVE are assigned with zero heat (q) and zero electric (d)
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flux as indicated in Table S3. Once the total rate of heat flow (Q) through X direction is computed,
the effective thermal conductivity can be estimated from Fourier’s law in Equation S23. Similarly,
once the total rate of electric field flow (D) through x direction is computed, the effective dielectric
constant can be determined using dielectric constitutive law in Equation S24. In Equation S23-

S24, A, which equates to L2, is the surface area of each cubic RVE face.

= Q
K= I 2
AAT11 3x3 S23
LD
€= I 24
€ AAV,, 3x3 S

Table S3.The boundary conditions for computing the equivalent mechanical, thermal, and dielectric properties of LMPCs using
FE model. u, v and w are displacement components in x, y and z directions, respectively defined in Fig. 3b. T and q are the
respective scalar temperature and heat flux density at the boundaries.

Boundaries  Tensile Pure shear Thermal Electrostatic
conditions conditions conditions conditions
X faces u(L,y,z) = e;;L u(L,y,z) =u(0,y,z) T(0,y,z) V(0,y,z)
u(0,y,z) =0 v(L,y,z) =v(0,y,2z) —T(L,y,z) —-V(L,y, z)
v(0,y,z) =0 w(L,y,z) =w(0,y,z) =ATy,; = AV,
w(0,y,z) =0
Y faces v(x,L,z) =v(x,0,2) v(x,L,z) =v(x,0,2) qix,L,z) =0 d(xLz)=0
wix Lz) =w(x0,2z) wxLz)=wx01z2) qx0z)=0 d(x0,z)=0
Z faces v(x,y,L) = v(x,y,0) u(x,y,L) = e3;L qixy,0) =0 d(x,y,0)=0
wx,y, L) =w(xy0) u(xy0)=0 qixy,L) =0 d(xyL)=0
v(x,y,0) =0
w(x,y,0) =0
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1.7 Interpolated Two-level DI model for Functional Properties.

Two-level DI model underpredicts the measured thermal properties of LMPCs when the volume
fraction of inclusions exceeds 20%. To rectify this, an interpolated two-level double inclusion
(ITDI) model expressed as K'T is proposed. In this model, the local thermal gradient concentration
tensor at the highest level of MT homogenization is modified into a linearly interpolated

concentration tensor (By g ) [213,217]. This modification allows DI model to show better

agreement with the measured thermal conductivity of LMPCs at higher volume fractions [178].

— — -1
KIT = Km + (fQ + fl'*) (KFQ - Km) B}(Tm,ﬁr‘n_: (fml + (fﬂ + fF)BEm,KFQ) S25
IT -1 -1
BKm,RFQ = { (1 - fR)(BKmIRFQ) + fRBRFQ:Km} 826
_ -1
Biroin = (1+S: (Krd: Ky — D) $27
By ira = (1+S: (Kl:Rpg = 1) $28

In Equation S26, B%(Tm.Rrg is a local concentration tensor that linearly interpolates with respect to
volume fraction (fr) between Bg g, and Bg k. The thermal property of the core-shell domain
(Krq) within B%(Tm,ﬁm needs to be determined beforehand at the deepest level of MT
homogenization to ensure ITDI model still accounts for the size effect of core-shell LM inclusions.
The Bk _ k., and Bg,, k,,are thermal gradient concentration tensors when LM fillers are sparsely
(low fr) and densely (high fr) distributed, respectively, in the composite. When LM fillers are
sparsely distributed, the core-shell LM are inclusions and the polymer is the matrix. In contrast,
when LM fillers are densely distributed, the polymer appears as a filler confined in LM rich
regions. Thus, the polymer phase becomes the inclusions that are surrounded by homogenized
core-shell LM matrix. In a similar approach, this interpolation can be utilized to predict the

effective dielectric properties of LMPCs.
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2. Supplemental Information for chapter 3

2.1 Exterior Eshelby’s Tensor

A key computational ingredient to evaluate the stress field outside an ellipsoid inclusion is to
explicitly derive the external Eshelby’s tensor [S€(X)] which is a well-known difficulty in
Eshelby’s inclusion problem [145]. Despite that, several recent studies had demonstrated a
mathematically simpler way to evaluate the three-dimensional stress or strain components outside
an ellipsoid inclusion [148,194,252]. This is achieved by defining the following external Eshelby’s
tensor in terms of the components of a unit normal vector [n(X)] at an imaginary ellipsoid. The
following imaginary ellipsoid has the same aspect ratio as the actual inclusion of the composite,
but the surface is external to the inclusion and its surface host the location (X) where the exact
stress [0™(X)] or strain [€™(X)] fields are to be evaluated. With the help of the external Eshelby’s
tensor [S€(X)], these exact stress and strain components can be exactly determined at any positions
outside the ellipsoid inclusion. Here, we will compactly present the components (S29) for the six-
by-six external Eshelby’s tensor (S30) in terms of index notation [194]. The term §&;; in the
following equation is known as Kronecker’s delta which becomes one when indices i = j and
become zero when i # j. Also, the variable v in the first term of S29 is the isotropic Poisson’s ratio

of the polymer matrix.

Ji +
Sik (0 = 88y [ ]1 + A(l)] [ SR A(l)] SicSi1 + 818

+ A [81]nkn1 + 8 1n nk] + A [8 RN + 8 ln nk] + A [Skln n]
3 3
+ Siknjnl [Agjlzl + Aj(lk)l] + Allkln n; nknl
(St111(a)  STiop(e)  Stizs(@) )
S5211(0)  Sh2(0)  Shyz3(a) 0
SE(a) — 55311(0‘) S5322()  Sis33(c) ) , o= it _ Iy $30
S2323(00) 0 0 r, I3
0 0 S]13313 () 0
\ 0 0 .
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1 1 832
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X7 X3 X3 _ S33
> + = + = =1, for Xeoutside Q
ri+A r;+ A rs+A

Based on Equation S29 the components of SE(X) are dependent on the normal unit vector
components N(X) = [ny, n,, n3] at the surface of position X of the imaginary ellipsoid which is
defined in Equation S31. Another important parameter that describes the overall geometry of the
imaginary ellipsoid is A, which is a geometric value that dictates the general equation describing
the surface of the imaginary ellipsoid (Equation S32). With this variable, the position of interest
can be ascertained whether to be located inside or outside of the actual inclusion by determining
if the computed A will be smaller or greater than zero, respectively. Hence, to utilize SE(X) in the

model, the evaluated A at a given position (X) of interest must be greater than zero.

For this study, we only consider the case of oblate spheroid (r; > r, = r3) and spherical inclusion
(r; = 1.001r, = 1.001r3). In both cases, the axis minor radius (r, , r3) of the ellipsoid inclusion
must always be equal and r; cannot ever be equal to r, because the utilized solution for S¥(X) in
this study is specifically for prolate-type ellipsoid. The purpose of the remaining undefined
variables is for the brevity of the presented Eshelby’s tensor and thus, the rest of their definitions
are provided from Equation S34 to Equation S36. For the complete derivation details of the

Eshelby’s tensor, please refer to the cited original studies [148,194].
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2.2 Internal Eshelby’s Tensor

Unlike the external Eshelby’s tensor defined beforehand, the components of the six-by-six internal
Eshelby’s tensor are not dependent on position X. It is possible to recover the components of the
internal Eshelby’s tensor (Equation S37) to determine the stress or strains in the inclusion by
simply taking A = 0 and all the components of the normal vector () to be zero. Hence, the
remaining simplified terms which are J; and A§11() will be the same as those defined in Equation S35
and S36, respectively but with A equated to zero. With the help of computer programming in

MATLAB, we had created a function to generate either the internal or the external Eshelby’s tensor

at any arbitrary input position vector (X) that are inside or outside the inclusion, respectively.

S37
\ Ji +J;
Sijii (@) = 881 [—1 — V]i + Agl?] + [% + Agjl)] (8ix8j1 + 8udix)
f511111(0() SI1122(0‘) SI1133(°‘) )
Sh11(@)  Shoza(a)  Shozz() 0 S38
SI(O() —— 513311(0() 35322(0‘) 55333(0() |
Shaz3 (@) 0 0
0 0 Sis13(c) 0
\ 0 0 Si212(e) /

131



3. Supplemental Information for chapter 4
3.1 Eshelby’s tensor (Mechanical Property) for finite cylinder and ellipsoidal inclusion
Franciosi et al.[218,219] derived the Eshelby’s tensor for a flat cylinder inclusion by using both
volume averaging and radon transform formulation of the elastostatic green’s function. This tensor
is used to either model stress/strain concentration behavior of monolayer or multilayer MXenes in
this study which are embedded in a reference matrix A which could be either the interphase (A = i)

or the polymer matrix (A = m) of MXPCs.

3A A A 1
A LA
v Zwigp Sty 0 o
S ={3B+30 FBHIU AG+20 .C
A + (0.5 + ¢)
0 AP + (0.5 + ¢)
A
37
(1-va) Va Va
v 1=v) Va 0 S40
Ce_ 1 Va 2 (1-va)
~ -2vp) 0.5(1 — 2v;)
0 0.5(1 — 2vy) J
0.5(1 — 2v;)
A=(1-v)™! S41

Based on Equation S39and S40, the 4" order Eshelby’s tensor is dependent on the Poisson’s ratio
(vy) of the reference matrix medium () of the flat cylinder inclusion. This Poisson’s ratio could
be redefined as the Poisson’s ratio of MXene (vr), interphase (v;), or the polymer phase (v,,) in
IMT model. From radon transformation and volume integral computation, the shape functions (i.e.,
Y, y, @, B and ¢) of the finite cylinder Eshelby’s tensor are derived and summarized in Equation. S42
to S46. Furthermore, the following shape functions are also dependent on the thickness to diameter
ratio () of the finite cylinder inclusion. In the first homogenization step of the micromechanics
IMT model, this T is assigned to the reciprocal aspect ratio ({ = a™!) of monolayer MXene.
Alternately, in the second homogenization step of IMT model, { becomes the reciprocal aspect
ratio of the equivalent medium (= B~1). To verify the validity of these shape functions, we

ensured that the plotted shape functions in relation to ¢ (Figure S2) is identical to those shown in
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the original work [218]. Based on Figure S2, the majority of MXene sheets embedded in MXPCs
have size ratio (¢) that are below 1/500. Hence, when ( is small, the Eshelby’s tensor will represent

MXenes as flat cylinder inclusions in the composite.

8 (3 3m  3+33%
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In Equation S42 to S46, the coefficient values of ai, a, a3, a4, and as are provided in Table S4.
Moreover, the shorthand terms (i.e., I, II, III, and IV) introduced in these equations are also

dependent on (. These shorthanded terms are all listed from Equation S47 to S50.

V2l L (AR v2<+1>_ -1 T ]

= [T[+21n<€_\/z_z+1 tan~1(1 +,/27) — tan~1(,/27 — 1) S47
_V2 (L (AR W>_ - T )

== <n 21n<z_\/2_§+1 tan~1(,/27+ 1) — tan™1(,/27 - 1) S48
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Table S4: Coefficient values of a1 to as define the shape function of finite cylinder Eshelby’s tensor.
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Figure S2. The weight fraction that results from the radon transforms volume integral of circular cylinder for finding the
components of Eshelby’s tensor. In our study, we will mostly use the weight functions left to the green line which is the majority
aspect ratios of our MXene clusters.

3.2 Flat/finite cylinder Eshelby’s tensor (Functional Property)

To model the thermal and dielectric behaviors of MXene polymer composites, the field
polarization by MXene inclusions can be evaluated with the help of 2" order Eshelby’s tensor for
finite cylinder inclusion [218,219]. This 2" order Eshelby’s tensor in Equation S51 is used in IMT
model to predict the functional properties of MXPCs based on the aspect ratios of embedded single
or multilayer MXenes. In the first Mori-Tanaka homogenization step, the following 2" order
Eshelby’s tensor is dependent on the aspect ratio of monolayer MXene ({ = a~!) of the MXene
cluster. For the final homogenization step using the interpolated Mori-Tanaka, the same Eshelby’s

tensor will be used but with the aspect ratio replace with the aspect ratio of the considered MXene

cluster ({ = B_l).
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3.3 Percolation volume fraction of MXPCs

The first row and column element (i.e., S§!) of Equation S52 and can be used to evaluate the
percolation volume fraction (f°) of MXPCs with randomly oriented single or multilayer MXenes
of a prescribed aspect ratio ({~1) by using Equation 58. The following relationship between f* and
{71 is illustrated in Figure S3. As the diameter to height ratio of multilayer MXene ("t = B)
increases from 1 to 103, the predicted percolation threshold decreases from 0.33 to approximately

close to zero.
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Figure S3. The predicted percolation threshold volume fraction (f°) as a function of the aspect ratio of multilayer MXenes ({"! =

B).
4.6.3 Orientation averaging
When multilayer MXene sheets with high aspect ratios are randomly dispersed in the composite,
the effective mechanical and functional properties of the composite will be approximately
isotropic. For example, the elastic modulus of the composite in each orthogonal direction (i.e., X,
y, and z in Cartesian space) are approximately equivalent to each other. This is because the

orientation of the dispersed MXene inclusions (i.e., flat cylinders) are assumed to be uniformly
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distributed with respect to each Euler coordinate angles (¢,y, and ). To consider random
orientation of MXene inclusions in IMT model, the orientation averaging operator (Equation S54)
is used [220]. Equation S54 is the orientation averaging operator for a given 4" order
depolarization tensor (M) which enables IMT model to compute the effective isotropic mechanical
property of MXPCs. The components of this six-by-six matrix (M) and the orientation averaged
matrix <M> are represented as index notation in Equation S55 and S56, respectively. Equation
S57 lists the components for the transformation tensor which allows IMT model to account the
mechanical reinforcement contributed by individual MXenes embedded at different orientations

in the composite.

The property tensor for thermal and dielectric properties of MXPCs are 2™ order tensors. As a
result, the orientation averaging operator for IMT model should be compatible for accommodating
the orientation averaging of 2™ order tensor (Equation S58). The components of now 3 by 3
depolarization matrix (M) and the resultant orientation averaged matrix (<M>) are listed in
Equation S55. Both Equation S56 and S58 are solved using standard rectangular numerical

integration established in MATLAB.
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3.4 Interchangeability of property in IMT model
Table S5 shows that the generalized property tensor (Ly) of polymer matrix (A=m), intercalant
(A=1), and MXene (A=I) in the interpolated Mori-Tanaka model formulation can be interchanged

into stiffness, thermal conductivity, and dielectric tensors.
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Table S5. Conversion of general property tensor into mechanical and functional property matrix. I3%3 is a three-by-three (2nd
order) identity matrix or otherwise (I) will be a six-by-six identity matrix.

Mechanical Stiffness  Thermal Conductivity  Relative Permittivity

Phase Ls.=C. Ly, = K133 Ly, = £, 133
Polymer (A=m) Cm K133 e
Intercalant (A=i) Ci K373 gI3%3

MXene (A=T) Cr KpI3%3 grI3%3

3.5 Input material properties for IMT model and finite element method

Table S6. Input mechanical and functional properties of constituents in various MXene composites retrieved from literatures.

Poisson’s Thermal

Phase Elastic Modulus ratio conductivity Dielectric
(MPa) (W-m-K1) Constant (DC)
Ti3sC2Tx MXene 9,000 to 70,000 0.49 .
(filler) [225] 55.8[94] 1x10
PDMS (Sylgard 0.49
184) 1.5 [226] 0.27 2.7

3.6 Resistance Function

Figure S4 shows the resistance function behaviors when the number of layers, lateral size, and
volume fraction of MXenes in MXPCs are changed. This plot is created based on Equation 60
where it is assumed that f’ is equal to f* at a given considered aspect ratio ({~* = B) of multilayer
MXene. The following resistance function behaviors represent the change in interphase property
when the volume fraction of MXene fillers increases and is sufficient to form percolation
microstructure. As a result, this resistance function will influence the predicted thermal
conductivity and dielectric properties of MXene polymer composites when different sizes and

layers of MXene fillers are considered.
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Figure S4. The resistance function as a function of volume fraction due to changes in size (a) and layers (n) of multilayer MXenes
In all this illustrated resistance functions, the resistance decomposition rate (y,) is chosen as 0.02.

3.7 Boundary conditions in FEM
3.7.1 Mechanical property evaluation

To evalute the longitudinal Young’s modulus of RVE, a uniform normal strain (ey) is applied on
one surface normal to the x-direction (x=b) with the opposite surface (x=0) set to zero normal
displacement (Figure 24). Simultaneously, the surface boundaries of RVE at y=0 and z=0 will have
zero normal displacement while the remainder faces are allowed to freely deform due to Poisson’s
effect. The obtained reaction force on the fixed surface at x=0 is normalized with the surface area
of xz plane (h-b) to evaluate the applied longitudinal stress (cx). By taking the ratio of ox and ey,
the longitudinal elastic modulus can be evaluated. To find the transverse (i.e., z-direction) Young’s
modulus of RVE, a uniform normal strain (e;) is alternately applied on the surface normal to z-
direction (z=h) while the opposite surface (z=0) is constrained to zero normal displacement. Now,
the surface boundaries at x=0 and y=0 of RVE will have zero normal displacement while other
boundaries are left unconstrained. The retrieved reaction force at the constrained surface (z=0)
normal to applied strain is divided by the surface area of xy plane (b?) to evaluate the applied

transverse stress (o). By taking the ratio of 6, and e, the transverse elastic modulus of the RVE is
computed.
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3.7.2 Thermal and dielectric property evaluation

The longitudinal thermal conductivity (kp) of RVE can be evaluated by applying temperature
difference (AT) between the surface boundaries at x=0 and x=b while other surface boundaries are
assumed perfectly insulated (Figure 24b). Then, the total reaction heat flux in x-direction is
obtained and normalized with the surface area of xz plane (h-b) to recover the heat flux density
(gx) in x-direction. k3§ of the representative volume element can be evaluated using the anisotropic
Fourier’s law in Equation S59. Similarly, the transverse thermal conductivity (kp) is evaluated by
applying temperature gradient (AT) between the surface boundaries at z=0 and z=L while other
surface boundaries to have zero heat flux. Once again, the total reaction heat flux propagating in
the z-direction is retrieved and divided by surface area of xy plane (b?) to derive the heat flux

density (q.). By following Equation S60, the transverse thermal conductivity (k) of the RVE is

retrieved.
b
K = gy (ﬁ) $59
h
K% = q, (ﬁ) S60

Determining the longitudinal () and transverse (g5) dielectric property is identical to the steps
taken for finding the anisotropic thermal conductivity of RVE. The main difference lies in
replacing the notion of temperature difference, heat flux, and heat flux density as applied potential
field (AV), electric flux, and electric flux density. This conversion is possible because the linear
constitutive laws of transport properties have similar mathematical form. Hence, the formulae in
Equation S59 and S60 can be converted to Equation S61 and S62, respectively. In Equation S61,
the electric flux density (Dx) in x-direction needs to be obtained from FEM to evaluate &§.
Similarly, in Equation S62, the electric flux density (D) in z-direction is retrived from FEM to

find €.

b
«_n (b S61
& = Dx (A}\ll)
. o (N S62
& =Dy (AV)

3.8 Multilayer MXene in hard or soft polymer matrix
Several atomic force microscopy experiments had shown that the measured elastic modulus of

Ti3C, Tx can range between 9 GPa to 70 GPa while density functional theory simulation had shown
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that the elastic modulus of Ti3C,Tx ranges several hundreds of GPa [225]. Hence, it is important to
investigate if the following range of measured elastic modulus (9 Gpa — 70 GPa) of MXenes can

influence the effective stiffness of MXPCs.

a o : ' ‘ —— b 35 : :
R _— IMT(EL.=QGPa.SyI.184,n=1) o ——— IMT(E.=70GPa,Epoxy,n=1)
% 451 —— IMT(E =9GPa,Syl.184,n=4) —— IMT(E.=70GPa,Epoxy,n=4)
B40t —— IMT(E,.=9GPa,Syl.184,n=8) 3 IMT(E_=70GPa,Epoxy,n=8)
% a5l © IMT(E =70GPa,Syl 184,n=1) % IMT(E.=9GPa,Epoxy,n=1)
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Figure S5. The effects of variation in elastic modulus and multilayer structure of MXene fillers on the predicted elastic modulus
of (a) MXene-Sylgard 184 and (b) MXene-Epoxy composite. Both results assume the size ratio of embedded MXenes are fixed at
o= 500. Both the predicted elastic modulus of MXPCs in (a) and (b) are respectively normalized by the elastic modulus of unfilled
Sylgard 184 and Epoxy polymer.

In Figure S5a, the predicted stiffness of MXene-Sylgard 184 when MXenes’ elastic modulus is
low (9 GPa) or high (70 GPa) are approximately similar. In addition, this mechanical behavior
seems to occur regardless of the number of layers that are considered in the embedded MXenes
despite all these fillers having the same lateral size (a=500). On the contrary, IMT model
demonstrates that when the considered elastic modulus of MXene is high (70GPa), the predicted
stifftness of MXene in Epoxy composite will be larger than the predicted stiffness of the same
Epoxy composite that has low elastic modulus (9 GPa) MXenes (Figure S5b). Hence, this result
shows that the predicted elastic modulus of MXene-Epoxy composite is less affected (negligible
stiffness suppression effects) by the number of layers present in the embedded MXenes. Based on
these comparisons, it can also be concurred that when the polymer matrix of MXPCs is stiff
(Em~3.5 GPa) such as epoxy, the stiffness of MXene fillers can more dominantly influence the
final elastic modulus of MXPCs rather than the multilayer structure of MXenes. On the other hand,
when the elastic modulus (Em~1.5 MPa) of the polymer matrix (Sylgard 184) is low, the effective
stiffness of MXPCs becomes more affected by the multilayer structure rather than the stiftness of

the MXene fillers.
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4. Supplemental Information for chapter 5

4.1 Prony series parameters of agarose gel and cancer cells
Table S7 tabulates the Prony series stress relaxation parameters of agarose gel obtained by non-
linear fitting of stress relaxation test data. MDA-MB-231 cancer cells stress relaxation modulus

is taken from Efremov et al., and rearranged into simplified Prony series expression (Equation
63).
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Figure S6. Prony series non-linear fitting on the truncated stress relaxation-time data of 3% agarose gel under 10% static

displacement compression.

Table S7. The Prony series coefficients and time constants fitted with different applied quasi-static compressive displacement.

Static Disp. Strain, €,
G, (KPa) G; (KPa) G, (KPa) G3 (KPa) T4 (s) T, (s) 13 (S)

(um) (%)

50 2.5 29.5 2.53 15.81 4.6 84.04 8.2 0.53
200 10 41.03 1.55 13.43 18.97 545.09 23.96 4.24
300 15 143.65 24.02 40.39 44.22 580.51 115.1 11.89
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Table S8: Prony series parameters obtained from relaxation test of 3 wt.% agarose gel at 25% strain and alongside its simplified
Prony series of MDA-MB-231 taken from Efremov et al. [239].

Parameters G, (KPa) G, (KPa) G, (KPa) G;(KPa) T, (s) T, (8) T35 (s)

3% Agarose
29.5 2.53 15.81 4.6 84.04 8.2 0.53
Gel
Parameters GS (KPa) G; ¢(KPa) N/A N/A B(s71) N/A N/A
MDA -MB-
1 N/A N/A 0.2 N/A N/A
23119

Shorthanded variables are introduced (J,K,L, M, N, N, P, and M) to simplify Equation 69 into
Equation S63. These shorthanded variables are expressed as the following. The numerator and
denominator of Equation 69 are multiplied by J before simplified as Equation S71 and Equation

S72, respectively.

G (s) _ GS(S+N)(Go]-P{K—P,L—P3M) S63
T s{im(S+ N)=V (s+B)(P1K+P,L+P3M)}
J=06+a)(s+ay)(s+ asz) S64
K=(G+a,)(s+ a3) S65
L=(G+a)(s+a3) S66
M=(s+a)(s+ ay) S67
G V,G§ S68
N=p—pN = fo b
GS V,GS +V —cGy
Pi = Giai,i = 1,2,3 S69
m = V,G$ + V.G, 370
(sGoGg + GoGgB — GoGIB)] — Gy (sGg + BGg — BGDK S71

— G205 (sGg + BGG — PGIL — Gzaz(sGg + BG; — BGIM
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s{J(Vg GS + Ve Go ){s + B — (BV5 G§)/ (Vg GS + V. G, )}
— V. (s+B){G; a; K+ G, a, L + G3 a3 M}

S72

With the parameters of Table S8 and volume fraction (V) of cells in agarose gel of 0.2%, we can

input these values into Equation S71 and Equation S72 before obtaining the closed form partial

fraction expressions shown in Equation S73with the help of residual functions in MATLAB.

Inverse Laplace transformation of Equation S73 will produce Equation S74 which can be

rearranged in the form of Prony series Equation S75 using the relationship enabled by Equation

S76 and S77. To equate Equation S74 to the mathematical form of the Prony series (Equation S73),

the relationship provided by Equation S76 and S77 is again referred. Eventually, the coefficients

of the Prony series representing the effective stress relaxation modulus of layered cell-in-agarose

gel composite are found in Table S9.

6487.86+ 13426.51 N 2467.27 4 1956 N 4370.83
S s+0.1275 s+ 0.0118 s+ 0.0951 s+ 1.875

Gr(s) =

n
Gr(t) = Gj + Z Gje ™'t
i=1

n
Gr(®) = Gry — ) Gry(1 = o)
i=1

n

GT0=G;,+ZG;

i=1

S73

S74

S75

S76

S77

Table S9: Parameters of equivalent Prony series Equation S13 for effective stress relaxation modulus of layered agarose gel and

cancer cell composite medium.

Parameters Gr, (KPa) G, (KPa) Gr,(KPa) Gy, (KPa)Gy, (KPa) 1, (s) T,(s) t3(s) Ta(s)
Layered 3%
Agarose Gel

28.71 13.43 4.371 2.467 1.956 7.843  0.533  84.75 10.52
+MDA-MB-231
Cells
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4.2 Boltzmann Superposition Convolution Integral Solutions
The relationship of Stress-Strain in laplace domain because of laplace transform is as Equation

378 [253].

o(s) = sG(s)e(s) S78

Where G(s) is the frequency domain of G(t), that is the Prony series shown in Equation S79

obtained by experimental measurements.

3 t S79
G) =G, — ) G (1 - e_T_i>
; «
Taking the Laplace Transform of Equation S79, the complex modulus, G (s) = s-G(s) is determined

and expressed as Equation S80.

3 S80
s

m@=%—2q1— -
i=1 S+Ti

Next, take the laplace transform of variable strain function from Equation 61 and divide it by the

total thickness (hr) of the layered cell-in-gel composite to express the frequency domain of strain

function (Equation S81).

S81

) a A W N 1 1 +B 1 _TL
= — — - — - — 2
B = on )52 + w2 12 2 S o4 1( h ¢
With these expressions, Equation S80 and Equation S81 into Equation S78 as Equation S75 in
main text. There are four terms that need to be separated by partial fraction in Equation 73 to
enable convenient Inverse laplace transformation. Hence, the following shorthand variables are

introduced to simplify this partial fraction identification.
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I, = 582
(s + %) (s? + w?)

I, = s _ 83
(s+%)Q;+_9 +u¢)

S

I, = S84
(s+ %) (s+ %)

I = > 585

(+7)(+5)

The partial fraction expressions for Equation S82 is Equation S86 with its constants a, b and ¢

defined in Equation S87.
I = a . lz)s + c2 s86
s+ w
s+ T,
L U | $87
w?T¢ +1° 14 w?TP
d es+f
I, = + > S88

s+ Tll (s + %) + w?
Equation S88 requires further algebraic manipulation for convenient Inverse Laplace transform as
Equation S89. By partial fraction the coefficients d, e and f can be derived as Equation S90. Hence,
the inverse Laplace Transform of Equation S88 becomes Equation S91. (Note to prevent confusion
with exponent symbol e we substituted constant e in Equation S90 with -d). Now, only I3 and I,
terms remained to achieve the complete inverse laplace transform. Since these terms have similar
algebraic form, we only need to conduct partial fraction for both I3 and I, once which are solved

using the solutions of Equation S93 and Equation S95, respectively.

f S89
e
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w 3 w S90
1 TR TR A S ek
= 2 4 K 2 24 B i T
Ztelty Ztelty
1
i)
T
_t d _t f _t S91
[, = —de ™ cos(wt) + —e T sin(wt) + —e T1sin(wt)
T, W w
h S92
ly=—7+—
s+ Tl s+ E
7 T, 593
e= ==
T i i T
' h’' S94
I, = g1+
s+ Tl s+ E
L B | 595
g_"fz—Ti' _Ti—Tz

Finally, with this complete inverse laplace transform of the partial fractions, the full inverse the

overall predicted time dependent stress o(t) shown as Equation 74 in the main text is obtained.
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. Viscoelastic Model
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Figure S7. (Left) Experimentally measured displacement-time and force-time behavior of layered agarose gel and cells. (Right)
Viscoelastic model prediction of force-time response under displacement amplitude 0=100um without BC consideration resulting
in 20 time smaller AF prediction than experimental measurement.

4.3 Modifying Concentric Cylindrical Model (CCM) based on experimental setup.

e Isotropic Hooke’s Law in cylindrical coordinates

E
~ _ B S96
Orr = (1 + V)(ZV _ 1) {(V 1)err V(eee + eZZ) }
E
Ogp = m{(v — 1)699 - V(err + eZZ) } 597
E

{(v—1e,; —v(ey + egp) } 598

0zz = +1)(2v-1)

e Cauchy-Euler solution derivation

We first take partial derivative of Equation S96 with respect to radius (r) to get Equation S100.
Next, the subtraction of Equation S96 and Equation S97 shown in Equation S99 before
substituted into Equation S80 to get Equation S102 after simplification.

E
— = — — - _ S99
Orr — Oge v+ 1)(2v-1) [(2v = Der + (1 — 2v)eqq] v+ 1 {err — eqo}
_ E w_1) 0%uy ( u 1 6ur) $100
rr T v Dv=—D | arz '\ rz " T or
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v—1 0%u, v du, v u 10u, u, S101

w_1ior rov-Dor zv_irtror 2 "

0’u, 10u, u, 5102
or2 r or r?

up =r" S103

The 2™ order ordinary differential equation (ODE) of Equation S102 by using Cauchy-Euler
Solution Equation S104 where m is the eigenvalue Equation S106 of the ODE and solving
Equation S102 with Equation S104 provide the fundamental solution of Equation S107 that give

rise to Equation 80 showing the displacement expression for the internal and external cylinder

region.
rm
m(m — 1)r™ 2 + —mr™-1 — = = 0 S104
ml,z = 1,_1 8105
C
u = Cyr + =2 S106

e Apply boundary conditions on modified CCM

To complete the displacement solution, the following boundary condition (BC) of ul(r =0) =0
needs to be enforced. Hence, C) is set to zero to prevent strain singularity at r=0. Another BC is
displacement continuity at the boundary between internal and external region (r=b) where the
displacement change need to be continuous [i.e., ul(r = b) = uf(r = b) Jto finally retrieve the

following relationship in Equation S107.

Ci =CP(1—a’b7?) 5107

To explicitly find C} and CF, additional BC need to be considered which is the stress continuity

at =b using Equation S109 with € is the input strain applied by the platen in the z direction.

o (r =b) = o (r =b) S108
E du; v S109
I = — 1 _I‘ [ —— I —
Orr (V + 1)(2V — 1) { (V ) or |r—b T urlb VE}
E ouf v S110
P _ DT e S A - -
Orr = v+1D@2v-1) {(V D ar r'rT VEZ}
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After that, we need to find the strain expansion (i.e., €¥) between the platen and dish (external
circular region) shown in Equation S66 knowing that there is zero out of plane stress (o%,) at Z =
hr. This is done by substituting Equation S98 (stiffness relation) into Equation S111 and equating

the stress in z direction as zero because of plane stress condition (Equation S112).

E ou? v S111
P _(— Py Vo
0zz =0 v+1D@2v-1) { (vV-De —v or r ur}
P VO s112
z v—1

Next, Equation 80 from the main text is substituted into strain-displacement relation (Equation 79)
to be substituted into Equation S110and Equation S111. As a result, this allows us to compute the
radial stresses for the inner (Equation S114) and outer (Equation S115) cylinder region of the

compressed cell-in-gel composite.

E

1 _ —Dcl —cly — S113
Orr (V + 1)(2V _ 1) { (V )Cl Clv VE}
> EC} S114

o = LT D =D {(1+v) — (—a?+va®)r?}

The following radial stresses need to satisfy stress continuity at (r=b) described by Equation S109
to find CY coefficient.

Cf{(—1+k+kv)—E—Z(—%)—k(—1+v)2—z}=ve SIS
Equation S116 allows us to find C,” where in this expression, k=(2v-1)/(v-1). Next, we simplify
Equation S116 to get Equation 84 before obtaining Equation 83 from the expression of Equation
S108. Similarly, the expressions of radial stress orr (i.e., Equation S118 and S119), out of plane
stress 02, (Equation S116 and Equation S117), and angular stress cee (Equation S120 and S121)
in the internal (I) and external (P) cylinder region are eventually obtained to formalize the overall

concentric cylinder model.

E

I _ a4y I S116
Oy = G ED@v—D {(v—1) — 2vC;}e
ob, =0 S117
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E

I _ o S118
O = LDy _1) 1 Ve
ECY rt $119
p _ 1
O = =5 1{(1 +v) — (—a? +V32)T}€
E
I _ _l S120
%0 = LIy Dt Ve
E v—1 r s121
P _ Pr_ (Pa2e-1)e _ v P 4 (P2
Ogg = (V+1)(2v—1){ . (CPr—cPa?r1)e V<C1 +Cja . )e

- ves}
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