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Une ténacité élevée est requise pour les matémsaucturauxdans de nombreux systemes
d'ingénierie critiques pour la drité, tels que le patterise d'avion et le confinement des
soufflantesde moteurs a réaction. La capacité du matériau a dissiper I'énergie et a résister aux
défautsest essentielle pour maintenir l'intégrité structurelle et la sécurité du systémeesterés

de petites fissures ou d'une charge d'impact soudaine. En outre, la multifonctionnalité est souvent
requise pour les matériaux de structure, telslegienatériaux légers kt transparence optique, ce

qui rend le développement de tels matériaux giraaxun grand défiGrgénierie.

La soie d'araignée surpasse la plupart des matériaux synthétiques en termes de ténacité spécifique.
Le brisdes liens hydrogéngsacrificiels et | H [ W Hd@d/dh&ri@s protéiques cachées contribuent
alagrandeH[WHQVLELOLWpP HW j OD GdeVavdois DiktracRcorGdegi€nsi UJLH p(
sacrificielset des longueurs cachées dans les matériaux d'ingénierie traditionnels est prometteuse
pour fabriquer des matériaugtructuraux a haute ténacité avec desultifonctionnalités.
L'impression 3D assistée par instabilité offre un moyen facile de fabriquer des fibres
thermoplastiques microstructurées avecliges sacrificielet des longueurs cachées. L'instabilité
fluidiquedu filamentde polymere fondu sur enmprimante 3D de fabrication de filaments fondus

(FFF) est exploitée pour induire le phénoménéaléclage créantdes liens faiblemergoudést

des structures bouclantele long de la fibre qui sont analogues diens sacrificielset aux
longueurs cdeées danta structure moléculairde la soie d'araignée, respectivement. Le but de

cette these est de développer des matériaux résistants bioinspirés aviensdssacrificiels

microstructurés et des longueurs cachées basées sur l'impression 3D Eesisgtabilité.

Le développement antérieur de fibres de poly(acide lactique) (PLA) microstructurées par
impression 3D assistée par instabilité a souffert de défaillances prématurées, dans lesquelles le
squelette de la fibre se fracture avant la ruptureéods les liens sacrificiels Les défaillances
prématurées empéchent les longueurs cachées d'étre complétement ldeégéegntraine une
ténacité de la fibre microstructurée parfois aussi basse que 25% eldecddl fibre droite de
référence. Afin deomprendre les mécanismes derriére les défaillances prématurées, nous avons
effectué une analyse complete des défaillances des fibres de PLA microstructurées par des tests

by

meécaniques,des caractérisatiom par microscopie électronique a balayaddEB) et des
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simulatiors numeériqus. Nous avons constaté qu'une contrainte de traction locale élevée induit une
initiation de fissure au niveau du squelette de la fibre pendant la déformation couplée flexion
torsiontensiondu bouclagaele dépliage. La simulation par éléments finis non linéaire montre que
|  H[ W HdQ vdu&la@ele fibre implique une déformation plastique a grande échelle qui contribue

a I'essentiel de la dissipation d'énergie.

3DU OD VXLWH QRXV D YdargseRle kenfdQermenldisks Eaktifibigiset des
longueurs cachées a I'échelle microscopique dans un composite transparent absorbant I'énergie. Un
processus d'impression facile a été développé pour créer un tissu de fibre de polycarbonate (PC)
microstucturé bidirectionnel qui a ensuite été intégré dans une matrice élastomére pendant un
processus d'infiltration de résine. La faible adhérence entre la fibre PC et la matrice élastomere
permet auXiens sacrificielsde se rompre librement a l'intérieur ldematrice. Sous l'impact, les
boucles cachées se déplient apebris du lien et la fissuration de la matrice, résistant a la
pénétration de l'impacteur avec une rupture gracieuse. Le composite présente une absorption
d'énergie élevée et une hystér@as956% (énergie dissipée / énergie totale absorbée x 100%),

qui sont analogues au comportement de dissipation d'énergie des toiles d'araignées lors de la
capture des proies. La combinaison de fibres PC transparentes et d'une matrice élastomere
transparate avec des indices de réfraction similaim@gef = 1.58 etnmatix = 1.55) se traduit par

une transmittance optique élevée (~ 89%) etfaible diffusion de la lumieré¢~ 11%).

Nous avons également étudié le mécanisme de défaillance et la tolésandenamages du
composite absorbant I'énergie avec des fibres PC microstructurées. Des échantillons composites
entaillés et non entaillésollicités en cisaillement pur avec des fibres microstructurées
unidirectionnelles ont été testés dans des essaisadiofr uniaxiée pour comprendre les
LOQOWHUDFWLRQV HQWUH OD SURSDJDWLRQ GHV ILVVXUHV OH
constaté que la déformation et la rupture du matériau composite sont dominées par la rupture
multiple des liens saificiels a I'échelle micrométrique et la fracture multiple de la matrice
elastomere a I'échelle macroscopique. Le composite présente une tres grande zone de dissipation
d'énergie a la foig @fnt et derriere le fond de fissure pendant la propagati@rfidsure, ce qui

entraine une courbe de résistance croissante. La combinaison des fibres microstructurées et des

fibres droites dans le composite élastomére entraine une augmentation d'environ 17 fois de la
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rigidité et une augmentation d'environ 7 foes ll€nergie totale jusqu'a la rupture par rapport a

I'élastomére pur.

La stratégie de conception nouvellement développée utilise des conggosataniquement
différentes pour obtenir une transparence élevée et une dissipation d'énergie élevée avec un
proessus de fabrication facile et évolutif. Notre approche ouvre une nouvelle voie pour la
conception et la fabrication de compositesltifonctionnels avec des capacités de dissipation
d'énergie élevées a de grandes déformations pour diverses applicHiésngute les composants

automobiles et aérospatiaux, et la capture des débris spatiaux
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High toughnesss required for structural materials in many safgtyical engineering systems,
such as aircraft windshieldnd jet engine fancontainment.The capability of the materialto
dissipate energy and rediatiureis essential to maintain the structuraémptityand system security
under the presence of small cracks or a sudden impact Absm. multifunctionality is often
required for structural materials, such as lightweight and optical transparency, making the

development of such structural materiatgreat challenge in engineering

Spider silk outperforms most synthetic materials in terms of specific toughresbrdaking of
sacrificial hydrogen bonds and unfolding of hidden protein chains contribui® koH \atg® N §V
extensibility and high energglissipation Introducing the sacrificial bonds and hidden lengths
toughening mechanism into traditional engineering materials is promising to makeUnigimess
structural materials with multifunctionalitidsistability-assisted 3D printing provides afie way

to fabricatemicrostructuredhermoplastidibers with sacrificial bonds and hidden lengtiite
fluid-mechanical instability of the molten polymer thread on a fused filament fabrication (FFF) 3D
printeris harnessed to indutlee coiling phenomenon, creating weakly fused bonds and coiling
loops along the fiber which are analogousthe sacrificial bonds and hidden lengtlis the
molecule structure of spider silkespectively.The purpose of this dissertation is to develop
bioinspired toughmaterialswith microstructured sacrificial bonds and hidden lendthsed on

instability-assisted 3D printig.

Previousdevelopment of microstructurgubly(lactic acid) (PLAYibers by instabilityassisted 3D
printing sufferedfrom premature failures, in which the fiber backbone fractures before the breaking
of all sacrificial bonds. The premature failures bihihe hidden lengths from being fully released
resulting inthe microstructured fibefV W R X ddt@tirhesvas low as 25% of that of the
benchmark straight fibem order to understand the mechanisms behind the premature failares, w
conducted a comphensive failure analysis of the microstructuRddA fibers through mechanical
tests, scanning electron microscopy (SEM) characterization, and numerical simiagitomund

that high localtensilestress induces crack initiation at the fiber backbone duhagoending

torsiontension coupled deformation of the unfolding lodbe nonlinear finite element simulation



shows that the straightening of the fiber loop involves with fagde plastic dermation which

contributes to most of the energy dissipation.

Subsequently, wenplemented the sacrificial bonds and hidden lengths toughening mechanism at
the microscale ina transparentnergyabsorbing compositeA facile printing process was
developé to create a bidirectionalicrostructured polycarbonate (Pier fabric which was then
embedded in aaelastomeric matrixiuring a resin infiltration processhe weak adhesion between

the PC fiber and thelastomeric matrigllows the sacrificial bonds break freely inside the matrix.
Under impact, the hidden loops unfaltter the bond breaking aride matrix cracking, resisting

the impactor penetration with a graceful failure. The composite shows high energy absorption and
a hysteresis of 95.6% (dipated energy/total absorbed energy x 100%)ch areanalogous to

the energy dissipatg behavior of spider webs during prey capture. The combination of clear PC
fibers and transparerdlastomeric matrixvith similar refractive indexesper = 1.58 anthmatrix =

155 UHVXOWYV LQ WighbpidalRranBnvittantet&o) and low haze (~11%).

We further investigatethe failure mechanism and damage tolerance of the eaésprbing
composite withmicrostructured PC fibers. Both notched and unnotduoedposite pecimens in

the pure shear geometryith unidirectional microstructured fibevgere testedn uniaxial tensile

teststo understand the interactions between crack propagation, bond breadlogaunfolding.

We found that the deformation and failure of the composite material are dominated by the multiple
breaking of sacrificial bonds at the microscale and the multiple fracture efast@meric matrix

at the macroscale. The composite shaweery large energy dissipation zone both ahead of and
behind the crack tip during crack propagation, resulting in a rising resistance curve. Combining the
microstructured fibers and straight fibers in the elastomer composite results in a ~ 17 times increa
in stiffness and a ~ 7 times increase in total energy to failure compared to the neat elastomer.

The newly developed design strategy uses mechanically dissimilar components to achieve high
transparency and high energy dissipatwith a facile and scalble fabrication proces®©ur
approacltopens a new avenue for the design and manufacturmgltfunctionalcompositesvith

high energy dissipation capabilities at large deformatifwrsvarious applicationssuch as
automotive and aerospacemponentsand space debris capture
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Figure 2.1 a) Stresstrain curves of spider dragline silk and capture silk [22HyBteresis (the
ratio of dissipated energy to total absorbed energy) of spider dragline silk and capture silk
2272 USROS 4

Figure 2.2 apchematic of the fibrous structure in spider dragline silk [30]. b) Hierarchical structure
of spider dragline silk consisting of scanning electron microscope (SEM) image of the silk
thread, atomic force microscopy (AFM) image of the silk fibrils, and @rseltic of the

molecular structure in a silk fibril segment [3L]-...........viiiiiiiiiieee e 5

Figure 2.3 Structural origin of the nonlinear material behaviepmfer dragline silk [32]. a) Stress
strain curve of the spider dragline silk consisting of three regimes: I, homogenous stretching;
I, onset of yielding due to the breaking of hydrogen bonds and unfolding of the intramolecular
-sheetinthe noorystalOLQH GRPDLQ ,,, RQV HWstRIteWboKFth&matttD NL Q J
RI WKH XQIROGLQJ RI-WKHHMWQ IVQ G PRIGHYSEIBIDW.L.QJ.R |

Figure 2.4 Singlenolecule force spectroscopy of recombinant spider dragline silk protein [34]. a)
Schematic of the singlmolecule force spectroscopy. b) Foredension curve of one protein

IO B CUIE - e e e e e 7

Figure 2.5 a) Foreextension curve of a single titin fragment by AFM [5]. The $aath pattern
ZDV ILWWHG E\ WKH ZRUPOLNH FK®Drn(stepwise iRrcReasesOn theK U R X J
contour length of the protein chain, which are close to the total length (30 nm) of individual
titin immunoglobulin (Ig)like domain. b) Forcextension curve of the organic adhesives
between nacre tablets by AFM [3]. ¢) Fesextension curve of the mineralized collagen fibrils
in bone by AFM [4]. d) Molecule model with tandem modular structures.[3].............. 8

Figure 2.6 Basic principle of the SBHL mechanism. a) Schematic of the breaking of a sacrificial
bond and unfolding of a hidden length. b) The comparison of energy absorption by breaking
a sacrificial bond and unfolding a hidden length based on WLC modgl.. [38............. 10

Figure 2.7Different molecule configurations and their simulated pulling curves based on WLC
model[38]. (a) Two parallel molecules: one with sacrificial bonds breaks in the order of bond

strength, the other acts as an exponential spring. The pulling curve shows increasing rupture
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forces. (b) Six molecules in parallel with same end bond strength. The langghment of

adjacent molecules is constant. The pulling curve shows decreasing rupture forced.1

Figure 2.8 Stackedup carbon naofiber. a) Schematic of tleontinuous condelix structurg13].
b) Transmission electron microscopy (TEM) image of the continuous helical graphene sheet
unravelled from the hollow fibgr1]. The average periodical length of the helical graphene

sheet mtches exactly the average perimeter of the fiber cross section (214.nm).....13

Figure 2.9 Schematic of the interaction between thé&kstbaup CNFs and a propagating crack
with SEM images of embedded nanofibers splaying between adg@pttene layerand

exposed nanofibers unraveling continuously after the matrix cracking.[13].............. 14

Figure 2.10 Microstructured PLA fiber with sacrificial bonds and hidden lengths. a)-Si&ss
curves of a straight fiber and a microstructured fiber [15]. b) SEM imagesaintesponding
tested straight fiber and microstructured fiber [15]. ¢) Optical images of the premature failures
of microstructured PLA fibers printed by instabitigsisted fused filament fabrication (IFFF)
1) OO 15

Figure 2.11 Carbon nanotube microfibers with a slip knot. a) Schematic of the sliding of the hidden

length in a knotted fiber [49]. b) SEM image of a microscale slip khataarbon nanotube

PLFURILEHU GLD P > @ 7KH FDUERQ QBRMRWXEH PLF

process of drawable carbon nanotube arrays. The slip knot was introduced with a tweezer. c)
Stressstrain curves of the carbon nanotube microfivgh slip knots at different tightening
Y2 RS 1510 PSSP 17

Figure 2.12 3Bprinted hydrogel modular structure [17]. a) Schematic ofntleelular design of
sacrificial bonds and backbone chain. b) Loésplacement curve of the 3@rinted hydrogel

modular structure with five sacrificial bonds and corresponding snapshots of the tensile test.

Figure 2.13 Doubl@etwork (DN) composite based on {ha@yamide fabric mesh and VHB tapes
[51]. a) Schematic of the DN composite. b) Stresain curves of the VNB tape, fabrieesh
and DN composite with test snapshots of the DN composite. ¢) Fabric mesh fragmentation
INSIAE The VHB 18P .....etiiiiiiiiieiee e 19
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Figure 2.14 Doublemetwork composite fiber with a lewelting-point metal core and a polymer
shell [52]. a) Schematic of the composite fiber. b) Multiple breaks of the metal core inside the
polymer shell. ¢) Tensile curvesthie metal core fiber, hollow polymer fiber, and composite
L1101 PP PPPPPPR 20

Figure 2.15 Doubl@etwork composite with a loamelting-point meal mesh and a hydrogel matrix
[53]. a) Optical images of the metal mesh and hydrogel composite. b) Tensile curves of the
metal mesh, hydrogel matrix, and COMPOSILE...........uvuuriimiiiiiceeeiiiieea e 21

Figure 2.16 Doublmetwork composite with a 3printed acrylatebased plastic mesh and a
silicone elastomer matrix [54]. a) Schematic of the douklevork composite. b) Tensile

curves of the plastic mesh, elastomer mand COMPOSIte............ccccuvvvvviiiiiieeniininnnnee. 22

Figure 2.17 Coiling phenomenon in various materials. (a) Honey [58]. (b) Silicone oil (PDMS)
[59]. (c) Glucosewup [60]. (d) Molten glass [62]. (e) Elastic rod [61])............ccc........ 24

Figure 2.18Dimensionless coiling frequencgxL :a Ct;s uversus dimensionless deposition
height * xL * :C &t ;s u[65]. Four regimes are shown: (1) Viscous regima,uxO x* xO
X &z, dimensionless deposition height (2) Gravitational regimé&, Q X xQ x &. (3)
Inertio-gravitational regimey & O X xO xs&. (4) Inertial regime,* XP x&. The red curve

is from numerical prediction. The dotted segments of the curve represent unstable solutions

from nuMeErical CaICUIALIONS. ......cneee e 25
JLIXUH D 6FKHRDWHFKROQULEBCG VHZLQJ PDFKLQH™ E 7KUFL
straight, meandering, and translated COillBF] ..............ccoeeiiiimimiimmmr e 27

Figure 2.20Expeaimental setup for thefluid-PHFKDQLFDO VHZLQJ PDFKLQH™ DQC
of different pattern§69]. (a) A 4% camera is used to capture simultaneoxsipdy views of
the thread. Thg view shows the motion of the thread, which is parallel to thienbetion,
while thex view captured in the mirror shows the motion of the thread which is transverse to
the belt motion. The horizontal line is used to determine the motion of the thread which is
proportional to the motion of the contact point. (b) Fresfbto right: Fourier spectra for the
meandering, alternating and coiling pattern. Top plots are the reconstructed patterns on the

belt based on the motion of the thread. Inset plots are the reconstructed traces of contact point.
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Figure 2.21(a) Comparison between numerical simulations based on DVR algorithm and
experimental dat§70]. The numerical simulations successfully reproduced nine out of ten
different patterns observed from previous experimgn8j. (A: Translated coiling; B:
Meandering; C: Alternating; D: Disorder) (b) Schematic of the deposition trace with respect
to the nazle projection[72]. Black line is the pattern on the belt and red line is the
corresponding trace of contact point. (c) Geometrical predictions for different patterns (green

lines) compared with numerical simulation results (brown lifE&).............ccccccvvvvvnnee 29

Figure 2.22 Helical fibers based on liquid rope coiling [78]. a) Schematic of the fabrication process.
b) Optical and SEM images of the Hali fibers. c) Tensile curves of the helical fibers
fabricated under different spinning height...........oooice e 31

Figure 2.23 Looped fibers based imistability-assisted 3D printing. a) Schematic of instability
assisted solverntast direct write 3D printing [16]. b) Different fiber patterns printed by
instability-assisted fused filament fabrication (orange fibers) and instab#isted solvent
castdirect write (translucent fibers) [16]. ¢) Ashby plot of the specific toughness to the
apparent stiffness of different fiber patterns [16]. d) Strain sensing performance of a coiling
fiber with three loops [47]. €) Schematic of the $wdfling strain sesor. The black segments
represent the electronic pathways [46]. f) Cyclic test of thenselling strain sensor subjected

to tensile loading and unloading at a maximum strain of 10% [46]...........cccc.vvvrveeen. 32

Figure 2.24 Instabiliyassisted 3D printing of multilayered structures. a) Bidirectional hydrogel
fabric with anisotropic tensile behavior [79]. b) Cellular structures [80]. ¢) Optical image and
computerized Xay tomography scanning image of -plinted glass with coiling patterns
LS3C] PRSPPI 33

Figure 2.25 a) Schematic efectrocoiling [84]. b) Rapid switch between coiling pattern and
meandering pattern through voltage control [84]. ¢) Optical and SEM imagesapérd
core/shell scaffold with coiling loops, and tensile curves of thrlegyer scaffolds (all with
coiling loops): polycaprolactone (PCL) scaffold, PCL scaffold dipped in cellulose solution,
core/shell scaffold with PCL as the core and cellulose as the shell. [77] d) Melt electrowriting

of overhang, branching and scaffold structures based on layer shifting.[85]............ 34
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Figure 4.1 a) Schematic of the IFDM. The ratio of the filament extruding Sgetal the belt
moving speed/s dictates the fibepattern on the belt. The ratio of the deposition heiyta
the fiber diameted dictates the size of the loop. Sacrificial bonds are formed via fusion at the
intersections in the coiling pattern after the polymer is solidified by cooling. b) The pdoduce
coiling fiber has a constant hidden lengtvhich can be released by the breaking of sacrificial
bonds (. ) in uniaxial tensile test. c) Schematic comparison of the tensile test sequences and
force-displacement curves between expected failure (ldlid Bne) and premature failure
(red dashed line). In expected failure, sacrificial bondad break one by one, resulting in
a sawtooth tensile curve. The ultimate axial tensioning after all hidden lengths are released
breaks the fiber backbone, I&aglto high energy absorption indicated by the blue area under
the tensile curve. In premature failure, the fiber backbone is broken during the unfolding
process of loop, before bond. breaks. The truncated tensile curve displays reduced fiber

strength ad energy abSOIPLON..........uuuiiiii e e e eeer e e e e e e e e e e eeeenanens 41

Figure 4.2 Failure modes observed from uniaxial tensile tests of coiling fibers:»axtariding (
A), torsional {), bond @) and dynamic«) failure. Each ilure mode is characterized by: (i)
sequential camera captures of the unfolding process after the breaking of sacrificial bond.
Time zero is defined at the breaking of sacrificial bond; (ii) microscopy images of the fracture
pieces; (iii) SEM images of éfracture surfaces. All specimens shown here are from the large
fiber with a diameter of 1.20 mm, except the camera captures of dynamic failure, which are
from the small fiber with a diameter of 0.37 mm for the sake of convenience in shooting with

high speed camera. Scale bars are 5 mm in (i), and 0.5 mm in (i), ()-......ccovvvrennnns 43

Figure 4.3 The breaking of sacrificial bonds in two coilingp® under uniaxial tension from linear
elastic FEA (blue dotted line), multilinear plastic FEA (red dashed line) and tensile test (grey
solid line). The breaking sequence of sacrificial bonds in the FEAs is set the same as that in
the tensile test: first R Q G WKHQ ERQG . 7KH IRUFH WKUHVKROG IF
)($V LV DOVR VHW WKH VDPH DV WKDW LQ WKH WHQVLOH W
The unfolding shapes are obtained at five given apparent strain values. The colemtgradi
represents the magnitude of von Mises stress in the FEA contour plots. The FEAs and test

results here are all for the large fiber with a diameter of 1.20.mm............................44
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Figure 4.4 a) Distribution of the five failure modes in coiling fibers illustrated by failure points
overlaid on a representative fordesplacement curve of a single coiling loop. Failure points
are defined as the final lale of fiber backbone from the following failure modes: axig| (
bending &), torsional {), bond @) and dynamic €) failure. For bending failure, crack
initiation (&) and the following force curves (blue dashed lines) are also marked. Local b)
curvature, c) shear strain, d) axial strain calculated from the multilinear plastic FEA are used
to explain the fracture location of each failure mode along the fiber duringnfioéing
process. Arc length, LV FDOFXODWHG EDVHG RQ WKH ORRS . LQ W
fixed end. The bonttreaking defects locates laf = 3.12 and 20.31 mm. All failure points
here are for the large fiber with a diameter of 1.20 mMm...........ooooiiiiiiiicc s 46

Figure 4.5 lllustration of the crack initiation in torsional and bond failure due to high local tensile
stress: a) SEM images of siwnal failure specimen showing large material distortion in the
middle of the loop. Fractures of b) torsional failure and c) bond failure specimen are
characterized by sequential camera captures and SEM images. The relative location of crack
initiation region with reference to the bosmteaking defect in both failure modes can be seen
in the SEM images. d) Contour plot of one coiling loop at80 % from the plastic FEA. The
color gradient represents the magnitude of the first principal stress-s&asgal contour
plots of the fiber are shown bt = 15.63, 18.05, 19.27, 20.47 and 23.63 mm along the loop.
The inner side of the beam elemernitat 20.47 mm corresponds to the bdméaking defect.

The fracture location along the fiber (at= 12 mm to24 mm) are shown by for torsional

failure andm for bond failure. Both torsional and bond failures can be attributed to a large
region of tensile stress. Scale bars are 5 mm in camera captures and 0.5 mm in SEM images.
................................................................................................................................... 48

Figure 4.6 Comparison of the failure behavior in a) two geometrically similar coiling fibers with
different diameters: 1.20 mm (in black) and 0.37 mm (in red). b) The number of actually
broken bonds, in both large and small fibers varying with differ@mtial number of bonds
ntin the uniaxial tensile tests. The error bar stands for the standard deviation based on a sample
size of 10 for each data point. The proportion of axial (grey), bending (blue), torsional
(yellow), bond (red) and dynamic (greea)ldires in c) large and d) small fibers varying with

differentn.. €) SEM images of the fracture surfaces in axial (i), bending (ii) and dynamic (iii)
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failures of the small fibers. Scale bars are 0.2 mm. f) Comparison of the unfolding geometries
and appanet stressstrain curves of the large (black lines) and small (red lines) fibers with two
coiling loops. The oscillations on the red curves are due to the vibration of the 5 N load cell
induced by the bond breakage. Scale bars are 5 mm. g) Comparisoergitieering stress

strain curves, test sequences and-peEstt microscopy images of the large (black lines) and
small (red lines) straight fibers in the thygaint bending test. At the bottom of the fiber where

the bending stress is maximum in tensitw, targe fiber specimens either show sharp crack

or large plastic deformation (corresponding to the black solid and dashed lines respectively
on the stresstrain diagram), while all the small fiber specimens show large plastic
deformation. All stresstran curves from ten specimens for each fiber are shown in the plot.
Besides the three representative curves, other curves are shown in gray or pink for the large
and small fibers respectively to show the measurement deviations. Scale bars are 5 mm in

cameracaptures, and 1 mm in MICrOSCOPY IMAGES..........euvrrrrruuniimmrereernrernnnnaaaeeeeeas 50

Figure 4.7 Local strain results calculated from beam and solid elements at the ufetdergage
of 80%: a) deformed meshes of beam and solid elements; b) curvature, c) shear strain, and d)
axial strain calculated from beam (blue markers) and solid (red markers) elements. The shear
strains in solid elements are averaged over 40 valuesk(bi@arkers) around the

CITCUMTEIENCE At QAL .. eveeie ettt e e e e e e e e e e e e e e e e e aneen 59

Figure 4.8 Piecavise linear stresstrain curve for multilinear isotropic hardening in the plastic
FEA. The first stresstrain point defines the yield stress (12 MPa). Subsequent points define
the multilinear isotropic hardening behavior of the matefiaé last point corresponds to the
fracture of the fiber in tensile test, while in the plastic FEA, the fiber behaves perfectly
plastically after the material reaches the tensile strength (70.5 MPa). The data points are
collected from one of the uniaxiansile tests of straight PLA fiber with the diameter of 1.20
mm (gauge length = 250 mm, strain rate = 0.01 mm/mm/s). The tensile strength with a

standard deviation for 7 specimens is 71.8.95 MPa..............cccoevvvvviiiiimmmeeee e 60

Figure 4.9 Stresstrain curves of straight fibers under uniaxial tension. Gauge length is 100 mm

and crosshead rate is 500 mm/min for both fIREIS........ooeie e 61
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Figure 4.10 Estimation of the local strain rate at the top surface in the middle of the unfolding loop:
a) von Mises strain (blue solid line, léftaxis) and von Misestrain rate (red dashed line,
right Y axis) at the top surface in the middle of the unfolding loop, during the normal unfolding
process of the loop without dynamic failure. The bottom anX&pps represent the unfolding
percentage and elapsed time,pedively. They correspond to each other and serve as
different references for the unfolding process. b) High speed imaging of the loop retraction
after the breaking of sacrificial bond in dynamic failure. The speed of the loop retradtion at

\Y V DQG VL.V FDOFXODWHG E\ PHDVXULQJ WKH P

in i iv relative to its initial position at V LQL 6FDOH EDU LV PP F [/l
loop retraction speed over elapsed time. d) von Misem gtilue solid line, lefty axis) and
von Mises strain rate (orange dashed line, rigaxis) at the top surface in the middle of the
unfolding loop, during the rapid unfolding process of the loop in dynamic falimeulation
results, such as the von 84is strain and strain rate, are extracted from 101 load substeps and

plotted as continuous lines here for the sake of visual demonstration...................... 62

Figure 4.11 DSC results of FDxtruded PLA fibers. The fibers were extruded at Z3@n the
conveyor belt in ambient air with two nozzles with different diameters (1 mm and 0.3 mm).
The belt speed is equal to the extruding speed. The largaraifibers are 1.2 mm and 0.37
MM N diameter, reSPECHIVEIY.........ooi i 63

Figure 4.12 Apparent stresgrain curves of small fiber with theecoiling loops. All ten test
specimens are plotted to show the deviation. The sttess curve of the straight small fiber

is also plotted as a benchmark to show the toughness enhancement in coiling. fibe6sl
Figure 5.1 Design of the spider watspired transparent impaabsorbing composite........... 66

Figure 5.2 Fabrication and mechanical behavior of thel@yer fabric of microstructured fibers.

Figure 5.3 Fabrication and optical characterization of the microstruefibexccomposite.......72
Figure 5.4 Impact tests of different transparent films based on the low RI elastamer......75

Figure 5.5 Ellipsometry analysis of the polycarbonate, high RI elastomer and low RI elastomer.
The refractive index was obtained by the Cauchy model from 350 to 2500.nm....... 91
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Figure 5.6 An ideal thought experimentof "@D\HU ILEHU IDEULF EDVHG RQ %UX

single fiber pattern is generated at a speed vdira =: a, 1.6;b, 1.9;c, 2.1;d, 2.4. Then the

fiber was manually aligned to a 2D array (red dashess)imvith a unit size equalling to the
distance between adjacent loops along the fiber. The steady coiling Radis8 mm was

used for all calculations. The three ordinary differential equations in the model were solved
via the ode23 function in MATLABWith initial conditions f, % E@ > ..(E..9®

Figure 5.7 Matrixfiber debonding due to thermal expansion in the alternating fiber composite film
with the high RI elastomer. The composite was cured at@46r 2 hours. The photo was

taken after the cooling down of the composite. The scale bar is 2.mm.................... 94

Figure 5.8 Static puncture test different transparent films based on the low RI elastomer.
Optical images of the pure elastomer film (black circle), straight fiber composite film (blue
square), alternating fiber composite film (green diamond) and hybrid fiber composite film
(red sar). b, Front view andc, Bottom view of the static puncture test of a hybrid fiber
composite specimed, Representative foredgisplacement curves for the pure elastomer film
(black curve), straight fiber composite film (blue curve), alternating fiberposite film
(green curve) and hybrid fiber composite film (red curegEnergy to puncture calculated
by the integration of the foredisplacement curve. Three repeats were conducted for each
specimen, and the standard deviation was plotted as thebarroill tests were conducted
with a puncture head covered with a P60 grade sandpaper..........cccccvviiaaciniiennnnnnn. 95

Figure 5.9 Contact foregme curves of different transparent films from the falling dart impact test.
a, Elastomer film;b, Straight fiber composite filng, Alternating fiber composite filmd,
Hybrid fiber composite filmeg, Polycarbonate (PC) film. Theages of the films after the test
are shown in the insets. The test was repeated three tiraak ifhe dart penetrated all test
films in aandb, but was successfully caught by all test films andd, due to the high energy
dissipation of the archettured composites. All test films have a length of 2100 mm and width
of 100 mm. The test films ia-d are all based on the low RI elastomer and have a thickness
of 1.5 mm. The PC film (McMasteZarr, 85585K102) ire has a thickness of 0.127 mm. The
weight of the test PC film is 1.524 g, which is even more than the weight of the fabric of
alternating fibers (1.333 g) m The fact that the dart penetrated both the elastomer film and

PC film, but was caught by the alternating fiber composite film, provesidh@nating
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contribution from the composite architecture to the high energy dissipation over the material

(oT0 ] g1 10T 0T 0] 5P 96

Figure 5.100ptical images of fractured transparent films after impact ae&lastomer film;b,
Straight fiber composite filmg, Alternating fiber composite filng, Hybrid fiber composite

film. The inset inc shows a close view of the fiber eomits. All scale b are 5 mm.......97

Figure 5.11 Cyclic impact test of the alternating fiber composite film based on the low RI
elastomer. Two specimens were tested at different impact energy vel3:ando, 1.4 J,
respectivelyc, Snapshots of the specimen at the end of each cydhe ahpact test at 1.4J.

For the impact test at 5J, the snapshots offteydle can be seen in Figure 41. The same drop
height (0.9 m) was used in both tests, leading to an impact velocity of 4.2 m/s. To achieve the
corresponding impact energy level, trep weight was 0.568 kg & and 0.158 kg iv. The

drop weight fell on the same location on the specimen during the cyclic test. The drop weight

fully penetrated the specimen in th¥ &ycle ina, and the B cycle inb. The scale bar is 20

Figure 5.12Comparison of the impact absorption performance between the alternating fiber
composite films made from the low RI elastormrserd high RI elastomera. Contact
displacement curvedy. Optical image of the fractured low RI elastomer composite film;
Optical image of the fractured high RI elastomer composite film. Both specimens were tested
with an impact energy of 5 J and impact velocityt & m/s. All scale bars are 5 mm...99

Figure 5.13 Optical waveguides made from the transparent composites based on the low RI
elastomer.a, Demonstration of the strain sensing with the meandering fiber composite
waveguideb, Cyclic tensile tesof the meandering fiber composite waveguiéesign of
the electric circuit to measure the resistance of the photoresistor during the tensile cyclic test.
d. Measured output voltage under the cyclic tensile test. Under stretching, more light was
transnitted through the waveguide to the photoresistor, resulting in the decrease of the
resistance and the increase of the circuit output vol&ageptical images (top view and side
view) of the alternating fiber composite waveguitleThe light transmissio loss of the
alternating fiber composite waveguide under uniaxial tensile test (gauge length: 45 mm;
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crosshead speed: 5 mm/min). The fedigplacement curve is similar as Figure 1C and has

been explained IN the PAPEL......oooi e e e an 101

Figure 5.14 Schematic of the deposition trace with respect to the projection of the nozzle. The
speed/m is the horizontal moving speed of the extruder relative to the printing bed. The vector
Nrepresents the position of the fib&SODWIRUP FRQWDFW SRLQW UHJDU
projection point. The angléss measured between the vectdand thex axis(direction of the
relative moving speesl). The angle Eis measured between the vectdand the tangent
vector Pof the polymer thread at the contact point. These three geometric parameters are
functions of the Lagrangian coordina®hich is a timelike variable and represents the arc
length along the deposition trace. The coordinates of the deposited trace can be reconstructed
by the solution of the geometric modd:Q L NQ ®.. ‘3:Q?E R @& f +Q Rfy(s)L
NQ ® «+>0:QqSastis the last point from the solution). This schematic was modified from
BUXQ HW PO TV ZRUN oo 102

Figure 5.15 Calibration of the volume flow rate of polycarbonate filament on the Prusa 3D printer.

The dashed line iarepresents that the actual volume flow rate equals to the theoretical one.

Figure 5.16 Resin infiltration setug. A micropump infiltrates the resin from the syringe into the
bottom of the plastic mold via a Teflon tullse Closeup view of the infiltration proceswith
the low RI elastomer (Rl = 1.41 @589nm) Closeup view of the infiltration process with
the high RI elastomer (Rl = 1.55 @589nm). The alternating fiber fabric almost disappears
inside the high RI elastomer resin, due to the small RI differertesbe the fiber (RI = 1.58
@589nm) and the high Rl elastomer............oooiiiiiee e 105

Figure 5.17 Design of the falling dart integrated with a forces@era, When the dart is
overhanging, there is a gap between the force sensor and the aluminium rod inside the dart,
ensuring no force is measuréd.When the dart is pressed, the aluminium rod will hit on the
force sensor. The crosectional area of theuminium rod is the same as the sensing area of

[l (0] (T RT =] K510 | SRR T TP UTRUPRTP 106

Figure 5.18 Calibration of the force sensor under static loading. We calibrated the sensor on an

electromechanical machine (MTS Insight). The inset shows the setup. We used an acrylic
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puck with the crossectional area matching the sensing area of thee feemsor. A
compressive displacement was manually applied on the top clamp, until a certain force is
reached. Then the conductance was measured under this force value with a digital multimeter
(PCF4070, National Instruments) and a LabVIEW program. Thealirfitting was shown in

L1 TS 0] o ) USSP UUOUPRT 107

Figure 5.19Displacement measurement and calibration in the falling dart impactaidste
consecutive higispeed camera snapshots from the impact test of the alternating fiber
composite specimen. A black and white calibration paper was attached on the falling dart.
The intensities of the pixels along the yellow arrovaiextracted by a MATAB code.c,
Sgolayfilt fitting of the curves ib with a polynomial order of 9 and frame size of 41. The
MATLAB code automatically measures the shift of each curve in the unit of pokels.
Displacement of the dart which is converted from the shift ielpiinc by the MATLAB
code. The time 0 ms corresponds to the initial contact and is selected manually from-the high
speed camera snapshatsVelocity of the dart which is calculated based on the®ler
polynomial fitting function ind. The time 28.4ms corresponds to zero velocity. The
calculation of momentum change between the initial contact and therederity time is
shown in the plotf, Contact forcdime curve measured from the force sensor. The impulse
between the initial contact and the @eelocity time is calculated, based on the direction of
gravity. The agonducted calibration for the impact test of the alternating fiber composite

specimen has a diSCrePanthl. ZAIW .. ......ceeiueeiieeeieeeeeeeemeee e eee e e evsnmmsee e 109

Figure 6.1 Overview of toughening elastomers via microstructured thermoplastic fibers with
sacrificial bonds and hidden lengths. (a) Schematic illustration of the IFFF process. The
extruding speede is 2.06 times faster than the extruder moving spgggroducing the
alternating pattern. (b) For@dfective strain curve of the dabricated microstructured fibers
with six alternating loops. The breaking of sacrificial bonds and the unfolding of hidden
lengths from one of the six loops are illustrateciagexample. The fiber contours with fake
color are traced from camera snapshots during the tensile test of the microstructured fiber. (c)
Schematic illustration of multiple breaking of sacrificial bonds and multiple cracking of the

matrix in an elastomermenposite with a precrack under tension............ccccccvvveveeenee. 113
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Figure 6.2 Fracture of the unnotched PDBIfrnating fiber composite specimen undeiayiail
tension. (a) Camera snapshots of the fracture of the specimen at different effective strains: i.
0= 0; ii. 0=10.24;iii. 0=0.41; iv. 0= 1.32; v. 0= 3.04. Scale bar is 10 mm in the camera
shapshot and 3 mm in the inset. (b) Feeffective stran curve of the PDM&ilternating fiber
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Figure 6.3 Comparison of the fracture behavior of the notched plain PDMS specimen and the
notched PDMSlternating fiber composite specimen under tensile loading. (a) Camera
shapshots of the notched plain PDMS specimen at different effective strada<.il9; ii. 0
= 0.23; iii. 0= 0.25. (b) Camera snapshots of the notched PaNsnating fiber composite
specimen at different effective strains: 8 0.17; v. 0= 0.38; vi. 0= 1.38. All scale bars are
10 mm. (c) Forceeffective strain curves of theotthed plain PDMS (in black) and PDMS
alternating fiber composite (in red) specimens. (d) Crack growth resistance curves of the
notched plain PDMS (in black) and PDM&ernating fiber composite (in red) specimens.

The error bar represents the standardaden of the effective energy release rate with the
strain energy density measured from three unnotched specimens with identical dimensions as
the notched specimen. In the notched plain PDMS specimen, when the crack extension
exceeds 50 mm, the crack pagption accelerates rapidly, making it difficult to measure the
crack extension from the camera snhapshots. Since the effective energy release rate stays
almost at the same level, we extrapolated the dashed line after the crack extension exceeds 50
mm. Theinset shows the critical effective energy release rate of the plain PDMS (196 = 74
J/n?) and PDMSalternating fiber composite (340 + 49 J)mat the onset of crack growth.

Figure 6.4 Tensile test of the plain PDMS specimen and RDMd@rectional fiber composite
specimens with and without a precrack. (a) Optical images of test specimens: plain®DMS (
), PDMSstraight fiber composit (¢), PDMSalternating fiber composite’(), PDMS hybrid
fiber composite X ). (b) Forceeffective strain curves of unnotched specimens. (c) Force
effective strain curves of notched specimens. (d) Comparison of total energy to failure of test
specimens. Solid blocks represent unnotched specimens, while hollow blocks represent

notched specimens. All scale bars are 5 mMM...........coooeviiiiiieeen e 121
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Figure 6.5 Static puncture test of the plain PDMS specimen and Rildt8ctional fiber
composite specimens. (a) Optical images of test specimens: plain FOMDMS straight
fiber compositex), PDMSalternating fiber composite?), PDMShybrid fiber canposite (
*). Scale bars are 2 mm. (b) Camera snapshots of the static puncture test chiADMS
fiber composite with a rough indenter head in front and bottom views. Scale bars are 10 mm.
Forcedisplacement curves of test specimens with (c) a smoothterdeead, and (d) a rough
indenter head attached with a P60 grade sandpaper. (e) Total energy to failure of test
specimens. Solid blocks represent tests with the smooth indenter head, while hollow blocks

represent tests with the rough indenter head.................cooveeei e 123
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1.1 Background

Tough materials that absddyge amounts agfnergy and resist fracture are required in many safety
critical engineering systems. For example, the material of the jet engine fan blade containment
systemon an aircrafmust be tough enough to absorb higkels of kinetic energy for blageut
containment and fuselage protection; the windshield material must also be tough enough to resist
fracture with the presence of small cracks induced by a bird strike. In these applications,
multifunctionalities are alsaequired, such as the lightweight of the fan blade containment material
and the optical transparency of the windshield material. Developing multifunctional materials with
exceptionabktrength andoughness is difficult in engineering, since the propedfesrength and
toughness amautually exclusiven many engineering materigdll. Nature overcomes the conflict
between strength and toughness by building hierarchiadlitecture in biological material

Spider silkis one of the stroregst and toughest biological materials knofeaturing a hierarchical
fibrillar structureof crystallineand semiamorphougproteins[2]. Upon stretching, the breaking of
sacrificialhydrogen bonds in the sefmmorphous domas unravels the hidddaengths of protein
chains, contributing to the large extensibility and high toughness of spideBaglificial bonds

and hidden length®ugheningmechanism arealso found imacre[3] bone[4], andmuscle[5].
Therehave beerseveralstudies reporting the successful implementation of the sacrificial bonds
and hidden lengthsougheningmechanism at the molecular scale in hydrodéls#8] and
elastomers[9] 4#12]. Whereas introducing sacrificial bonds and hidden lengths into the
microstructure of a material is promising to transfertthegheningstrategy toa wide range of

engineering materialgchieving high toughness and multifunctionalities

The breaking of sacrificial bonds the molecules dbiological materials has been reproduced in
engineering materials through the singktwork or doublenetwork methodat multiple length
scales ranging from nanoscale to macrosdaléhe singlenetwork method, sacrificial bonds are
introduced to a single fiber in the form GEE L Q W H[LBD #lip\khdrs(1 %], or physically fused
bonds[15] 417]. The breaking of sacrificial bonds unrav¢he hidden lengths along the single
fiber, dissipating large amounts of energy andintaining the structural integrity die fiber

backbonefor large deformations. The singhetwork method produces a perfect analogy to the



breaking of hydrogen bondadtheunfolding of protein chains in the molecular structure of spider

silk. In the doublenetwork methodthe material contains a stiff and brittteinforcementas the

sacrificial 31 LUV W QdibreZkRabidissipate energyand asoft andstretchablematrix as the

SVHFR QG Qohhairdathd Structural integrity under large deformatioghKH SILUVW QHWZR
can bdow-melting-point metal and plastic fiber/fabrid KH 3S3VHFRQG QHWZRUN" LV RIW
elastic polymershat recover the originahape after unloading.he multipleIUDFW XUH RI WKH
QHWZRUN" WULJJHUHG E\ VKHDU VWid &hdldgdud t&tbereaRikgléfU O R F N L
sacrificial bonds$n the molecular structure spider silk. Compared téhedoublenetwork method

the singlenetwork method results ihigher energy dissipation (the area between loading and
unloading curves), sincthe unravelingof hidden lengths in the singteetwork methodoften

involves with friction or plastic deformatignncreasing the energy dissipation

The advent of thredimensional (3D) printing technologies, such as sokeast[15] or UV-
assisted18] direct write and fused filament fabricati¢iaFF)[19], broughtgreatopportunitieso

tailor the mechanical properties of advaneadineeringmaterialsby building various complex
architecture$20]. Instability-assisted 3D printing a facileand robust singlaetwork method for
producing nicrostructured fibers with sacrificial bonds and hidden lengthy. material that can

be melted or dissolved in a solvent is suitable for the meihwafluidmechanical instability cd
polymerthreadis harnessed twigger the periodic coiling of the fiber on itsgfroducing coiling

or alternating loop patternéfter cooling or solvent evaporatiorhé selfintersections along the

fiber form physically fused bonds which are weaker than the fiber backbone and act as sacrificial
bonds under mechanical loads. Upon stretching, the breaking of sacrificial bonds and the unfolding
of fiber loopsGLVVLSDWHY ODUJH DPRXQWYV R4 tbugGhHddslanhahEeyh B WL Q J
in poly(lactic acid) (PLA) fibers. Howevespme specimens show worse toughness as low as 25%
of that of the benchmark straight fiber due to premature faillmethis dissertation, we seek to
understand the mechanics behind thesmature failures anbuild microstructured sacrificial

bonds and hidden lengths intaultifunctional energyabsorbingmaterialsby instability-assisted

3D printing



1.2 Dissertation structure

This dissertation includes seven chapters. Chapieirdduces the background of the stuahd

the structure of the dissertatidDhapter 2 provides a literature review on the sacrificial bonds and
hidden lengths toughening mechanism in biological materials, bioinspired design via the single
network and doble-network methods, and the instabi#gsisted deposition. Chapter 2gents

the research objectives and the coherence of the arfitilegnain results of this dissertation are
given in the form of three articles published or submittedeterreviewed scientific journalsn
Chapters 4 to 6. Chaptep#esents the failure mechanisms of microstructured fibers with sacrificial
bonds and coiling loops based on fractography and finite element an@ligapser "emonstrates

the conceptof transparent engy-absorbing composites based on microstructured fibers with
sacrificial bonds and alternating loops for imppattection applications. Chapteillistrates the
fracture resistance and damage tolerance of the eabsyprbing composites based on
microstuuctured fibers with sacrificial bonds and alternating lo@sapter 7 provides a general
discussion of the research. Chapter 8 summarizes the conclusion of the research and gives

recommendations for future work.
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2.1 Sacrificial bonds and hidden lengths (SBHL) mechanism

Section2.1reviews the SBHL mechanisfaundin spider silk and other biological materials, and

the analytical modslof the SBHL mechanism.

2.1.1 Spider silk and other biological materials

6SLGHU ZHE LV RQH RI QDWXUHYV H[TXLVLWH GHMLAIQV WKD\
blockssuch as proteif DQG K\GURJHQ ERQGV $IWHU PLOOLRQV RI \H
7TULDVVLF SHULR G (F RG&PATEMt 6 &tiff ratildIEnveadspider dragline silkand

compliant spiral threadspider capture silq21].
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Figure2.1 a) Stressstrain curves of spider dragline silk and capture [@]4. b) Hysteresis (the

ratio of dissipated energy to total absorbed energy) of spider dragline silk and cap{@.silk

The mechanical properties of the silk threads outperform most engineering magpidks:
dragline silk has a tensilérength of ~1.2 GPE3], which is ~2 times that of stainless sti24]
and ~0.5 times that of Kevlar fibgR5]. Spider capture silk has an elongation at break of
i [26], which is comparable to that of silicone rubbj@®], while the tensile strength
of spider capture silR2] is two orders of magnitude higher than silicone rub[#f} Both spder
dragline silk and capture silk show high toughness (the area under thesstigsgurve) of
i 0- P[22], which is more than 4 timethat of Kevlar 49 fiber[25]. The loading
unloading curves ofthe silk threads(Fig. 2.1b) show that 65% of the total absorbed energy is
dissipated awayl he high toughness of the silk threads makes spider web capalblsoriing the



enormous kinetic energy from the flying pré&yhile the high hysteresis (dissipated enetaial

absorbed energy) of the silk threads minimizes the oscillation of spider web during prey capture,
avoiding the catapulting of inseciBespite the structural benefits like energy efficiency and prey
retention brought by the combination of stiff and compliant thrétls the high hysteresis and
nonlinearmaterial behaviour of thepider dragline sillare essential for KH VSLGHU ZHEfV K
energydissipation28] and damage toleran¢29].

a b Spider dragline silk Silk fibrils Silk fibril segment

I\

Figure2.2 a) Schematic of thetfrous structure in spider dragline gi80]. b) Hierarchical structure

Silk fibrils

Spider dragline
Silk thread

Crystalline domain Non-crystalline domain

of spider dragline silk consisting of scanning electron microscope (SEM) image of the silk thread,
atomicforce microscopy (AFM) image of the silk fitsjland a schematic of the molecular structure

in a silk fibril segmen{31].

a 1000 . . b F{
| i [l ! B-crystallites
1 1 i e N .
800+ ! : F}\r | Regime I Regime Il
N 1 ] I\ ')
@©
L 6001 | I E ﬁ M
1 I 2 . -
< 1 | 14 s ¢ ? -
! ! ’ ¢ p-crystallit )
§ 400+ : :\ : g inm-mﬂ%\ fragme:lz;l?on:
= ! 1Onset of B-crystallite| | 4 1p-sheet unfolding: Qy
P 2004 1breaking : \_‘/ s
1N 1 L .....L..
\Yield point,
1 1

o
L

0 5 10 15 20
Strain (%) e
Figure2.3 Structural origin of the nonlinear material behavior of spider dragling3&]ka) Stress
strain curve of the spider dragline silk consistoighree regimes: I, homogenous stretching; Il,
onset of yieldingdue to the breaking of hydrogen bonds axé@Q IROGLQJ RI WKH LQWUDI



sheet in theon-crystallinedomain; Ill, onset of KH E U H D Nety§allit® b) Schematic of the
XQIROGLQJ RI WKHVIKHWYWD B R G H¥ KdayERllitel DNLQJ RI

The structural origin of the exceptional mechanical propertiespader dragline silk has been
studied for more than three decad€ke spider dragline silk possessesiararchicalfibrillar
structurgf30] (Fig. 2.2a).Themicroscale silk thread constructed bynany nanoscale silk fibrils

which contain cystalline and noftrystalline domainsThe crystalline domaimcludeshighly
RUJDQL]HG D @iystateslasséndledOby hydrogen bonfi33]. The nonrcrystalline
GRPDLQ FRQVLVWY RI OHYV Vshiet GHUHD L IEFQNUdIFHR B AxeO D U
stressstrain curve ofpider dragline silérom a tensile test and schematic molecular méilel

[32] areshown in Fig. 2.3Regime | corresponds to the homogeneous stretchisikdfbrils. In
regimell, the hydrogen bonds in the nrorystalline domain start to brealfter the yield point
releasing the hidden protein chaiksl WKH L QW UdbéeRi®OtHeFoydihlline domain

[32]. The onset of the breaking of the weak hydrogen bonds causes the tangent stiffness to drop
significantly. As the protein chains unfold and aligorg the loading direction, the protein
backbones and the crystalline domatart tocarry the load, resulting in the strain hardening
behavior of spider dragline silkk, Q UHJLP H -crystalitds Hhegin tdoreak under further
stretching, leading tde decrease of tangent stiffneBke breaking of sacrificial hydrogen bonds

and unfolding of hidden protein chains in the +wopstalline domain not onlgontribute tahe silk
WKUHDGYV KLJK HIWHQVLELOLW\ EXW D OtdeKighO&igénessVLSDW

and high hysteresis of spider dragline silk.
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Figure2.4 Singlemolecule force spectroscopy of recombinant spider dragline silk p{8tgima)
Schematic of theisgle-molecule force spectroscoply) Forceextension curve of one protein

molecule.

Figure 2.4 shows theingle-molecule force spectroscopy of recombinant spider dragline silk
protein [34] which also proved the sacrificial bonds and hidden lengths mechanism in the silk
protein molecules. Upon stretching, the silk protein molecule rarely @wdblonce insteal, the
breaking of intramolecular hydrogen bonds releasesto thregolypeptide modulesach time
along the silk protein molecule, resulting in the gaath pattern of the foreextension curvelhe
breaking of hydrogen bonds, the increase of entrapgthe production of internal heat during the

molecule unfolding process together effectively dissipate the mechanical energi3ajvay
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Figure2.5 a) Forceextension curve of a single titin fragment by AFB). The sawtooth pattern

ZDV ILWWHG E\ WKH ZRUPOLNH FKDLQ :/& PRGHO WKURXJK
contour length of the protein chain, whiare close to the total length (30 nm) of individual titin
immunoglobulin (Ig)like domain. b) Forcextension curve of the organic adhesives between

nacre tablets by AFNB]. c) Forceextension curve of the mineralized collagen fibrils in bone by

AFM [4]. d) Molecule model with tandem modular structyBds

Similar sawtooth pattersa werealso observedtom the forceextension curves ahuscle protein
titin [5] (Fig. 2.5a) organic adhesives in nad® (Fig. 2.5b), collagenilrils in bone[4] (Fig.
2.5¢).Titin is a giant sarcomeric protein composed of tandem immunoglobul#ikggdlomains.
Compared to the foreextension curves of nacre and bone, the-twmth pattern looks more
regular on the foreextension curve of titirbecause the AFM tip pslbn only a few amino acids
in the Ig domain36], leading to thsequentialinfolding oflg domairs. Theforce-extension curve
of titin can be accurately fitted by the wormlike chain model twhigll be described in more
details in Section 2.1.Fig. 2.5a shows thahé prediction of the contour length of the unfolding
chainfrom the fitting resultss very closeto the total length of individudg domain proving the
independent unfolding cfach Ig domainHowever, the AFM tip may pull on several molecules

with sacrificial interchain bond$3], leading to the more complex sa@oth patterns in nacre and



bone which will be further discussed in Section 2.1A2 illustrated by Smittet al.[3] in Fig.
2.5d,compared to long molecule without modules or short moletarig, molecule with modules
requires more energy to stretch and break, since the breaking of sacrificial bondso&hdguaf

hidden lengths in the modules dissipate large amounts of energy before the failure of molecular
backboneThis modular structure with sacrificial bonds and hidden lenigtha ideal strategy for
shockabsorbef37].

2.1.2 Analytical modeling of SBHL

Although different biological materials show similar semth patterns of the pulling curves, some
look regular like the spider silk protein in Fig. 2.4b and the titin in Fig. 2.5a, while ddods
more complex like the nacre adhesives in Fig. 2.5b and collagen fibrils in Fig. 2e5@ridtion

in the sawtooth patternsomedrom the difference in the sacrificial bondnfigurationsn protein
moleculesFantneret al.[38] used the wormlike chain (WLC) model to investigate the influence
of different configurationsof sacrificial bonds on the pulling curvesnese the WLC model
successfully interpreted the pulling curves of biomolecules gir@ntropic elasticity5], [34],

[37], [39]. The WLC model predicts the pulling force of a molecule chain by

(:T: L—P§H FEL Ok o L.y, FAGH (2-1)

’)_
157 1/2

where,F is the pulling forcex is the extension of moleculets LV % ROW]PDQDiI§theFRQV WD
temperatureh is the persistence length which serves as a characteristic length.stabeyailable

contour length of the molecule, which doesinclude hidde lengtts, Lcis the total contour length

of the moleculaewhich includes all hidden lengths is the number of sacrificial bonds,is the

length ofindividual hidden loop.

The simulation of the breaking of sacrificial bonds is achiexnad fracture ireshold criterion

[38]. At the beginning othe SXOOLQJ DOO KLGGHQ OHQJWKV DUH QRW L
contour lengthThe pulling force is equivalent to pulling a molecule withavailablecontour

length of .o L .4, F A K Once the pulling force reaches the strength of one sacrificial bond,

this bondis removedimaginarily, and the corresponding hidden lendghis releasedFurther

pulling is equivalent to pulling of a molecule withavailablecontaur length of .o L .., F AR i
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In this way, pulling curvesanbe obtained by varying different internal variables like the strength

and number of sacrificial bonds, bond configuratiats,

a It takes much more work to b
stretch hidden length than to

0.3
break a bond. J ....................
- —a- i = =

sacrificial
bond breaks

03 E bond break < 1€V

work < 1eV =23 kCal/mole =z
=1.6x10"19 J E
- 8
0 - :
w
hidden length
* stretched out
work = 100 eV = 2,300 kCal/mole
=1.6x10""7J
. -

Extension

Figure 2.6 Basic principleof the SBHL mechanisma) Schematic of the breaking of a sacrificial
bond and unfolding of a hidden length. b) The comparison of energy absorption by breaking a
sacrificial bond and unfolding a hidden lengtsed on WLC modé€]38].

With the WLC model, Fantnat al.[38] found that the unfolding of hidden lengths absorbs much

more energy than the breakingsacrificial bonds. Fig. 2.6 shows the pulling of a molecule with

one sacrificial bondThe sacrificial bond blocks one hidden length of the molecule from external
loading. Before the breaking of the sacrificial bond, only the molecule chain alongthpdth

endures the pulling force via entropy elasticity. After the bond strength is rediobesdcrificial

bond is broken byRQO\ D VPDOO DPRXQ WAfEL the @rdakiag of'the sa&ificial

bond, the hidden length of the molecule is reldasesulting in a sudden drop of the force
HIWHQVLRQ FXUYH )XUWKHU VWUHWFKLQJ UHTXLUHV PXFK P

the whole molecule chain.

Fantneret al. [38] also found that someomplexpatternsof the force-extension curveean be
explained byspecific combinations aholecule chains with or withos&crificial bondgFig. 2.7).
The parallel pullingof one molecule with sacrificial bonds and ogxgonential stringnolecule

leads toa stepwise increase of force peaks on the fesdension curveWhile the pulling of
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several molecules with different contour lengths resulesstepwise decrease of forcegks on
the forceextension curveThe findings are not onlyelpful to interpret the complex foree
extension curves from the AFM pulling of biomolecules, but also provides structural insights for
engineering designs to achieve the dawoth forceextensim behaviour with high energy

absorption.
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Figure 2.7 Different molecule configurations and theimulatedpulling curvesbased on WLC
model [38]. (a) Two parallel molecules: one with sacrificial bonds breaks in the order of bond
strength, the other acts as an exponential spring. The pulling curve shows increasing rupture forces.
(b) Six moleales in parallel with same end bond strength. The length increment of adjacent

molecules is constant. The pulling curve shows decreasing rupture forces.

Elbannaet al. [40] further investigated the influence of the number of sacrificial bonds on the
toughness enhancement of the SBHL mechanism. Since the toughness is related to the area under
the forceextension curve, the variation of foregtension curves when the number of sauafi

bondsn approaches infinitevas investigated through the derivative of a continuum version of

Equation @-1) overn:
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With the assumption of equally distributed hidden lenigéh,li= Lc/ (2n+1), the contour length

La would be [(+1) / (n+1)]-Lc. Then, whem : * La: Lc/2 anddLa/dn = (2n+1)2 :
TKHUHRUWH “PHDQ L @leMthe Dihber of bonass sufficiently largethe forceF

would not be sensitive to anymore.As the number of bonds increases, the toughness would

first increase but eventually reach a platé2y performing numerical simulations with different

number of sacrificial bondan optimum number of sacrificial bonds can be found. Further increase

of the numberof sacrificial bondsvould contribute little to the increas# toughness. For the

strengthof sacrificial bonds, it was found that timeoleculefV WRXJKQHVVcdan@Qec G XFW I
reducedL| WKH VDFULILFLDO ERQGYYV VWUHQJIJWK LV KLIJKHU WKD(
which connect molecule chains to the attached surface are weakehehawolecule backbone.

Both cases result in the premature failure of the molecule backbone and the incomplete unfolding

of hidden lengths.

The structurgoroperty relationship of the SBHL mechanism studied above provides important
guidelines for the implementation of the SBHL mechanism in engineering materials, which is

reviewed in the next section.

2.2 Bioinspired engineering design with SBHL

The Section2.2reviews the implementatisof the SBHL mechanism in engineering materials at
multiple length scales ranging from nanoscale to macrasda¢emethods from the literature were
divided into two categories depending on whether the sacrificraddand hidden lengths belong

to a single network or two separate networks

2.2.1 Single-network method

In the singlenetwork method, sacrificial bonds are introduced to a single fiber in the fo@&EIbf
interactiong13], slip knot$14], or physically fused bond45], [16]. The breaking of sacrificial
bondsunravelsthe hidden lengthslong the single fiberDuring the sequential breaking of

sacrificial bonds and unfolding of hidden lengtig structural integrity of the fiber msaintained,
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and large amounts of energgedissipated before the failure of the fiber backbdrtee stretured
fibers in the singlaetwork method are analogous to the biological molecules with tandem modules
in Fig. 2.5d.

The stackeatup carbon nanofibe(€NF) have a continuous cofeelix structurd41] (Fig. 2.8a)
This type of carbon nanofiber is produced by catalytic chemical vapor deposition (T®).
helically coiled graphene layers aeER Q GH G Z L-MEK LAHNDH{LBE Wiieh 8@ &d of the
fiber is stretched, theveak interlayer bonds are sequentially broken, unravetimg helical
graphenesheet off thehollow fiber (Fig. 2.8b) Compared to the singlwalled carbon nanotube
the stackeatup CNF shows higher extensibility and higher energy dissipafid], [42].

24 nm

Figure2.8 Stackedcup carbon nanofiber. a) Schematic of¢batinuous condelix structurg13].
b) Transmission electron microscopy (TEM) image of the continuous heliaphenesheet
unravelled from the hollow fibgA1]. The average periodical length of the heligedphenesheet

matches exactly the exage perimeter of the fiber cross section (214 nm).
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Fiber splaying Fiber unraveling

S

Figure2.9 Schematic of the interaction between the staakgd CNFs and a propagating crack
with SEM images oémbeddedanofibers splaying between ackatgraphene layemndexposed
nandibers unravelingcontinuously after the matrix crackifg3].

Palmeriet al. [13] dispersed the stackedip CNFs in epoxy resinseproducing the SBHL
mechanismn high-performancenana@omposite Besides the toughening mechanistosnmonly
seenin shortfiber-reinforced composites, such as crack deflection, Hbatrix debonding, fiber
pullout and rupture, two new mechanisms,fiber splayingoetween adjacentgphene layerand

fiber unravelingof the continuous graphene shegére found in the stackemip-CNFreinforced
compositegFig. 2.9) 7KH KLJK VWUHVV LQ IURQW RI WKH FUDFN WLS L
E LQWHUDFW Ldgtapheni ysr2d$idtiQg W tkeHfiber splaying. Behind the crack tip, the
stackedcup CNFs which are perpendicular to the crack plane unravel continuously under the
tensile stress, contributing to extra energy dissipation before the final rupalmeeriet al. [13]
DFKLHY HG incredsan fracture toughnesgrftical stress intensity factor g in the epoxy
compositewith 0.68 wt%non-functionalizedstackedcup CNFsWhile similar epoxy composites
reinforced by 0.5 wt% nefunctionalized and functionalized doubdalled carbon nanotubes
show ~31% and ~43%creass of he fracture toughnesk|c, respectivelyj43]. Thereforejt is
convincing that the fiber splaying and fiber unraveling mechanisms in the stagke@dNFs

effectively increase the energy dissipatsond thus the fracture toughness.

In Palmeriet al.fV Z RIB|Nthe stackedup CNFs not only enhance tmanoFRPSRVLWHT{V
mechanical propert® but also significantly increase the electrical and thermal conductivity,

resulting in truly multifunctional compositeslowever, there are two limitations of the stacked
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cup-CNFreinforced composites. First, the energy dissipation brought by the filagtirgy and
unraveling can be offset by CNF agglomeration under high fiber codditéimiting the fracture
toughness enhancement. Secdhd,exposed nanofibers aftae matrix cracking in Fig. 2.9 show

a transition between thin unraveled graphene sheet and thick intact fibers, indicating the incomplete
unraveling of nanofibers and meaning that the full energy dissipation potential of the nanofibers

remains to be expited.
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Figure2.10 Microstructured PLA fiber with sacrificial bonds and hidden lengths. a) Sitesia
curves of a straight fiber and a microstructured f{li&é]. b) SEM images of the corresponding
tested straight fiber and mastructured fibefl15]. ¢) Optical images of the premature failures of

microstructured PLA fibers printed by instabitégsisted fused filament fabrication (IFFE].

Guoet al.[15] introducedmicrostuucturedsacrificial bondsnto a PLA fiber with a diameter of 30

P via an instabilityassisted deposition process which will be reviewe®aation2.3. The
periodic coiling of the polymer thread during the fabrication process creates physically fuded bon
along the fiber. These fused bonds are weaker than the fiber backbone and act as sacrificial bonds
under a mechanical loa@the comparisometweenthe stresstrain curve of straight PLA fiber
andmicrostructuredLA fiber is shown in Fig. 2.10a. SEMhages of the fibers before and after
fracture are shown in Fig. 2.10bnder stretchinghe straight PLA fiber breaks at an engineering
strainof ~1.16, while thamicrostructured®LA fiber breaks at an engineering strafit~7.66.The

straight PLA fiber &ils after the fracture of the fiber backbone, while sacrificial bonds are

brokenin the microstructured PLA fiber XQUDYHOLQJ WKH 3KLGGHQ ™ ILEHU O
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sacrificial bonds and unfolding of hidden lengths in mfierostructured®LA fiber significantly
increase the extensibility and toughness, compared to the straighSiibprisingly, the looped
structurephysically and functionally resembles the miwoped silk spun by the recluse spider in
nature[45].

Novel fiber systems with selfealing[46] and strain sensing capabilitigs’] were also developed

based on the microstructured fibers, demonstrating a great potential of the microstructured fiber
strategy in multifunctional materidievelgppments However, premature failures were observed in

the microstructured PLA fibers (Fig. 2d). In these premature failures, the fiber backbone fails
before the breaking of sacrificial bonds, and the hidden lengths cannot be fully released, severely
hindering the energy dissipati@apabilityof the fiber. Passieuat al.[16] found that the toughness

of the microstructured PLA fibers can be as high as 3d4086as low as 25%f the toughness of

the straight fiber benchmarRassieuxet al.[16] attributed these prematui@luresto the surface

defect left by bond breaking and the cusp formed during the loop unfolding process @&y. 2.1

but the mechanics behind these premature failures remained unknow.

Puwgno [14] came up with the idea of introducing slip knots into fibers as frictional elements to
increase the energy dissipation and enhance the toughness (Fig. 2.11a and b). Under stretching, the
VOLS NQRW DFWV DV D 3VDFULILFLD GbeEIRI G feleaseti bKdlidd@ HQ OH
through the knot, resulting in a plateau on the sts&ssén curve and large amountsfattion

energy dissipatio(Fig. 2.11c) Pugno[14] concluded four design criteria to achieve the maximum
HQKDQFHPHQW RI WKH ILEHUYV V SH F tatib Bf NUBReX Jenghd e PD]
total length of the fiber; (2) minimizing the degradation of fiber strength during sliding; (3)
maximizing the stress plateau during sliding; (4) minimizing the mass of the slider. These design
criteria maximize the area undie stresstrain curve and lead to a maximal specific toughness.
However, the second and the third criteria @ften conflictedto each other, since a tighter knot
increases the stress plateau but also more possibly degrades the fiber strengthidingnd st

fiber strength degradation results in premature failures of the fiber backbone especially in certain
knot configurationg48] or when the fiber surface is rougdd]. The compromise with a looser

knot offsets the energgissipation benefits of the frictional slider. Bosiaal.[50] found that the

premature failure happens to Kevlar aramid fibers, but Zydon polybenzoxazole fibers,

indicating the underlying material factor in the frictional slider performance.
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Figure2.11 Carbon nanotube microfibers with a slip knot. a) Schematic of the sliding of the hidden
length in a knotted fibef49]. b) SEM image of a microscale slip knot of a carbon nanotube
PLFURILEHU GIBD]. The card®n nanotube microfiber was made by asg@igning
process of drawable carbon nanotube arrBEys.slip knot wa introduced with a tweezen) Stress

strain curves of the carbon nanotube microfiber with slip knots at different tightening[t&8jels

The slipknot method achieved 8200% toughnesscreasen silk fibers[49] and 2900% in
carbon nanotube microfibefs0] without significantly educing the fiber strength, demonstrating
a great potential in achieving the combination of strength and toughness. However -khetslip
method involves intricate tweezer manipulations of microscale fjd8t&nd has not beestaled

up tobulk materials.

Zhuet al.[17] further inceased the number of sacrificial bonds in each loop madthethe help

of duaknozzle 3D printing (Fig. 2.12A thick fiber (dia. = 0.4 mmyvas printed by a nozzle with

a diameter of 0.7 mm and a nozzle moving speed of 5 mm/s, auie fiber (dia. = 0.2 mmyvas

printed by a nozzle with a diameter of 0.3 mm and a nozzle moving speed of 10Timentisick

fiber was printed with squan@aveshape modules, acting as the backbone, and the thin fiber was
printed between the thick fibers in each module, acting as the sacrificial bond. Under stretching,
the breaking of sacrificial bonds releases the hidden lengths along the fiber backbonengcreas

the extensibility and energy dissipation.
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Figure2.12 3D-printed hydrogel modular structufg7]. a) Schematic of the modular design of
sacrificial bonds and backbone chain. b) La#gplacementurve of the 3Bprinted hydrogel
modular structure with five sacrificial bonds and corresponding snapshots of the tensile test.

2.2.2 Double-network method

In the doublenetwork methogthe material is composed by a séfid brittlereinforcement (fiber

or fakric mesh)and asoft andstretchable matrix. Under stretching, the shear stresses or the
interlocking between theeinforcementand matrix induce multiple fracture events of the
reinforcement OLNH WKH EUHDNLQJ R 3ViaEturé dotthdeDforceErre@iBe/” $SIWH
soft PDWUL[ DFWV DV WKH 3KLGGHQ OHQ JWeédreaiu®. Frdexh&E H VLJIQ
reinforcements often stiffer than the matrix, the stiffnesstod tomposite is much higher than the
QHDW PDWUL[ PDWHULDO $OVR ODUJH DPRXQWYVY RI HQHUJ\
ERQGV’  DmeirR&@ckemartresulting in higher toughness than the neat matrix material.

Fenget al. [51] embedded a polyamide fabric mesh in between ¥sgh-Bond (VHB) acrylic
tapeswithout using additional adhesiv@sig. 2.13).Thetensile curve of the resultingpmposite

shows three regimes: (1) linealastic and homogeneous deformation of the fabric mesh and
matrix; (2) stress platealue tomultiple fractureevents of the fabric mesh inside the matrix; (3)
strain hardeningue totheinterlayer sliding anthestretching of the matrix. In the second regime,

the fabric mesh fractures under the shear stress between the mesh and the matrix. The multiple
fractureevents of the fabric mesiontinueuntil all mesh fragments reach a critical length, at which

the shear stress is not high enougfutther fractureghe fabric. Then the third reginegins,and

the strain hardening is suppedtoy the interlayer sliding and tlieeformation of the matrix-eng
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et al.[51] also developed a ordimensional analytical model based on the rule of mixtures and the
sheafleg model, successfully predicting the peak stress in the first regime and the plateau stress
the second regime with different fabric volume ratios. The resulting composite achte%66%

increase in stiffness and dl87%increase in total energy to failure compared to the acrylic tape.

a b
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Figure2.13 Doublenetwork (DN) composite based on th@lyamide fabric mesh and VHB tapes

[51]. a) Schematic of the DN composite. b) Strsgain curves of the VNB tape, fabric mesh and

DN composite with test snapshots of the DN composite. ¢) Fabric mesh fragmentation inside the

VHB tape.

Cooperet al.[52] developed a doubleetwork compositefiber with a lowmeltingpoint metal

gallium as the reinforcement and an elastic polymer poly(stygtindene butylenstyrene)

(SEBS) as the matrigFig. 2.14a) The metal has a melting temperature around 30°C and can be
injected into the hollow SEBS fibewithout causing any distortion#fter the metal core
transforms into the solid phase, the stiffness of the composite is drastically inc@asedhe

metal core breaksy polymer bridge is formed arabntinues to carry the loa&ince the force
required to break the metal core is less than that to break the polymer bridge, the shear stress
between the core and the shell induces the repetitive andhsiefjbesaking of the metal co(Eig.

2.14b) OLNH WKH EUHDNLQJ Rne bke&kiny df theFmebaloke Rl Gthdining of the
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polymer bridge results in a stress plateau on the tensile curve of the composite fiber (Fig. 2.14c),

effectively ircreasing the energy dissipation.

a Polymer shell c
«— Polymer shell Py Metal core J d
N |—— Metal core [ ‘( 81 — Metal core fiber

- ——— Hollow polymer fiber ;
6 - Composite fiber |
~ I
i FANESC PN Llx - '
Pol brid € :

olymer bridge —
D i ¢ o |
o 4 '
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" '
\Encasing polymer  Breakin metal core :
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0 2 4 6 8 10
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Figure2.14 Doublenetwork composite fiber with lmw-melting-point metal core and a polymer
shell[52]. a) Schematic of the composite fiber. b) Multiple breaks of the metal core inside the

polymer shell. ¢) Tensile curves of the metal core fiber, hollow polymer, Ebdrcomposite fiber.

Takéhashi et al. [53] molded an alloy with a low meltingtemperature around 60 into a
honeycomkshaped mesh and created a stiff and tough hydrogel composite (Fig. idbia). to

the onedimensional design i€ooperet al.fV Z BR),Nhe metal reinforcement significantly
increases the stiffness of the composite, and the multiple breaks of the metal reinforcement and the
straining of the matrix effectively increase the energy dissipéfign2.15b)One slight difference

is that, the muiple breaks of the metal core in Cooperl. 1V Z [32] &re induced by the shear

stress between the polymer shell and the metal core, while the multiple breaks of the metal mesh
in Takahashietal. TV Z B8] dre caused by the interlocking betwabe metal mesh and the

hydrogel matrix.

Although the low melting temperature of the metainforcemenin above studiesestricts the
engineering applicatianof the compositean amazing selfiealing propertywas achieved by
immersing the composite dar hot water (80°C) andemonstrated byakahashiet al. [53],

opening up new possibilities fanultifunctionalcomposits.
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Figure2.15Doublenetwork composite with a loamelting-point metal mesh and a hydrogel matrix
[53]. a) Optical images of the metal mesh and hydrogeposite. b) Tensile curves of the metal

mesh, hydrogel matrix, and composite.

King et al.[54] developed a doubleetwork composite using a 3@rinted plastic mesh as the
SVDFULILFL 2 ap E&gtdrReld iNatrficig. 2.16) The multiple breaks of thglasticmesh

are induced bwninterlocking mechanism similar to thatTakahashet al. vV Z [33).1$ince the

PHVK LV IDEULFDWHG E\ ' SULQWLQJ WKH 3VDFULILFLDO ER
different cross section areas, leading to different bond strengthfditeerthe stress plateau on

WKH FRPSRVLWHIV WHQVLOH FXUYH DQG WKH EUHDNLQJ VHTX
by designing the bond strengthithin each sacrificial section (Fig. 2.16alpng the meshrhe

resulting doublenetwork elasimer composite achieves a ~60 time increase in stiffness and a ~0.5

time increase in total energy to failure, compared to the neat elastomer.
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Figure 2.16 Doublenetwork compositevith a 3D-printed acrylatebasedplastic mesh and a
siliconeelastomer matrix54]. a) Schematic of the doubletwork composite. b) Tensile curves

of the plastic mesh, elastomer matrix and composite.

The comparison dfifferent bioinspired engineering design methoas @BHL is given in Table

2.1. Due to the drastic difference between the stiffness of the reinforcement and the matrix, the
doublenetwork method often leads to a significant increase in stiffness compared to the neat matrix
materia] while the enhancemerin total energy absorption is not as high as the stiffness
enhancemeniThe main reason is that the strength of the reinforcement has to be lower than the

strength of the matrix, otherwise the matrix would break after the first break of the reinforcement

DQG WKH VHTXHQWLDO EUHDNLQJ RI 3VDFULILFLDO ERQGV’

dissipating mechanisms in the maitself like referencg53], the hysteresis (the ratio of dissipated
HQHUJ\ WR WRWDO DEVRUEHG H Q[E1), 54]) Ras sigper BarrdShiely L W H
is brought by the elastic recovery of the matfikhoughthe elastic recovery of the matrix can be
useful in fatiguerelated applicationfb5], [56], it restricts the energy dissipation capability of the

composite.

ZF

a
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Table2.1 Comparison of different bioinspired engineering design methodsSEHiL.

Sacrificial SBHL Strength  Energy Ref
Method bond Hidden length Fabrication Material Scale increase  absorption
method at LQFUHDYV
EE Helically coiled Catalytic Stackedcup 20-200 nm N/A N/A [41]
interactions graphene sheet chemical carbon (fiber dia.)
vapor nanofibers
deposition
Physically Coiling loops Solventcast  PLA P ILE -29.00% 231% [15]
fused bod direct write dia.)
after solvent
evaporation
Thermally Coiling or Fused PLA 0.5 mm (fiber -40% up to 240% [16]
Single fused bond alternating filament dia.)
network _ after cooling  loops fabrication
Overhand Knotted loop Tweezer Caron nanotube 30 P 0% up to 2900%  [50]
micro slip- manipulation  microfibres (fiber dia.)
knot
Singleand Knotted loop Tweezer Raw silk and 12- P ~-32%to upto200% [49]
double turned manipulation degummed silk  (fiber dia.) 8%
slip knos
Thin fiber Thick fiber Dualextruder Polyion 0.2-0.4 mm N/A N/A [17]
3D printing complex (fiber dia.)
hydrogel
Fabric mesh  Viscoelastic Lamination - Polyamide 0.2 mm ~-53%to upto107% [51]
matrix fabric mesh (Mesh 23%
- VHB acrylic thickness)
tapes
Low-melting  Elastomeric Liquid metal - Gallium fiber 1.2 mm (fiber -56% 70% (at 450% [52]
point metal shell injection core dia.) strain)
fiber core - SEBS polymer
shell
Double Loyv-melting Hydr_ogel Liqu_id metal - LMT aII(_)y 0.5 mm -3% 51% [53]
network point alloy matrix casting (32.5% Bi, 51% (Mesh
mesh In, 16.5% Sn) thickness)
- PUMA and
PAAM
hydrogef
Plastic mesh  Elastomeric UV-assisted - Acrylate- 0.3 mm 4% 21%to51%  [54]
matrix material based plastic (Mesh
jetting 3D mesh thickness)
printing - silicone
elastomer

IStrength increasgé L :& F & ;oé, energy absorption increagg L :'. F'.;2"., where the
subscript s represents the structured fiber in singtevork methods and the composite material in
doublenetwork methods, the subscript n represents the straight fiber in-sgigterk methods
and the neat matrix material in doupletwork nethods.

2PUMA: poly(2-ureidoethyl methacrylateo-(methacrylic acid); PAAmpolyacrylamide.



24

2.3 Instability -assisted deposition

The Section2.3focuses on théheoretical and experimentstudesof athin viscousthread falling
onto a statinary surface (ligtid rope coiling) or a moving surface (flurdechanical sewing

machine), and their applications in materials manufacturing

2.3.1 Liquid rope coiling

When athin viscous threads depositedrom a certain heighantoa horizontal surface, the thread
coilsinstead of crusésonto the surface. This phenomenon is called liquid rope coiling, which was
first studied in 1958 by Barnes and Woodc{K]. The coiling motion isnduced by the buckling
instability of the thread under axial compressiés.shown in Fig. 2.17, The coiling phenenon

has been seen in many materials from purely viscous ones like [B8fhesilicore 0il[59], glucose
syrup[60], to purely elastic ones like an elastic [6d], or viscoelastic onebke sheasthinning

polymer ink[15] andmolten glas$62], [63].

a b

-ss

Figure2.17 Coiling phenomenon in various materials. (a) Hofie8j. (b) Silicone oil (PDMS)
[59]. (c) Glumse syrug60]. (d) Molten glas$62]. (e)Elastic rod[61].

Numerical modeling of the coiling phenomenorawmiscous threathighlights three types of force
that cause the bending and twisting deformation of the tljégddPer unit length of the thread,

the magnitudes of the viscous/|, gravitational Fg), and centrifugal inertiaF) forces[64] are

Gy ea¥74°8 (Ayéa¥ (ay éNT7°4°5 (2-3)
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wherer is the rope radius at the coiling regidtis the coiling radiusy) is the axial velocity, is
the kinematic viscosity of the fluidhree regimes of steady coiling were found depending how
these three forces are balanced, as shown in FiguBeThé coiling frequencie$4] at the three

regimes are

£ = o 7
i L— xaL@5A x L@-A (2-4)

where, 4 8 @slihe volume flow rate at the coiling region of the rdpés the deposition height.
Experimental measurements and numerical predictions of coiling frequencies under different

deposition height arghown in Figure 2.18.
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Figure 2.18 Dimensionless coiling frequenc@xL :& C°;° 7 versusdimensionless deposition
height & xL * :C &°;5 7[65]. Four regimes are showft) Viscous regimey & uxOx&x0 X & z
dimensionless deposition height (2) Gravitational regimé, Qx8xQ x &. (3) Inertio-
gravitational regimer & Ox8x0 xs&. (4) Inertial regime,AxP x&. The red curve is from
numerical prediction. The dotted segments of the a@weesentinstablesolutionsfrom numerical

calculations.
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In the viscous regime, gravity and inertia are negligilfle ( (a&(a, the coiling frequency is
independent ofigcosity, andthe velocity of the rope is fully determined the depositiovolume

flow rate Q. In the gravitational regime, inertia is still negligiblg (N (5 ( (A, the viscous and
gravitational forces are balanced. In the inertial regime, gravitegligible ( N (A ( (), the
viscous force is balanced by the inertial force. Between the gravitational and inertial regime, the
coiling frequency is determined by the force balancing along the long stretching part of the rope.
In this case, all thee forces should be involved to resist stretching. In thisadled inertio

gravitational regime, the coiling frequeni®6] is

< L %dA (2-5)

where,C is a constant determined numerically. The coiling frequency is proportiorgiHy's,
as shown by blue dashed lines in Figure 2.18.

2.3.2 Fluid-mechanical sewing machine

As a variant ofsteady liquid rope coilinga viscous threadafiing onto a moving belt, scalled
3I|OXAMBFKDQLFDO VHZLQJ PDFKLQH )060 ~ -Weébstel apd WisteDb OO\ V'V
[67]. They developed a simple experimental setup to investigate the diverse patterns in this
phenomenon. In their experiments, a fluid thread (syrup) with a kinematic viscasitydeposited

at a volumetric rat€ from a nozzle with diametetat a deposition heiglii, onto a horizontally
moving belt with velocityJo, as shown in Figure 21When the belt velocitio is very large, a
steady dragged catenaiy created after the fluid was extruded from the nozzid a stretched
straight patterns formed on the belt. As the belt velocity desessto a critical valueUc, a
backward heels created just before the thread hit on the ball a meandering patteshformed

on the belt. As the belt velocity contirate decreaseseveral intermediate patterns appasatil a
translated coiling patteris finally producedwhich can beexpected according to the steady liquid
rope coiling mentioned iBection2.3.1 Chiv-Webster and Listd67] developed a pure stretching
model without considering bending stresses of the viscous tw@al successfully predietl the

critical belt velocityUc under different deposition height
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Belt

H Scraper

Figure219 D 6FKHPDWflul-RHRMKKCHQEFDO VHZLQJ PDFKLQH™ E 7KUF
straight, meandering, and translated coil{6gd]

Ribe et al. [68] used a viscous rod model which takes the bending and torsional stresses of the
viscous thread into account, and found that the critical belt velocity is nearly identical to the vertical
speed of the viscous thread just before the thread hits on the thetieanorresponding critical
frequency is nearly identical to the coiling frequency in steady liquid rope coiling. Weklh

[69] further carried out extensive experiments on the evolution of various patterns between unstable
meanderingand periodic coiling. In their experimental setup, a side camera artthairdér was

used to capture the transverse and longitudinal motions of the thread at the same time, and an
indirect way was used to reconstruct the motion of contact point thragi¢dl dnage analysis, by
extracting cross points of the thread centerline and a horizontal line set just above the belt in the
image, as shown in Figure2®a. By Fourier spectra analysis of transverse and longitudinal motions

of the threadWelch et al. [69] categorizd different patterns according to their frequencies,

amplitudes and phase relationships, as shown in Fig2ob.2.
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Figure 2.20 Experimental setup for th&luid-PHFKDQLFDO VHZLQJ PDFKLQH ™ DQC
of different pattern§69]. (a) A 4% camera is used to capture simultaneoxsindy views of the

thread. The view shows the motion of the thread, whislparallel to the belt motion, while tixe

view captured in the mirror shows the motion of the thread which is transverse to the belt motion.

The horizontal line is used to determine the motion of the thread which is proportional to the motion

of the conact point. (b) From left to right: Fourier spectra for the meandering, alternating and
coiling pattern. Top plots are the reconstructed patterns on the belt based on the motion of the
thread. Inset plots are the reconstructed traces of contact point.

Brun et al.[70] developed a nonlinearumericalsimulationof FMSM using a Discrete Viscous
Rods (DVR) computational algorithfi?l] which accurately predicted various FMSM patterns
(Figure 2.21a The phase diagram as a function of belt velocity and deposition height from
simulation results agrees well with the experimental one. With DVR simulation resultstEdun

[72] developed a quasistatic geometrical model for FMSM. The geometrical model includes three
ordinary differential equations (ODES):
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NL ?K@F 8; Ex 2K® (2-6)
|
N &L OEéFé;F%OEﬁJ (2-7)
N A s ., 5 _a 4559 Oaax? ; & i )
2oL ANBAF 3 LE 5 @Epr st ZAOEAF 3, (2-8)

where,Vz is the belt velody, Uc is the steady coiling velocity: is the steady coiling radiusjs

the distanccEHWZHHQ WKH FRQWDFW SRLQW DQG WKHY% 3B OHYV U
angle betweeri&nd the direction of belt velocity, is the angle between the direction of belt
YHORFLW\ DQG WKH WU D F H i¥the/ddi@aluieaitheDodht&cRpQiNY &ldngvth& R L Q W
deposition tracg(s, t) as shown in Figure 2.21b. Equationssjzand @-7) are kinematic equations

which are derived from the quastiatic geometrical model for the deposition trace and thesion

boundary condition at contact point. Equatiof8f2s a curvature function fit from three variables

from DVR simulations: thealistancer, the curvature, the angle- ( %9 EHWZHHQ WKH WU

tangent at contact point arid

Numerical simulations 7

V/U.=0.28

20000

Figure 2.21 (a) Comparison between numerical simulations based on DVR algorithm and

experimental datg0]. The numerical simulations successfully reproduced nine out of ten different
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patterns observed from previous experimdii®. (A: Translated coiling; B: Meandering; C:
Alternating; D: Disorderfb) Schematic of the deposition trace with respect to the nozzle projection
[72]. Black line is he pattern on the belt and red linghs corresponding trace of contact point.
(c) Geometrical predictions for different patterns (green lines) comparedumtéricalsimulation

results (brown lined)72].

The solution tdequations (26) to (2-8) are three functionsNL NQ&d L 6:Q&a L a:Q.xand

y coordinates of the thread motion can be calculbyed
L NG ,?K®@:Q; EL QF (2-9)
|
WL NQ; ,OE3:Q;; (2-10)

where,i is the index in the numerical solutionEquations (26) to (28), with the value from 1 to

N, Shis to the last value &fin the numerical solution corresponding to the contact point at the final
step of calculation. The geometric prediction from thisdel agrees well with DVR simulation
results as shown in Figure 2.21c aheé geometrical modas muchsimpler with only three

ordinary differential equations

Due to the geometricaimilarity betweenthe elastic sewing machin€$M) and the FMSM,
similar methodologies have been adapted for experimental investifigtipnumerical simulation
[61] and geometrical odeling[75] of ESM.

2.3.3 Engineering applications

Liquid rope coiling has been adapteds&veralmanufacturing technologies such as 3D printing
and electrohydrodynamic procegegproducdunctionalstructuregor toughness eninaemenfl5],
[16], strain sensinf#16], [47], food printing[76] and tissue regeneratifpn/] applicationsVarious
complex structures such &elical [78] or looped[16] fibers anisotropic fabric§79], cellular

foams[80], and biomedical scaffoldg7] were achieved with the help of the coiling instability.

Jiaet al.[78] deposited the viscous threado a coagulating batfFig. 2.22a)instead of a solid
surface used in previous experimental investigations review8edgtions2.31 and 2.3.2After
falling into the coagulating bath, the coiled thread is rapidly coagulated by the bath solution. The

deposition of the viscous thread into a horizontally moving coagulating bath results in continuous
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helical fibers as shown in Fig. 2.22bhe resulting helical fiber shows a large extensibility of ~
160%. The increase in spinning height reduces the diamietee helical structure, leading to a
higher stress plateau on the tensile curve (Fig. 2.22c). Hollow helical fiber membranes were also
fabricated by this techniqy81].
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Figure2.22 Helical fibers based on liquid rope coilifi¢g]. a) Schematic of the fabrication process.

b) Optical and SEM images of the helical fibers. c) Tensile curves oftlealhfibers fabricated

under different spinning height.

Extrusiortbased 3D printing technologies often involve with a stieianing thread or a molten
thread. The fluitt instabilities onthese3D printershave been harnessed to prodwegious
functioral structuresGuoet al.[15] developed a solvertast direct write technologyp printfree

form structures with a thipolymer threadwhich solidifies after solvent evaporation. They
transformed the solvemast direct write 3D printer into a fluichiechanical sewing machine by
elevating the nozzle above the printing surféieig. 2.23a) Weakly fused bonds were formed at

the intersections of the coiling fibers after solvent evaporation. These weak bonds act as sacrificial
ERQGV XQGHU D WHQVLOH OR bnésDa3 howh iR Bitd . Wassiauketal.l LEH U TV
[16] reproduced the various FMSM patterns by harnessing the fluidic instability of the molten
polymer thread on an FFF 3D printer. They comparegatierns produced by the FFF 3D printer

and the patterns produtby Guoet al. vV P HMBK &e@onstrating the pattern slarity despite

the more than one order of magnitude difference in fiber diamdtags 2.23b).They also
demonstrated that fibers with various stiffness and toughness can be produced by simply
manipulating the speed ratio of extruding speed to platformmgapeed on a 3D printer (Fig.
2.23c). Wei et al. [47] replaced the PLA ink in Guet al.fV P HWHX Rie a conductive
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nanocomposite ink, creating a coiling fiber with a strain sensing capabilif)H FRLOLQJ ILEH
overall electrcal resistance showed a sieprease behavior under a tensile load, which was
believed to be related with the breaking of sacrificial bonds and unfolding of hidden I&figths
2.23d) Wu et al. [46] further improved the repeatability of the coilifiper strain sensor by
depositirg a conductiveself-healing nanocompositiread onto a stretchable elastomer substrate
(Fig. 2.23e) Due to the strong adhesion between the coiling fiber and the elastomer substrate, all
sacrificial bonds along the coiling fiber chreak at oncevhen thesubstrate is stretchecesulting

in the increase of the fiber resistance. As the elastomer substrate is unloaded, the coiling fiber
recovers its original shape and the fiber resistance is also recovered duesét-tiealing of
sacrificial bondsThe esulting sensor demonstrated a good repeatathifityigh 1000 cycled=ig.
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Figure 2.23 Looped fibers based on instabili@gsisted 3D printing. a) Schematic of instability
assisted solvertast direct write 3D printinflL6]. b) Different fiber patterns printed by instabitity
assisted fused filament fabrication (orange fibers) andbiigy-assisted solvertast direct write
(translucent fibers]16]. c) Ashby plot of the specific toughness to the apparent stiffness of
different fiber patterngl6]. d) Strain sensing performance of a coiling fiber with three [§6Qs

e) Schematic othe selfhealing strain sensor. The black segments represent the electronic
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pathways[46]. f) Cyclic test of the selhealing strain sens@ubjected to tensile loading and

unloading at a maximum strain of 104%®].

The layerby-layer fashion of 3D printig offers morestructural possibilitiesthan a one
dimensional fluidmechanical sewing machine. Yk al. [79] printed a bidirectional hydrogel
fabric with straight fibers along x direction and meandering fibers along y direction. The fabric
shows anisotropic prop&t under tensile loads (Fig. 2.24a). Liptmnal. [80] printed cellular
foams with various mechanical properteesl demonstrated the printing of cellular structure with
complex geometries by iradtility-assisted 3D printingFig. 2.24b) Brun et al. [63] printed an
architectured glass with coiling patterns by harnessing the fluidic instability of a molten glass
thread (Fig. 2.24c)n these exampleshe feature size of the predstructures exceeds the native
resolution of the B printer, benefiting from the harnessing of the fluidic instability of the printing

thread.

a 5
First layer

Delayed
stiffening

F(N)

— Direction x
— Directiony

Alternating patterns Coiling patterns

Figure 2.24 Instability-assisted 3D printing of multilayered structures. a) Bidirectional hydrogel
fabric with anisotropic tensile behavipr9]. b) Cellular structure$80]. c) Optical image and

computerized Xray tomography scanning image of-pintedglass with coiling pattern$3].
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The electric stress in a charged viscous thread accelerates and stretches the thread, breaking the
frequencyheight relationshighown in Fig. 2.18n a noncharged viscous thread and achieving
high coiling frequenies evenat a small depsition height[82]. The deposition of the charged
thread onto a horizontally moving platform results in similar coiling patterns to the fluid
mechanical sewing machif&3]. Li et al.[84] developed an electrocoilinguided printingsystem

and achieved the rapid switching between different FMSM patterns within one single wavelength
by controlling the voltage applied between the nozzle and the collecting plg&an2.25a and

b). Choeet al.[77] developed an electjetting process and printed scaffolds with controllable
microscale and macroscale pores for tissue regeneration applications. Their seadfeldsilt

with coiling loopsand exhibited sawooth patterns on the tensile curves (Fig. 2.25c), which were
probably attributed to the breaking of adhesions between coiling fibers and the unfolding of coiling
loops. The instabilityassistedelectrohydrodynaim processallows the fabrication ofnane or
microscale fibers at high deposition speed (0@ mm/s) showng a great potential ibuilding

complex fiber networks wittunable structures and properties.

a b
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Figure 2.25 a) Schematic of electrcoiling [84]. b) Rapid switch between coiling pattern and

meandering pattern through voltage confgdl]. c) OpticalandSEM imageof 4-layercore/shell
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scaffoldwith coiling loops, andensile curves ofhree 4layer scaffoldgall with coiling loops):
polycaprolactone (PCL) scaffold, PCL scaffold dipped in cellulose solution, core/shell scaffold
with PCL as the core and cellulose las shell[77] d) Melt electrowriting of overhang, branching

and scaffold structures based on layer shift8ig.

Fig. 2.20 and 2.21 indicate that thatureof the pattern formation in FMSIEs inthe instability
induced mismatch between the nozzle projection and the contact point. Hetmes camplex
structures can be achieved by a simple nozzle movement. Whesetefrthe abowenentioned
instability-assisted deposition processes focused on a speed ratio (of extruding speed to platform
moving speed) above one in order to produce meangder looped structure¥.uk et al.[79] and
Liashenkoet al.[85] investigated the case wh#re speed ratio is smaller than o¥ak et al.[79]
found that the threads stretchedand thinned before becoming discontinuolesading to a
possibility of achieving amaller printing resolution than the diameter of the notzéesshenkoet

al. [85] found that themismatchbetween thenozzle projection and the contact point leads to a
layershifting behavior during multilayer printin@ heytook the advantagef ¢his layershifting
behavior and built overhangranchingand scaffoldstrudures (Fig. 2.25d) with relatively simple

printing paths, unlocking new possibilities thie fabrication otomplex fiber networks.
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3.1 Problem identification

Instability-assistedfused filament fabrication (IFFFghows a great potential in introducing

microstructured sacrificial bonds and hidden lengths into a wide range of engineering materials to

achieve high toughness and multifunctionalities. However, the following issuesmogcthis

approach need to be solved:

x Premature failures of the fiber backbone often happen to-pFiREed PLA fibers with

sacrificial bonds and hidden lengths, significantly hindering the toughness enhancement.

Previous studies focused on toughening-dimeensional fibers byFFF, while most
engineering applications demand tdimensional or thredimensioml tough material
systens with multifunctionalities like lightweight and transparenoy handle various

mechanical loads such as static puncture anpact loads

It has been found that the sequential breaking of sacrificial bonds and unfolding of hidden
lengths increase the energy absorption of the {pifited microstructured fibers under
WHQVLOH ORDGV +RZHYHU WKH PacbropRsité\atériavgysteril G | L E +

remains unknow.

3.2 Research objectives

The main objective of this research is to develop {eigbrgy absorbing composites with

microstructured sacrificial bonds and hidden lengths basd&Fh The specific objectives are

presered as the following:

Deepen the understanding opremature failures of IFFF-printed PLA fibers with
microstructured sacrificial bonds and hidden lengths characterize the failure
mechanisms of microstructur@l_A fibers; analyze the local strain and stress along the
fiber during the bond breaking and loop unfolding process; find the root causes of premature

failures based on the local &in and stress analysisyestigate the influence of material
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and struatral properties on the failure behavior of microstructured PLA fibers; demonstrate

an effective strategy to avoid the premataitires

II.  Develop atransparent impactabsorbing composite based on IFFprinted fibers with
microstructured sacrificial bonds and hidden lengths print a fiber fabric with functional
microstiuctured sacrificial bonds and hidden lengths; improve the optical transparency and
reduce the haze of the composite; demonstrate the eabsgyption enhancement of the
composite under statmuncture and impact loads.

lll.  Investigate the toughening mechanisms of IFFprinted fibers with microstructured
sacrificial bonds and hidden lengths in a composite material systeroharacterize the
failure mechanisms of the composite with microstructurecersip investigate the
microstructured LEHUV Y LQIOXHQFH RQ WKH IUDFWXUH WRXJKQ'
the composite; compare the energypsorbing behavior of the composite with

microstructuredibers to the composite with nestructured fibers.

3.3 Coherence of articles

The main results of this research are presented in the form of accepted or submitedi@sed
journal articles in Chapter 4, 5, and 6, which completeabmementioned reseah objectived,

II, andlll, respectively.

Chapter 4ASUHV HQW V Rdiliie niechahism©di colling fibers with sacrificial bonds made

by instabilityassisted fused deposition modelingSXEOLVKHG LQ 6RIW ODWWHU DV
publication(DOI: 10.1039/C8SM01589A)n this workfive failure modes were definddr IFFF

printed coiling PLA fibers by mechanical tests, optical aBEM characterization. A nonlinear

finite element analysis was performed to simulate the breaking of sacrificids$ lamd unfolding

of hidden lengths along the fiber under a tensile load. Local strain and strea®aatalculated

from the simulation results toelp define the root causes of different failure modes of the fiber.

The structural and material effects the mechanical behavior of the coiling fiber were studied
experimentally and numerically. Both experimental and numerical results show thasdalge

plastic deformatiomf the materials indispensable for the breaking of more sacrificial bonds and

the full release of hidden lengths.
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&KDSWHU S U HV HsQiderweRvispide d) THaNdp&réntl Impaétbsorbing Composite

published in Cell Reports Physical Scienas a front cover publication(DOI:
10.1016/j.xcrp.2020.1002401n this work, polycarbonatdilament was chosento fabricate
microstructured fibex with sacrificial bonds in order to avoid premature failures of the fiber
backbone,GXH WR SRO\FDUERQDWHYV HJ[FHAHeQtMhaVfivdd faldriQ KD U G+
was printed byFFF. A facile fabrication process was developed for the transparent elastomeric
composite.The influence of theefractive indexdifference between the fiber and matrix on the

optical properties of the composieas investigated experimentally. Lexelocity impact tests

were performed on a fallindart impact tester to investigate the energy absorption performance of

the resulting transparent composites.

&KDSWHU SUHVHQWYVY WKH DUW LnkicPostru@ur8dlefnibQlas@eibdr® D VW R
ZLWK VDFULILFLDO ERQGYV DQG KLGGHQ OHQJWrKMS WWKKEPLWW
the failure mechanisms of the elastomeric composite with microstructured polycarbonate fibers
were characterized by tefesand static puncture tests. Fracture tests of the composite in the pure

shear configuration were performed to investigate the enhancement of fracture toughness and crack
growth resistance of the composite. Theeractions between crack propagation, bbrehking

and loop unfolding were studied to deepen the understanding of the toughening mechanisms. The
energy absorption and damage tolerance of composites with different fiber reinforcements were

compared in tensile and static puncture tests.
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Abstract

Instability-assisted 3D printing is a method for producing microstructured fibers with sacrificial
bondsandhiGHQ OHQJWKYV ZKLFK PLPLF QDWXUHYV WRXJKHQLQJ P
hierarchical structure increases the effective toughness of poly(lactic acid) (PLA) fibers by 240%

i LQ VRPH VSHFLPHQV 1HYHUWKHOHVV PRLQWASIHBIBLPHQV
of that of the benchmark straight fiber due to the incomplete release of hidden lengths caused by
premature failures. Here, we report mechanical tests and simulations of microstructured fibers with
coiling loops that identify the materialgstic deformation as being crucial to fully release the
hidden lengths. Without sufficient material yielding, high local tensile stress results from the
bendingtorsiontension coupled deformation of the coiling loop and induces crack initiation at the
fiber backbone during the loop unfolding process. On the other hand, the influence -of bond
breaking defect is found to be negligible here. Moreover, for a number of broken bonds beyond a
critical value, the accumulated elastic energy along the releasedridapss a high strain rate (~

1500 mm/mm/s) in quasitatic tensile test, which fractures the fiber backbone within 0.1 ms after

the breaking of a new bond. We also show a size effect in fused deposition modeling (FDM)
extruded PLA fibers, which resultsmgher effective toughness (~ 5 times the performance of the
straight fiber benchmark) in small coiling fibers (dia. = 0.37 mm), due to the better ductility in
bending and torsion than large fibers (dia. = 1.20 mm). The failure mechanisms of single
microdructured fiber presented here lay the groundwork for further optimizations of fiber arrays

in the next generation of high energlgsorption composites for impact protection and safety

critical applications.
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4.1 Introduction

Spider silk outperforms most syntleematerials in terms of specific toughnésgknis toughness

has been attributed to the unique protein structure in spider silk: stiff nanocrystals embedded in a
less orderly sersamorphous matrix which is rich inyirogen bonding.Upon stretching, these

weak hydrogen bonds act as sacrificial bdndisose early breakage releases thamgled protein

chains in the seramorphous domain. The breaking of hydrogen bonds and the unravelling of
hidden protein chains contribute tioe high extensibility and toughness of spider silk. Similar

toughening mechanisms are also found in bomacré and mussel byssus thred&ds.

Recently, the concept of sacrificial bonds and hidden lefgtitoughness enhancement has
inspired several experimental and numericat studies of structured fibers at the microscahés
hierarchical structure consisting of sacrificial bonds and hidden length is successfully implemented
by introducing slip knots’ or weak seHadhesion®!! into natural or synthetic fibers. However,
premature failures which cause incomplete release of fiber hidden length are also found in these
studies, resulting in an occasional overall toughness decrease. ®uAdound that a too tight
overhand loop knot in silk fiber can lead to early fiber failatghe knot entrance, leaving the
hidden length unreleased. They further optimized the knot configuration and achieved the full
UHOHDVH Rl WKH ILEHU KLGGHQ OHQJWK UHVXOWLQJS LQ
andup to 3000% in carbon nanotube microfifersth one single noose knot. Passieixal®
introduced weakly fused bonds as sacrificial bonds into poly(lactic acid) (PLA) fibers with coiling

or alternating loops by instabiltgssisted 3D printing. They fountthat the fiber backbone
sometimes fails early before all hidden lengths are released. These premature failures result in the
large scatter in the toughness values of microstructured fibers. The toughness of the
microstructured fiber is sometimes as low28%6 of that of the straight fiber. They attributed these
premature failures to the cusp formed during the loop unfolding process and the surface defect left
by bond breaking. Koeblegt all! found similar hierarchical structure with coiling loops in
loxosceles silk. They supposed that the cusp and-bmraking defect can be avoided by the
slender ribbon struate and silkto-silk adhesion in loxosceles silk, instead of the cylindrical fiber
structure and physically fused bond in Passeld. 1V ZRUN +RZHYHU SUHPDWXUH
found in loxosceles silk to inhibit the hidden length from being futheased, resulting in the
VWUXFWXUHG ILEHUVY RYHUDOO WRXJKQHVV EHLG®GARRQO\

s

s
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attributes these premature failures to material imperfections and incorrect test conditions.
Nevertheless, the mechanics behind these premature failures in microstructured fibers with
sacrificial bonds is still unclear.

Expected
FI 4 - 9 - 4 —+ failure

L a B
Y Premature
%“I 4 - 4 - failure = = = =
h " ~ a

> d _ 1
Bond [} breaks Bond o breaks Fiber backbone breaks

Displacement

v
\
-
Force

Figure4.1 a) Schematic of the IFDM. The ratio of the filament extruding sp&etb the belt

moving speed/s dictates the fiber pattern on the belt. The ratio of the deposition heighthe

fiber diameterd dictates the size of the loop. Sacrificial bonds are formed via fusion at the
intersections in the coiling pattern after the polymer is solidified byiregob) The produced

coiling fiber has a constant hidden lendithwhich can be released by the breaking of sacrificial
bonds () in uniaxial tensile test. c) Schematic comparison of the tensile test sequences and
force-displacement curves between expécfailure (blue solid line) and premature failure (red
dashed line). In expected failure, sacrificial bondend break one by one, resulting in a saw

tooth tensile curve. The ultimate axial tensioning after all hidden lengths are released breaks the
fiber backbone, leading to high energy absorption indicated by the blue area under the tensile curve.
In premature failure, the fiber backbone is broken during the unfolding process of, loefore

bond . breaks. The truncated tensile curve displays redlfiber strength and energy absorption.

In this article, we use the instabiliassisted fused deposition modeling (IFDM) technique
developed by Passiex al1°to fabricate microstructured fibers with sacrificial bonds. As shown

in Fig. 4.1a, the molten PLA filament is deposited in ambient conditioo antnoving belt. The
ILODPHQW VZLQJV DQG FRLOV RQ LWVHOI GXH WRfliidd VLPLOD
mechanicadf / molten glas¥ VHZLQJ PDFKLQH" $IWHU WKH SRO\PHU LV °
weakly fused bonds are formed at the intersections along the Figer4(1a). As described by

Passiewet all® these bonds,e. ERQGV . B &b, act@s sacrificial bonds in uniaxial

tensile test. They are supposed to break one by on@deada sawtooth tensile curve as shown
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in Fig. 4.1c. The area under the tensile curve represents the energy absorption contributed by the
breaking of bonds and the unfolding of corresponding loops. The premature failure, in which the
fiber backbone fratV X UHV EHIRUH ERQG . EUHDNV UHGXFHVetLEHU V\
al.!%found that the failure modes are different with respectatctdire time and location due to the
interrelation between the varying slenderness with fiber patterns and the number and strength of
sacrificial bonds. Among their specimens, those with a coiling pattern exhibit varieties of failure
modes and the lowestughness value. Therefore, we purposely select these underperforming
coiling pattern fibers to understand their failure. We do so by fixing the ratio of the filament
extruding speeWe to the belt moving speeds (Fig. 4.1a). The relative strength of therms to

the fiber backbone is kept constant in two coiling fibers at different scales (largedfibér20

mm; small fiber:d = 0.37 mm) by fixing the ratio of the deposition heightio the fiber diameter

d (Fig. 4.1a). We systematically categorized tFalure modes of coiling fibers by testing
specimens with varying number of sacrificial bonds. Complementing this experimental study, we
performed nonlinear finite element analysis (FEA) in order to find the root cause for each failure

mode.

4.2 Results and dscussion

According to the differences in fracture time and location among coiling fiber specimens in uniaxial
tensile test, we categorize five failure modes: axial, bending, torsional, bond and dynamic failure.
In axial failure, the coiling loop is unfoddl and fully straightened until the fiber breaks in the
middle of the loopKig. 4.2 [i]). Apparent necking is observed at both fracture efras é.22

[ii]). The fracture surface shows extended polymer tongues which indicates a large amount of
plastic &eformation Fig. 4.2a [iii]). In bending failure, the fiber also breaks in the middle of the
loop (Fig. 4.2 [i]). Compared to axial failure, the crack in bending failure initiates much earlier
from the cusp at the top of the loop. Typical butterfly pattn be seen on the fracture surface
with stress whitening at the two sidésg. 4.2 [ii]). Similar extended polymer tongues as in the

axial failure are also found at the bottom half of the fracture surfage4.2 [iii]).

In torsional and bond faite, the fiber does not break in the middle of the loop but ndagit4.Z
[i] andd [i]). In torsional failure, the fracture shows a spiral patt€ig. 4.2 [ii]) which indicates

that the fiber breaks due to the maximum tensile stress under torsion. Smooth crack initiation region
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with crazing and rough crack propagation region with hackles can be seen on the fracture surface
(Fig. 4.2 [iii]), which indicatethe brittle nature of the fractuteIn bond failure, a similar spiral
fracture pattern is observe#ig. 4.2 [ii]). The fracture plane is found right across the surface
defect lef by the bond breaking, which would suggest that the defect might have played a bigger
role in this fracture. However, the scanning electron microscopy (SEM) image shows that the crack
initiates not from the defect, but from a pigment aggregate insidbtre(Fig. 4.2 [iii]). This
indicates that in this case, the fracture is more likely caused by a combination of the flaw and the

maximum tensile stress, but not the bdmdaking defect.

i |
./Oms ’.... w

I 1200 ms

m ‘m. ﬂ'

11 Stress w lntemng

Bond*®
breaking
defect

Figure4.2 Failure modes observed from uniaxial tensile tests of coiling fibers: ajidd€¢nding

(a), torsional {), bond @) and dynamic«() failure. Each failure mode is characterized by: (i)
sequential camera captures of the unfolding process after the breakiogfaiaiabond. Time

zero is defined at the breaking of sacrificial bond; (ii) microscopy images of the fracture pieces;
(i) SEM images of the fracture surfaces. All specimens shown here are from the large fiber with
a diameter of 1.20 mm, except the esencaptures of dynamic failure, which are from the small

fiber with a diameter of 0.37 mm for the sake of convenience in shooting with high speed camera.

Scale bars are 5 mm in (i), and 0.5 mm in (ii), (iii).
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The dynamic failure is different from all tladove failure modes in terms of the fracture timescale
after the breaking of sacrificial bond. In the above failure cases, the fracture of the fiber backbone
happens at least 930 ms after the breaking of a sacrificial bond during the unfolding prodess. Whi
in dynamic failure, the fiber backbone breaks within only 0.099 ms after the breaking of a sacrificial
bond Fig. 4.2 [i]). The fiber breaks at a similar location as in bending failure, but has a more
brittle appearance. No material distortion is obssdmear the fracture surface and the two fracture
pieces fit with each other perfectl¥¥ig. 4.2 [ii]). On the fracture surface, the smooth crack
initiation region suddenly translates to the rough crack propagation réggm (2 [iii]), which

indicaies a sharp increase of stress and crack propagation‘$peed
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Figure4.3 The breaking of sacrificial bonds in two coiling loops under uniaxial tension from linear

elastic FEA (blue dotted line), multilinear plastic FEA (red dashed line) and tensile test (grey solid

line). Thebreaking sequence of sacrificial bonds in the FEAs is set the same as that in the tensile
WHVW ILUVW ERQG WKHQ ERQG . 7KH IRUFH WKUHVKROG 1|
WKH VDPH DV WKDW LQ WKH WHQVILORWER®G . 7KHRUQERQGL
are obtained at five given apparent strain values. The color gradient represents the magnitude of
von Mises stress in the FEA contour plots. The FEAs and test results here are all for the large fiber

with a diameter 01.20 mm.

In order to understand the failure mechanisms of the coiling fiber, we performedtpi@siFEA

of two coiling loops under uniaxial tension. First, to explore the effect of material characteristics
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on structure behavior, we compared the bondking process of the coiling fiber with two
different material models: linear elasticity and multilinear plastickyg.(4.3. In order to
compensate the difference in gauge length between tensile test and simulation, we define an
apparent strain a®= 0 /lo 7 Z K H Ud+thé axial displacement ahgds the initial length
RI WKH FRLOLQJ ILEHU EHWZHHQ WKH Bigy 43 ¥YredksHth& ¢dbingV KH 1L L
fiber is stiff as the hidden lengths is bypassed by the load path. ieo#iastic and plastic FEA
overestimate the stiffness of the overall structéig.(4.3inset). This is probably due to the fiber
slippage in the grips during the tensile test, or the imperfect modeling of sacrificial bond via rigid
surface constraintiwWKH VLPXODWLRQ $IWHU ERQG EUHDNV WKH SX
RI KLGGHQ OHQJWK ORRS 7TKHQ WKH IRUFH LQFUHDVHV D
elastic FEA overestimates the pulling force and thus predicts the breakirgregxhbond (bond
VLIQLILFDQWO\ HDUOLHU WKDQ WKH SODVWLF )($ $IWHU E
share the same amount of deformatiBig (4.3 contour plot at0 = 102% in the elastic FEA) due
to the recovery of elastic strain aloM@ RR S 8QGHU IXUWKHU VWUHWFKLQJ
similarly to a coiled elastic sprihg'® due to the absence of plastic deformation in the elastic FEA.
+RZHYHU LQ WKH WHQVLOH WHVW ORRS . DQG GLVSOD\ XQF
Rl ER @iG. 4.3 D'W 188%). This indicates a large amount of plastic deformatiomabmp
ZKLFK FDQQRW EH UHFRYHUHG DIWHU WKH EUHDNLQJ RI VD
RI WKH GHIRUPDWLRQ RI WKH WZR ORRSV DIWHU WKH EUHDNL
result. The two loops behave very differentlyrfrohe coiled elastic spring® due to the plastic
strain accumulated along the loops each time after the bond breaks. Even though some loops, like
W KH O RFR.St3 dxgerience cyclic loading, fatigtfés not considered here, because the fiber
breaks within the last unfolded loop in 157 out of 160 failure cases observed in this work.

The plast FEA is in quantitative and qualitative agreement with the tensile test in respect of the
bond breaking, the reaction force and unfolding geometry of the coiling Fogp4(3. Wehence
calculate local curvature, as well as shear and axial straiesl@tgn details are illustrated kig.

4.7) along the fiber to further analyze the variation of fracture time and location in test specimens.
In order to simplify the analysis, we define an unfolding percentage of the hidden length in each
coiling loop &p = 100 xs/ I, wheresis the axial displacement after the breaking of corresponding

sacrificial bond andh is the hidden length. The hidden length of each coiling loop is considered
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constant in all test specimens.Aig. 44D W KH | L E Hforsefand LDfélthny pektentage at
break for all failure modes are superimposed on a schematic representation of the force
displacement curve of one coiling loop from axial failure specimekign4.4 - d, the fracture
location along the coiling loop anohfolding percentage at break are plotted for each failure mode
DIJDLQVW ORFDO FXUYDWXUH VKHDU DQG D[LBi@AMWHREDLQV DC
superimposition of statistical test data of failure modes on simulation results enablesalyze

the influence of different deformation components on each failure mode. Since the large fiber
provides more comprehensive experimental data on each failure mode than the small fiber, only
simulation and test results of the large fiber are ptesein Fig. 4.4 Due to the geometric
similarity, the small fiber is expected to have the same local strain as the large fiber at equivalent
location along the fiber in the static simulation.
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Figure4.4 a) Distribution of the five failure modes in coiling fibers illustrated by failure points
overlaid on a representative fordesplacement curve of a single coiling loop. Failure points are
defined as the final break of fibbackbone from the following failure modes: axig), (bending (

A), torsional {), bond @) and dynamic«) failure. For bending failure, crack initiatiod)(and the
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following force curves (blue dashed lines) are also marked. Local b) curvature, c3tshiead)

axial strain calculated from the multilinear plastic FEA are used to explain the fracture location of
each failure mode along the fiber during the unfolding process. Arc leagtihcalculated based

RQ WKH ORRS . LQ WKH nvthé & 2nl.LTReboAdr@aking \defe@d locdtes at

La=3.12 and 20.31 mm. All failure points here are for the large fiber with a diameter of 1.20 mm.

After the breaking of a sacrificial bond, the pulling force rises rapidly mainly due to the increase
of curvature in the middle of the loop. As the unfolding process proceeds, although the curvature
continues to increas€ig. 4.4), the pulling force reaches a short plateau afeaceeds 20%Hg.
4.4a). From the FEA contour plots with equivalent unfol@ J S H U F H'G \MBR8)RhFi@ W3 0
it can be seen that the middle of the loop has reached the tensile strength of the ntatev&lg7
Fig. 4.8. Material yielding in the middle of the loop slows down the rate of increase of the pulling
force. A this stage, the bendirdpminated deformation of the coiling loop leads to high tensile
stresses. This induces crack initiation at the top of the middle Fogp4( 2, att = 930ms), giving
rise to a sudden drop on the pulling force cuikig.(4.4,A and blue dashed lines). As the crack
propagates, the remaining material in the middle of the loop continues to carry the load. Further
stretching straightens the two broken loop pieces, causing the force to increase even after the crack
initiation. Inthe end, the final fracture of the fiber in bending faill¥ig (4.4,4) happens gb =

i ZLWK D UHODWLYHO\ ORZHU IUDFWXUH IRUFH FRPSDL

curve.

After p exceeds 50%, shear strain increases rapidly in the eniddhe loop Fig. 4.4). However,

the fiber in torsional failureFig. 4.4, ©) never breaks in the middle of the loop. Large material
distortion is observed in the middle of the loop in SEM images of the torsional failure specimen
(Fig. 4.%). This indcates a large amount of plastic deformation which may prevent the crack
initiation as in bending failure. The fiber in torsional failure can break at either side of the loop
around 5 to 8 mm away from the middked. 4.4, ,La=4to 7 mm and 17 to 26m). The fiber

in bond failure breaks at similar unfolding percentageg. 4.£,m, p i ZLWK WKH
fracture location restricted around the bdmdaking defect.



48

Crack
s initiation
s

P aclength along the fiber L, (mm)
Figure4.5 lllustration of thecrack initiation in torsional and bond failure due to high local tensile
stress: a) SEM images of torsional failure specimen showing large material distortion in the middle
of the loop. Fractures of b) torsional failure and c) bond failure specimen anactdrized by
sequential camera captures and SEM images. The relative location of crack initiation region with
reference to the bordreaking defect in both failure modes can be seen in the SEM images. d)
Contour plot of one coiling loop @t= 80 % fromthe plastic FEA. The color gradient represents
the magnitude of the first principal stress. Csssstional contour plots of the fiber are shown at
La=15.63, 18.05, 19.27, 20.47 and 23.63 mm along the loop. The inner side of the beam element
atLa = 20.47 mm corresponds to the behdeaking defect. The fracture location along the fiber (at

La =12 mm to 24 mm) are shown byfor torsional failure ane for bond failure. Both torsional
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and bond failures can be attributed to a large region of textisles. Scale bars are 5 mm in camera

captures and 0.5 mm in SEM images.

In order to understand the fracture in torsional and bond faikige 4.5, c), the distribution of

the first principal stress across the fiber section is given at selected lsatog the fiber gi =

80 % inFig. 4.5. AsLaincreases from 15.63 mm to 23.63 mm, the first principal stress reaches
the maximum 70.5 MPa near the top surface of the fiber. It can be seen that this maximum stress
region across the fiber section isatélely larger at.a = 17 to 21 mm than other places along the
fiber. This corresponds well with the distribution of the fracture locations along the fiber in
torsional failure Fig. 4.5, «) and bond failureKig. 4.5, m). Also, the location of the maximm

stress region within the fiber cross sectibig( 4.5, atLa = 18.05, 19.27 and 20.47 mm) perfectly
matches with the crack initiation region in SEM images of the torsional falfige4.9 [ii]) and

bond failure specimer{g. 4.% [ii]). This indicates that the fiber fails due to the maximum tensile
stress in torsional and bond failure. This also reinforces our previous speculation about the
insignificance of bondbreaking defect in bond failure based on fractographic analysis. Therefore,

if the fiber avoids the bending crack by sufficient material yielding in the middle of the loop, further
stretching results in two growing maximum tensile stress regions along the fiher ato 7 mm

and 17 to 21 mm. These tensile stress regions are generdkteddoynbination of bending, torsion

and axial tension. The crack in torsional and bond failure initiates from the largest maximum stress
region, then propagates through a spiral pattern due to the torsional strain along the fiber. This
explains the spirafracture morphology in torsional and bond failure. Since the size of the
maximum stress region is similar frdra= 3 to 7 mm and 17 to 21 mm along the fiber, the crack
always initiates at the weakest point. This is sometimes contributed by a flaw,ssactobor
pigment shown ifrig. 4.5 [ii]. This maximum stress region leads to the large variation of fracture
location in torsional and bond failure. The hidden length is fully released wieaches 100%.

The pulling force increases rapidly due to thasioning of the fiber backbone. The final axial

failure (Fig. 4.4, x) happens in the middle of the loop, where the maximum axial strain locates.
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Figure4.6 Comparison of the failure behavior in a) two geometrically similar coiling fibers with
different diameters: 1.20 mm (in black) and 0.37 mm (in red). b) The number of actually broken
bondsny in both large and small fibers varying with different initialnmer of bondsy in the

uniaxial tensile tests. The error bar stands for the standard deviation based on a sample size of 10
for each data point. The proportion of axial (grey), bending (blue), torsional (yellow), bond (red)
and dynamic (green) failuresdhlarge and d) small fibers varying with differente) SEM images

of the fracture surfaces in axial (i), bending (ii) and dynamic (iii) failures of the small fibers. Scale
bars are 0.2 mm. f) Comparison of the unfolding geometries and apparenssagssurves of

the large (black lines) and small (red lines) fibers with two coiling loops. The oscillations on the
red curves are due to the vibration of the 5 N load cell induced by the bond breakage. Scale bars
are 5 mm. g) Comparison of the enginegrstressstrain curves, test sequences and -pest
microscopy images of the large (black lines) and small (red lines) straight fibers in thpdimtee
bending test. At the bottom of the fiber where the bending stress is maximum in tension, the large

fiber specimens either show sharp crack or large plastic deformation (corresponding to the black
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solid and dashed lines respectively on the sts&sin diagram), while all the small fiber specimens
show large plastic deformation. All strestsain curvesrom ten specimens for each fiber are
shown in the plot. Besides the three representative curves, other curves are shown in gray or pink
for the large and small fibers respectively to show the measurement deviations. Scale bars are 5

mm in camera captureand 1 mm in microscopy images.

The probabilities of different failure modes are also found to be related to the size of theéidiber (

4.6a, b) and the number of sacrificial bondsn test fibers Fig. 4.@ - d). In large fibers, axial

failure happen®only when there is one bond in the test fibeig( 4.&). As n: increases, the
proportion of bending failure decreases, probably due to the less strict lateral constraints associated
with the existence of more loops. The average number of actually bookelsn, stays around

two (Fig. 4.6, black solid line). However, different results are observedgaeometrically sintéar

coiling fiber with a smaller diameter (0.37 miig. 4.6 in red). All test bonds can be broken when

Nt Fig. 4.6, red dashedrie). The fracture surface of axial failufeid. 4. [i]) shows very
similar necking characteristics to those of the large fibay. @.2a [iii]). Bending, torsional and

bond failures are almost absent in the small fiber, except for one bendingdageraty = 4 (Fig.

4.6ed), which is probably caused by the pigment aggregate in the crack initiation region on the
fracture surfaceHig. 4. [ii]). In order to investigate the difference of the failure behavior between
the large and small fibers, bendifailure atn; = 2 in the large fiber is chosen to compare with the
small fiber inFig. 4.6. The two fibers show very similar apparent stresain curves and bond
strengths, which is attributed to the savied Vg andH / d ratios kept in their fabrication. Due to

the geometric similarity, we have / s=ds/ d., where is the fiber curvatured is the fiber
diameter; the indices L and S stand for the large and small fiber, respectively. Therefore, the
maximum bending stss at the top of the loop= ( G 2 is the same for the large and small fibers,
assuming a constant Young's modutus both fibers. However, the crack initiates in the large
fiber, but not in the small fiber~{g. 4.6). This indicates a size effedFRQFHUQLQJ WKH
ductility, despite the fact that in uniaxial tensile tests, large and small straight fibers exhibit
identical behaviorKig. 4.9.

In order to further understand this size effect, we performed-guie¢ bending tests on the large
and small straight fibers under the strain rate (0.33 mm/miangs,4.1@&) which corresponds to

what the middle of the loop experiences during the unfolding prodésseaghe large and small
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straight fibers behave identically in tensile tdsig( 4.9, they differ in ductility in thregoint
bending testKig. 4.63). Six out of ten large fiber specimens show bending cracks at the bottom of
the fiber around the engineering strain of 0.2, while all ten small fiber specimens survive until the
engineering sain of 0.35 without any visible cracks. The small difference in crystallinity (large
fiber: 2.5%; small fiber: 1.1%Fig. 4.1 might account for this size effect. Compared with the
large fiber, the relatively faster cooling rate in the small fiber &ké&usion leads to two times
lower crystallinity and thus more amorphous structure with higher ductility. Another possible
explanation for this size effect is the strain gradient plasticity ttf@dnytension, the fiber has a
uniform strain distribution within the cross sectional area, while in bending and torsion, the strain
IS maimum at the surface but zero along the neutral axis, resulting in a strain gradient. The strain
gradient enhances material hardening, which has been also observed in polymers such as epoxy
and polycarbonat& Hence, the greater strain gradient makes the small fiber more ductile than the
large fiber in the threpoint bending test. We are led to believe that the higher ductility prevents
bending, torsioal and bond failures in the small fiber, resulting in more broken bonds than that in
the large fiber.

After ny o WKH VPDOO ILEHUV DOZD\V n,bround 4@igGA®,DIPTHs IDLO XU
indicates that dynamic failure is somehow related to the number of already broken bonds in the test
fiber. Recollecting fronfFig. 4.2 [i], in dynamic failure, the newly releasing loop is suddenly
retracted due to the springback of previousifolded loops after the breaking of a sacrificial bond.
$FFRUGLQJ WR WKH VLPXODWLRQ WKLV VSULQJEDFN LV DOV
loop retraction after the breaking of a sacrificial bond in the elastic FEA is much largerdhan th

in the plastic FEA. Therefore, we think that dynamic failure is triggered once the accumulated
elastic energy along previously unfolded loops reaches a critical value. The inducing retraction
causes a local strain rate as high as 1492 mm/nhig/s4.1@) on the top surface in the middle of

the newly releasing loop, which fractures the fiber backbone immediately. That is the reason why
both the fracture surfaces of the sm&l( 4.6 [iii]) and large Fig. 4.2 [iii]) fibers in dynamic

failure show a Isarp transition from the smooth crack initiation region to the rough crack
propagation region.
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4.3 Conclusion

Simulation and experiment both indicate that material yielding is indispensable to fully release the
hidden length of the coiling fiber. If materiaklding is insufficient along the fiber throughout the

loop unfolding process, the fiber backbone will fracture at or besides the middle of the loop due to
high local tensile stress, resulting in bending, torsional or bond failures. After the breaking of a
certain number of bonds, the accumulated elastic energy along the already unfolded loops will
induce a high strain rate recoil that fractures the fiber backbone immediately in the middle of the
loop. The influence of bondreaking defect is found to begirgible in the coiling fibers tested

here. A size effect concerning the ductility in bending and torsion is also found irexDitled

PLA filament, which has profound implications for FDM 3D printing. The maximum number of
sacrificial bonds which can kel broken in tensile tess three in the small PLA coiling fibers
tested herefig. 412 UHVXOWLQJ LQ DQ HIIHFWLYH WRXJKQHVV

the straight fiber benchmarkidble 4.}. In order to further improve the toughness, mater
selection is as essential as the structure optimization, just as the damage tolerance property of spider
web comes from the integration of structure and the nonlinear material behavior of spfder silk
FDM with continuousfiber reinforced polymé? 2% provides new opportunities tedelop a good
material candidate for microstructured fibers, utilizing ductile polymer matrix and strong
continuousfiber reinforcement. With the understanding of the failure mechanisms of a
microstructured fiber in tension, we will be able to furtherrope fiber arrays in composites or
cellular structure for high energy absorption and damage tolerance properties.

4.4 Methods

4.4.1 Instability -assisted fused deposition modeling

A PLA filament (MakerBot PLA Yellow) was extruded through the printing head of a MakerBot

3D printer onto a conveyor belt. The filament was was fused at@30 the heater block, then
extruded out of the nozzle. Two nozzles with different diameters (0.amdmk mm) were used in

this paper. An open source 3D printing software ReplicatorG was used to control the speed of the
stepper motor. In order to achieve stable deposition, the stepper motor was set at 2 rpm (revolutions
per minute) and 8 rpm for the srhahd large nozzle, respectively. This led to the volume flow rate
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of 2.53 mni/s and 10.5 mrs, respectively. Due to die swell, the extruded polymer threads had
diameters of 0.37 mm and 1.20 mm, respectively. Geometrically similar coiling fibers were
fabricated atve / Vg = 3.71 andH / d= 11. The straight fibers were fabricated/af Vg = 1 andH
/d=11.

4.4.2 Uniaxial tensile test

Uniaxial tensile test of the coiling fiber was performed on an electromechanical machine (MTS
Insight 50 kN) in ambient environment. The fiber was clampitd a constant force of 100N at

both enddy a pair of pneumatic grips (TestResources G94) withrgoressure of 100 psi. The
crosshead speed was 500 mm/min. Forces were measured with 5 N and 100 N load cell for the
small and large fiber respectively. Coiling fibers with 1 to 8 loops were tested, with 10 repetitions

each for both small and large fibers

4.4.3 Three-point bending test

Custommade acrylic fixtures were used for the thpeént bending test of straight fiber on the

MTS Insight machine. The diameters of the loading noses and supports are 0.8 mm and 2 mm for
the small and large fiber respectiveline spans are 3 mm and 10 mm, respectively. The small and
large straight fibers were cut into 5 mm and 16 mm long pieces. Reaction forces of the loading
nose were measured with 5 N and 100 N load cell, respectively. The crosshead speed is 84.8

mm/min forthe small fiber and 275 mm/min for the large fiber.

4.4.4 Finite element analysis

The geometrical data of the coiling fiber was generated in MATLAB via digital image analysis and

then imported into ANSYS to create the measbnlinear FEA was adopted to simulate bond

breaking and loop unfolding process of the coiling fiber under tension, with both elastic and plastic
PDWHULDO PRGHO ,Q WKH HODVWLF )($ WKH ILEHB3LVY DVVX
*3D DQG 3RV ViR3IBIVthe plasticBA, multilinear isotropic hardening plasticity and

von Mises yield criterion were used to create the constitutive law, which was calibrated based on

the uniaxial tensile test of straight PLA fib&id. 4.8. The elastic FEA modeled the fiber with 3D
beamelement (BEAM189), while the plastic FEA utilized a besofid assemblyHig. 4. 7). Solid
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elements (SOLID186) were used in the middle of the coiling loop in order to avoid the convergence
difficulty caused by beam elements under large inelastic deformdtie to torsional loadim}

The fiber segment modeled by solid elemesitared the same diameter as the one modeled by
beam elements. They were connected by rigid surface consfriaiftoth elastic and plastic FEA,

the sacrificial bond was modeled by a 3D beaarbeam contaéf with the multipoint constraint
(MPC) approach which constrained three translational degrees of freedom of crossing beam
elements. The simulation was conducted in a displacecositolled manner. A force threshold
criteriort was used to break sacrificial bonds. The displacement was incrementally applied at the
pulling end using a dtoop in ANSYS Parametric Design Language (APDL). The reaction force

at the pulling end was examined in each step. Once the reaction force réectieéshold, the

MPC contact elements were deactivated by the program, simulating the breaking of the sacrificial
bond. After the death of the MPC contact elements, the incremental displacement continued to be
applied on the model and the simulatiortaged based on the solution from the previous run. The

breaking sequence and force thresholds of sacrificial bonds were set exactly as in the test.
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4.5 Supporting information

4 5.1 Local strain calculation

The plastic FEA utilized a beasolid element assembl¥i@. 4.7). Solid elements were used in

the middle of the coiling loop in order to avoid the convergence difficulty caused by beam elements
under large inelastic deformation duettwsional loading® Since the solid element does not
provide direct crossectional outputs for curvature, torsional strain and axial strain along the fiber
like the beam element does, we extract nodes dispidsnirom each load substep in the
simulation and calculate local strains along the fiber during the unfolding process. Results at the
unfolding percentage of 80% are shown here as an example. For the curvature, the trace of center
nodes Fig. 4.7a) in sold elements is rebuilt in MATLAB. A circle is fitted to every three adjacent
points along the trac&.The apparent curvature is calculated as the inverse of the radius of the
circle. The bending curvature(Fig. 4.0, red markers) which correlates with the bending stress is

calculated asi L &5 F §; where i is the corresponding initial curvature of the fiber center line.

The ascalculated is equivalent to¥ 88 E 83 (Fig. 4.D, blue markers), wherésand &sare
element outputs for the bending curvature about the Y and Z centroid axis of the beam element.
The shear strairtis calculated based on the corner angle of the surface Figsh.(&): UL & F

ay whee &, is the angle on the deformed mesh, &g the angle on the initial mesh. The shear
strain at eacha is averaged by 40 values around the circumfererice 4.%). The ascalculated

Us equivalent toNJs,(Fig. 4.7, blue markers), where\ls the fiber radiuss,is the element

output of torsional strain from the beam element. The axial strain is calculatd all F I K

where His the length between two adjacent center nodes after deformif®the initial length

The ascalculatedYis equivalent to the beam element output of axial strain. Discontinuities exist

in all three local strain results at the transition from beam element to solid element. This is caused

by the rigid surface constraint which is necessargssemble beam and solid element.
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Figure4.7 Local strain results calculated from beam and solid elements at the unfolding percentage
of 80%: a) deformed meshes of beam and solid elements; b) cureatsinear strain, and d) axial
strain calculated from beam (blue markers) and solid (red markers) elements. The shear strains in

solid elements are averaged over 40 values (black markers) around the circumferenckeaat each
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4.5.2 Multilinear plastic FEA

Figure 4.8 Piecewise linear stresstrain curve for multilinear isotropic hardening in the plastic
FEA. The first stresstrain point defines the yield stress (12 MPa). Subsequent points define the
multilinear isotropic hardening behavior of the material. The last point corresponds to the fracture
of the fiber in tensile test, while in the plastic FEA, the fiber behaves perfectly plastically after the
material reaches the tensile strength (70.5 MPa). Thepaddtiés are collected from one of the
uniaxial tensile tests of straight PLA fiber with the diameter of 1.20 mm (gauge length = 250 mm,

strain rate = 0.01 mm/mm/s). The tensile strength with a standard deviation for 7 specimens is 71.3

f 0.95 MPa.
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4.5.3 Tensilecurves of straight fibers

Figure4.9 Stressstrain curves of straight fibers under uniaxial tension. Gauge length is 100 mm

and crosshead rate is 500 mm/min for both fibers.

4.5.4 Strain rate estimation

Von Misesstrain Bz (Fig. 4.1@&, blue solid line) at the top surface in the middle of the unfolding
loop is extracted from the plastic FEA. In order to have the von Mises straifBgateig. 4.1@&,

red dashed ling)we first calculate the equivalent elapsiede t after the breaking of sacrificial

bond in the simulation, based on the pulling end displacement in the simulation and actual
crosshead speed (8.33 mm/s with an initial acceleration of 52%rimfkie uniaxial tensile test.
Then the local strain raté& is obtained by differentiatingg £ over the elapsed tinteThe strain

rate reaches the peak of 0.33 mm/mmfs=aB85%, around which the bending crack initiates at the
top middle of the lop (Fig. 4.4). This peak strain rate is used for both the large and small fibers
in the threepoint bending test. We approximate the strain rate in dynamic failure by the same
method. In order to calculate the instantaneous speed after the breakingfaiadamond in
dynamic failure, we track the adjacent bond in the traction direction from the high speed camera
captures ig. 4.1®) and calculate the average pulling speed of the unfolding loop between each
frame. The acceleration (1.327 ¥ hi/s?) was obtained by a linear fiE{g. 4.1&), based on which,
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we calculate the equivalent elapsed timafter the breaking of sacrificial bond in the simulation.

The von Mises strain ratéigg. 4.1@, orange dashed line) in dynamic failure is obtained by

differentiating the von Mises straiRig. 4.1@, blue solid line) over the elapsed titaeThe fiber
EDFNERQH EUHDNV LQ WKH PLGGOH RI WKH ORRS ZEYKLQ ‘
4.1(M). The strain rate at the top middle of the loo@%¢ mm/mm/sFKig. 4.1@) attq
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With the acceleration unchanged, the strain rate at the top middle of the loop would reach the peak
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Figure4.10 Estimation of the local strain rate at the top surface in the middle of the unfolding loop:

a) von Mises strain (blue solid line, léftaxis) and von Mises strain rate (red dashed line, Mght

axis) at the top surface in the middle of the unfolding loop, during the normal unfolding process of

the loop without dynamic failure. The bottom and ¥pxis represent the unfolding percentage

and elapsed time, respectively. They correspond to each other and serve as different references for

the unfolding process. b) High speed imaging of the loop retraction after the breaking of sacrificial

bond in dynamic failure. The speed of the loop retoacaity

Vv V DQG

V LV FDOI

by measuring the moving distance of the tracking point tvirelative to its initial position at
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V.LQL 6FDOH EDU LV PP F /LQHDU ILW RI WKH ORRS U]
Mises strain (blue solid line, leftaxis) and von Mises strain rate (orange dashed line, Yigkis)
at the top surface in the middle of the unfolding loop, during the rapid unfolding process of the
loop in dynamic failure Simulation results, such asettvon Mises strain and strain rate, are
extracted from 101 load substeps and plotted as continuous lines here for the sake of visual

demonstration.

4.5.5 Differential scanning calorimetry (DSC)test of large and small fibers

Figure4.11 DSC results of FDMextruded PLA fibers. The fibers were extruded at Z3@n the
conveyor belt in ambient air with two nozzles with different diameters (1 mm and 0.3 mm). The
belt speed is equal to the extruding speed. The largesmall fibers are 1.2 mm and 0.37 mm in

diameter, respectively.

Thermal analysis of PLA fibers wagrformedn a DSC instrument (DSC Q2000) with the heating
program found in the literatuf®.The temperature was first held at 5 for 3 min, and then
increased to 200C with a rate of 2C/ min. The samples were cut from the same batch of straight
fibers for the thregoint bending test. The sample weight was 5.8 mg for the large fiber 2nd 5.
mg for the small fiber. The degree of crystallinity,of the specimen was calculated by the

following equation:
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:GL"‘A_CA—?"’AYHsrr, (4-1)
-

where, ¢*  is theenthalpyof fusion ¢* ,is the enthalpy of cold crystallizatiprg * 5 4 4S fusion
enthalpy of 100% crystalline PLA, which is 93 J/g.

The calculated crystallinity is approximately 2.5% for the large fiber and 1.1% for the small fiber,

which are around the crystallinity of-ssceived PLA filament (2.4%) reported in titerature3

4.5.6 Toughness enhancement

Figure4.12 Apparent stresstrain curves of small fiber with three coiling loops. All ten test
specimens are plotted to show the deviation. The s$tesig curve of the straight small fiber is

also plotted as a benchmark to show the toughness enhancement gfitlis

Table4.1 Toughness values of the small fiber with three coiling loops. The benchmark toughness
value of the straight fiber is 1.1 kJ/kg.

ToughnesgkJ/kg)
Average Maximum Minimum
3 coiling loops (small fiber) | 5.51 5.86 5.15
%Benchmark 500% 533% 468%
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Abstract

Transparent materials with high impact absorption are required in many-s@tiegl engineering
systems. Existing transparent tough composites show increased impact resistance, but often fail
catastrophically due to poor impact absorption. We propos@arsparent impaaibsorbing
composite that reproduces the toughening mechanism involving sacrificial bonds and hidden
lengths in spider silk. Our material consists of an elastomer matrix and an instdslgted 3D

printed bidirectional fabric of micetructured fibers with sacrificial bonds and alternating loops.
Under impact, the hidden loops unfold after the bond breaking and matrix cracking, resisting the
impactor penetration with a graceful failure. The lasgele plastic deformation of the unfoidg

loops significantly increases the energy dissipation and leads to a hysteresis of 95.6% (dissipated
energy/total absorbed energy x 100%), minimizing the released elastic energy and reducing the
rebounding damage. Our approach opens a new avenue fdesign and manufacturing of

transparent higlenergy absorbing composites for impact protection applications.

5.1 Introduction

Spider webs evolved with their weavers to dissipate the tremendous kinetic energy involved during
prey captur&®. Unlike other touglbiological materials such as tendpim which only 10% of its
absorbed energy is dissipated away and 90% is stored as elastic energy in thé,mateidD%

of the energy absorbed by the spider web is dissipated out of the $yRterspider web digpates

the energy mainly through molecular bond breaking, entropy increase and internal heat
productio®’ in the radial threads Hence, the elastic energy released upon unloading is
minimized to avoid the catapulting of insects by the oscillating afedr impact. The energy

dissipation in the radial threads is attributed to the silk fibril nanostructure which consists of beta
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sheet nanocrystals and seamiorphous domai$°(Fig. 5.1A). Upon stretching, the breaking of
hydrogen bonds and uncollireg protein chains in the seramorphous domains contribute to the
large extensibility and high energy dissipation. This is known as the sacrificial bonds and hidden
lengths (SBHL) mechanisth Variations of this energy dissipating mechanism have been
succssfully applied athe molecular scale in hydrogéfé# and elastomets®’, resulting in high
hysteresis up to 85%'8 We seek to scale up this molecular level mechanism at the microscopic
scale to make new impaabsorbing architectured compositesjehican dissipate a large amount

of energy and catch the projectile like the spider web dbigs 5.1B and a general concept

overview available in Video S1).

Figure5.1 Design of the spidereb-inspired transparent impaabsorbing composite.
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(A) Schematic of a spider web catching a flying prey. The high energy dissipation of the spider
web results from the betheet nanocrystals and seamnorphous domains in the silk fibril
nanostructure®®. The latter contains highly extensible protein chains with-irEna interchain
hydrogen bonds. Under tension, the breaking of hydrogen bonds within thearsenphous
domains unravels the hidden portion of the protein chains, increasing the ety reitol

toughness of the spider silk.

(B) The spider welnspired transparent impaabsorbing composite catching a ffeding

baseball after five repeated impacts. The baseball was attached to a 0.5 kg weight and dropped
from a 0.66 m height on a falg dart impact tester. Images of the composite before and after the
impact show the breaking of sacrificial bonds and unfolding of hidden lengths, reproducing the

energy dissipating mechanism in spider silk.

(C) Mechanical behavior of a single microstured fiber reinforced composite during tensile test.
Camera snapshots of the tensile test at four representative instants a, b, c and d are from the four
regimes on the tensile curve, respectively: I, homogeneous stretching of the fiber and matrix; II,
breaking of sacrificial bonds inside the matrix and fibeatrix detaching around the loops; Ill,

onset of cracking and segmentation of the matrix around the loops; IV, final stretching of the fiber

backbone.

There are several studt®€’ which scaled uphie SBHL mechanism at the microscopic or
macroscopic scales. Sacrificial bonds were constructed via physical fusion of polymer
thread®?12%5 gliding knot®, embedding liquid met&l or 3D-printed hierarchical netwofk?’.

All these studies observedsamilar sequential fracture of sacrificial bonds, during which extra
energy is dissipated via frictiéhor plasticity’>. Some workS#12325 eyen physically and
functionally resemble the miciooped silk spun by the recluse spider in n&fuddowever,all

these studies focused on designing a uniaxially toughened system, due to the difficulty of
integrating the design in a bulk panel without compromising the SBHL performance, limiting the
PDWHULDOTVY SRWHQWLDO LQ L P SDpgtdpose d RansHadFam laRIQmeastSO L FD
absorbing architectured composite with a bidirectional SBHL system made by instatsigyed

fused filament fabrication (IFFF) based on our previous experiméatad simulatiof studies.

Under impact, the kinetic ergr of the projectile, as demonstrated by a baseb#&lign5.1B, is

largely dissipated by the breaking of sacrificial bonds and unfolding of the hidden loops after
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matrix cracking. Finally, the composite can catch the projectile gracefully. The mectardcal
optical properties of the fiber and matrix are critical to harness the maximum dissipated energy and
achieve an excellent transparency: (i) the fiber should have a good plasticity to avoid premature
failures caused by stress concentrations alongrtfeéding loog>; (i) the matrix should favor the
sequential unfolding of the hidden loops, which contributes to most of the energy dissipation via
plasticity?®; (iii) both the fiber and matrix should have a good transparency, and more preferably,
a simila refractive index (R to reduce the geometric scattefdhgt the matrixfiber interface.
Polycarbonate (PC) shows a good strain hardening behavior with a true strain at breakp to 0.8
and has a ~90% transmittance in the visible light speétruxiso, it has a low viscosity below 200
3DAV ZKHQ H[WUXGHG E\ D Q%,)pakingithposlefai tizWiscous coiling
regimé*3°in IFFF (see details in the Fabric Printing section in Experimental Proceddesg)le

PC is a perfect candidate that fits all the mechanical, optical and fabrication requirements. Based
on the PC fiber with an Rtiber = 1.58 @589 nmHKig. 5.9, two transparent elastomers with
different RI values rmarix = 1.41 or 1.55 @589 nnkig. 5.5 were selected to construct the
FRPSRVLWHY LQ RUGHU WR LQYHVWLJDWH WKH 5,1V HIIHFW F
stiff fiber and soft matrix system has been largely practiced in tough hyf&bet viscoelastic
polymer’3940 composites. The design principles of these tough composites are to dissipate
substantial energy via the fiber and maintain high elasticity via the soft fafilte resistance to

crack propagation is considerably increased compared to the neat matrike thytsteresis is
limited by the high elasticity of the soft matrix. We deliberately chose the elastomer matrix with a
weak adhesion to PC and low strength to allow the sacrificial bonds to freely break inside the
matrix (regime Il inFig. 5.1C), and enabl¢he sequential fracture of the matrix and complete
unfolding of the hidden loops (regime lllkig. 5.1C). Therefore, almost all the mechanical energy

is dissipated out of the system through the breaking of sacrificial bonds, friction between the fiber

and matrix, matrix cracking and plastic deformation of the fiber.

5.2 Results and discussion

5.2.1 Fabric printing and mechanical characterization

Fig. 5.2A shows the IFFF fabrication of a twayer bidirectional fabric of microstructured fibers
with SBHL. In the IFF process, the PC filament is partially molten, then extruded at a &peed



69

onto the printing platform from a height In the meantime, the extruder is moving at a spred
relative to the printing platform. When the speed rafia, exceeds 1, the lorntgidinal compressive
stress in the polymer thread triggers the buckling instability, producing a series of nonlinear
pattern$®43 Thermallyfused sacrificial bonds can be formed by fiber-ggirsections in some
patterns, such as alternating, coilingl@verlapping patterds This phenomenon, firstly called as

a fluid-mechanical sewing machine (FMS¥))has been found not only in viscous thréaéfs but

also in elastic rods. We adapted the quasistatic geometrical model developed by Bruff asal.

a fabrication guide to create the bidirectional fabric of microstructured fibers (NoEd¢S5; 6.

This model has been validated for both viscous thfé48and elastic rod$, indicating the

dominating role of geometry and kinematics over materigperties in the FMSM.

Figure5.2 Fabrication and mechanical behavior of the-teyer fabric of microstructured fibers.
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(A) Schematic of the IFFF process. The alternating pattern is determined by the ratio of the filament
extruding speede to the extruder moving spees. The transverse and longitudinal size of the
pattern are determined by the ratio of deposition h&iginfiber diameted:. The distance between
adjacent deposition paths in both layers which is set to be half of the wavelength of the pattern

in order to reduce loop overlapping between the two layers.

(B and C) Highspeed camera snapshots of thpasition process of the (Bf‘and (C) 2¢ layer
of the fabric of alternating fibers.

(D and E) Asfabricated twelayer fabric (D) at rest and (E) under bending, demonstrating the
flexibility and interlayer bonding of the twiayer fabric.

(F) Optical mage of the twaayer fabric: the fibers of the’layer are vertical, and the fibers of
the 29layer are horizontal.

(G) Tensile curves of the*and 2¢layer fibers. Three tensile curves are shown in the plot for each
layer. Besides the two represative curves, other curves are shown in gray and pink forsthe 1

and 29layer fibers, respectively. Each curve represents the tensile test of three fibers in parallel.

In order to catch the impact projectile at any random location on the composhighibst possible
surface coverage (the fraction of the printing platform area covered by the fiber) of tfayéwo
fabric of microstructured fibers is desired. Although coiling and overlapping patterns bring the
highest surface coveratjethe structuref the 29 layer coiling loops can be highly distorted due

to the disturbed deposition on top of tif&dyer loops!>2 The distortion will dramatically hinder

the energy dissipation of the SBHL system, since the distorted fiber tends to fail preyfaturel
Compared to the coiling and overlapping patterns, alternating pattern shows a higher potential in
avoiding the 24 layer loop distortion and achieving a fully functional SBHL system in the
bidirectional fabric of microstructured fiber&ig. 5.9. A surface coverage of ~33% can be
achieved by selecting an alternating pattern with a small wavelength. The didtefroeen each
adjacent printing path in both layers is set to be half of the waveleogtine alternating pattern.

The loops in the *Llayer can be partially aligned under a stable polymer extruding speed (
5.2B). Then the paths of thé®ayer are dsigned in the 3D printer-gode to be ifbetween the
alternating loops of the®layer. This way, the" layer fiber mostly coils on or ibetween the

fiber segmentsHig. 5.2C), not directly on the loops of thé'layer. The adabricated twelayer
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fabric of microstructured fiberdg. 5.2D) retains sacrificial bonds and alternating loops in both
layers. Also, the fabric is flexible and has an interlayer adhesion that is strong enough to keep the
fabric integrity under bendind-{g. 5.F).

In order tocompare the mechanical properties of the fibers from each layer, we manually separated

the two layers of a sample of-tbricated fabricKig. 5.F). For the fibers from each layer, we

tested three fibers in parallel in each test and repeated for tmee to have a comprehensive
FRPSDULVRQ RI WKH ILEHUVY WHQVLOH SURSHUWLHY 7KH W
identical Fig. 5.25), except the average sacrificial bond strength in théager fiber is 79% of

that in the % layer, whichis probably due to the disturbance by theldyer fiber during the

deposition of the "? layer fiber.

5.2.2 Composite fabrication and optical characterization

Fig. 5.3A shows the infiltration of the a®bricated fabric with an elastomer resin inside a plastic
mold to obtain a transparent composite after curing. Previous studies on transparent composites
with a thickness of a few millimeters either used sparse rdiefect arrays (the ratio of defect line
spacing to defect width = 25 ~ 16%)or matrixfiller Rl matching®>* to achieve the overall
transparency of the composite. In our study, thiabscated fabric of alternating fibers has a ratio

of fiber spacing tdiber diameter of ~15. A lower ratio than this value would cause the distortion

of the 29 layer fiber and hinder the energy dissipation of the fabric. A higher ratio than this value
results in a lower fiber volume fraction which increases the transpabemclecreases the energy
dissipation capability of the composite. With the selected ratio of ~15, the fabric with functional
SBHL in both layers displays a decent transparency with a little blur in front of distant objgcts (
5.3B). However, the cirdar cross section of the fiber causes image distortion, which makes a
Quick Response (QR) code behind the fabric unrecognizable by a QR code sEanreR).

The image distortion is caused by the refraction at thebar interface due to the largelative
RIN" = Niiber/Nair 8 $IWHU WKH IDEULF LV LQILOW UDawhd @a@ix WK WKH
fiber interface is reduced Wiber/Nmatix = 1.58/1.41 = 1.12. It is ~30% lower than thefdoer
interface, making the QR code scanngBlig. 5.3C). A further decrease of té by the high RI
elastomerrf = niped/Nmatrix = 1.58/1.55 = 1.02) makes the fiber less visible inside the m&igx (

5.3D).
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Figure5.3 Fabrication and optical characterization of the microstructfibed composite.

(A) Schematic of the composite fabrication process. A -layer fabric consisting of

microstructured PC fibers is made by IFFF, and then infiltrated by a transparent etdagide a
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mold with an inner size of 100 x 100 x1.5 mm (length x width x thickness). Two transparent

elastomers with different Rl values (1.41 and 1.55 @ 589nm) were used to make the composite.

(B ££) Comparison of the transparency and image distorfigB)orwo-layer fabric of alternating
fibers, (C) Composite film using the low RI elastomer, (D) Composite film using the high RI
elastomer in front of a distant building and lying on top of a QR code. (E) Reference photos of the
distant building and QR de. Both composite films have a thickngss = 1.5 mm. All scale bars

are 3 mm.

(F and G) (F) Total transmittance and (G) Haze of the low RI elastomer film, high RI elastomer

film, and composites filmbased on them. All test films have a thickngss= 1.5 mm.

We further characterized the optical transmittance of both elastomers and their composites. The
total transmittanc@iotal Of the low RI and high RI elastomer filmBig. 5.3, dashed curves) are

94.05 % and 90.79 % (averaged over the visible light spectrum), respectively. The high RI
elastomer has a lowdkowa, Which is because a highsr (= Neiastomer/ Nair) at the airelastomer

interface leads to a higher reflectaf®eD FFRUGLQJ WR JUHVQHOYV PRUPXOD DW

20,5 6

4L @A (5-1)
The high RI elastomer film has a 4.65% reflectante § # QP &ladtonizt U
interface, while the low RI elastomer has a 2.89% reflectancg ( # Qd? int&rface.

The integration of the twdayer fabric of alternating fibers inside the elastomer matrix further
decreases th&otas due to the increase in reflectance at the additional rafbex interfacesKig.
5.3F, solid curves). The averageta of the low RI and high RI elastomer composite films in the

visible light spectrum are 93.12% and 89.45%, respectively.

The transmitted light through the sample film includes a specular component, which is
perpendicular to the sample surface like the mweidight, and a diffuse component, which deviates
from the normal directionHig. 5.F inset). The latter is often related to the light scattering in a
heterogeneous matefalln our case, it is mainly caused by the light refraction at the rféigk
interface, which is also thmain reason for the image distortion. In order to quantify the matrix
5,V LQIOXHQFH RQ WKH OLJRKAYN the katiooV dif @ tra@gsrhit@nde taQddal K D | H

transmittance. The haze in both elastomer films are very low in the visible light speEtgum (
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5.3G, dashed curves), indicating the insignificance of light scattering in both elastomer films. The
average haze of the low Rl andjhiRI elastomer composite filnis the visible light spectrurare
21.48% and 11.66%, respectively. This proves thatthgix-fiber Rl matchingcan effectively

reduce the light diffusing of the composite.

It should be noted that tlifference in the coétient of thermal expansion between PC (6.8 x 10
°/°'C*?) and the elastomer matrix (low Rl elastomer: 2.6 ¥ 1D~ 3.1x 10%°C; high RI elastomer:

2.1 x 10*/°C; Table 5.} would cause the debonding at some interfaces between the fiber and the
matrix after curing at elevated temperatuFég( 5.7. The matrixfiber debonding would reduce

the optical transmittance and increase the haze of the composite material due to additional
interfaces. Since the length scale of the mdibi@r debonding is more &#im one order of magnitude
smaller than that of the fiber and composite film, the influence of the nfétexdebonding on

the optical properties of the composite is believed to be negligible compared to that of the matrix

fiber RI difference.

5.2.3 Impact testand failure analysis

Since the two elastomers have similar mechanical propeftase( 5.), we chose the low RI
elastomer for economic reasons to demonstrate the impact absorption of the composite on a falling
dart impact testeiH{g. 5.4A, B). Wetested four materials: elastomer filfig. 5.4C), straight fiber
composite film Fig. 5.4D), alternating fiber composite filnfr{g. 5.4E), and hybrid fiber composite

film (Fig. 5.47) which contains both the straight fiber fabric and the alternatingféibec.

In order to simulate a more realistic projectile with an irregular surface, a P60 grade sandpaper was
attachedto the hemispherical head of the falling dart, which led to microscopic defects in the
impacted sample. Based on the static punctutedsslts (Note SZig. 5.8, we chose the impact
energy of 5 J at an impact velocity of 4.2 m/s for all test specimens (100 mm x 100 mm x 1.5 mm).
We tested three specimens for each type of film and obtained the contatimercerves irFig.

5.9A-D. Then we calibrated the displacement of the falling dart with the help of theshégu

camera (see details in the Mechanical Characterization sectexperimental Procedureand

obtained the representative contact fedisplacement curve for each g/pf film in Fig. 5.48.



Figure5.4 Impact tests of different transparent films based on the low RI elastomer.
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(A) Schematic of the hnouse designed impact test setup. The hemispherical dart head edcover
with a medium grit size (P60) sandpaper, in order to simulate a realistic projectile with a rough

surface.

(B) Contact forcedisplacement curves of the elastomer film (in black), straight fiber composite
film (in blue), alternating fiber composite filim green), and hybrid fiber composite film (in red).
The inset illustrates the dissipated eneHgysipated(4.7 J) between the loading and unloading
curves, and the elastic enerByasic (0.2 J) under the unloading curve of the alternating fiber

composite film. All test films have a thickness of 1.5 mm.

(C #) Optical images of the (C) Elastomer film, (D) Straight fiber composite film, (E) Alternating

fiber composite film, (F) Hybrid fiber composite film.

(G 9) High-speed camera snapshots of the iohpasts of the (G) Elastomer film, (H) Straight fiber
composite film, (1) Alternating fiber composite film, (J) Hybrid fiber composite film at six different
instants after the initial contact £ 0 ms). Since the stiffness varies among the four different
specimens, the dart appears at different positions among the four specimens at the same instant.
The displacemertdt, which is defined as the vertical displacement of the dart after the initial contact,

is marked on each snapshot for each specimen. Umelsatne impact energy (5 J), the impactor
penetrates the elastomer film and straight fiber composite film. Both the alternating fiber composite
film and the hybrid fiber composite film catch the impactor by absorbing a large amount of energy.
The releasin@f elastic energy springs the dart back up and results in the unloading curves in (B).

(K aN) Optical images of the fractured (K) Elastomer film, (L) Straight fiber composite film, (M)
Alternating fiber composite film, (N) Hybrid fiber composite filifter the impact tests. Scale bars

in the insets are 10 mm.

Under impact, the elastomer film shows an elastic force increase until the crack initiates at the
displacementl = 34.1 mm Fig. 5.4, black curve). The crack propagates very quickly around the
dart head Fig. 5.45), due to the low fracture resistance bfst elastomer which has been
demonstrated by previous studfe®. The fractured elastomer film shows a smooth fracture
surface Fig. 5.17). The dart then penetrates through the circular hole punched in thd=fgm (
5.4K; Video S2). The elastomer filslows down the falling dart from 4.2 m/s to 2.6 m/s. Most of
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the kinetic energy is stored as elastic strain energy in the film. Hence after penetration, the residual

film bounces up and down drastically.

The straight fiber composite film shows a highdeetive stiffness (9.1 N/mm) under impact on

the contact forcelisplacement curve=(g. 5.8, blue curve), compared to the elastomer film (5.0
N/mm). The dart also penetrates the straight fiber composite Filgn %.4H; Video S3), but the
circular crack popagation is finally stopped by the fib&iid. 5.4.). The crack is deflected by the
straight fiber fabric, resulting in a more irregular crack path than that of the elastomer film. Fiber
breakage happens mostly at the grid intersectibigs §.1®), whee the fibers were weakened

due to the squeezing of two layers at a restricted height by the nozzle during the printing process.
The plastic deformation and fracture of the straight fibers, as well as fibesytsildissipate a
certain amount of energy v would otherwise drive the propagation of the crack.

The alternating fiber composite film shows a similar stiffening behatdgr 6.4, green curve)

as the straight fiber composite film at the beginning of the impact, but a lower effective stiffness
(6.0 N/mm), due to the breaking of sacrificial bonds during the stiffening process (regirfell in
5.1C). After the propagation of the circular crack around the impactor footprint, the alternating
loops are exposed and unfolded to further dissipateitigik energy. The falling dart is finally
caught by the alternating fiber composite filrig. 5.4; Video S4). The contact foree
displacement curve shows a 95.6% hysterdSissifatedErota)), meaning that 95.6% of the total
absorbed energy gissipated away and only 4.4% is released as elastic ertfégyyb(4B inset).

The associated fractured specimBig(5.4M) shows a much larger energy dissipation zone than
the elastomer filmKig. 5.4). The fracture surface of the alternating fiber cosite film is much
rougher than that of the elastomer film, due to the crack deflection of the alternating fiber fabric.
Many unfolding fibers are observed in the fractured specimen, indicating the breaking of sacrificial
bonds during the deformation. Thaatrix segmentation around the fiber loops is also observed
(Fig. 5.1@), but not as regular as that in the tensile teBign5.1C. Fiber pultouts are rare, since

the alternating fibers break outside the matrix after the loop unfolding. Instead;Utmeits are

found around the main circular crackid. 5.1QC), where the fiber cuts out from the matrix
transversely. The fiber cuatuts are believed to be related with the transverse loading condition and

not seen in the tensile test. The complex frachattern indicates that the energy is dissipated by
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the breaking of sacrificial bonds, fiberatrix sliding, matrix cracking and segmentation, fiber cut

outs, plastic deformation and fracture of the unfolding fiber.

We also tested a PC film with a weigtit~1.1 times the weight of the alternating fiber fabric under
the same impact energki¢. 5.%). The falling dart penetrates the PC film within 5 ms after the
initial contact, proving that the high energy dissipation of the alternating fiber compdsimis

the material architecture rather than material components.

A 2"%impact test with the same amount of energy (5 J) on the fractured alternating fiber composite
film leads to the total failure of the specimen with the falling dart penetrating thtioeiglm (Fig.

5.11A). In another cyclic impact test with an impact energy of 1.4 J, the alternating fiber composite
film is able to catch the falling dart during the first 4 cycles, with the peak contact force reducing
less than 40% after the'tycle Fig. 5.11B). Apparently, the cyclic use of the composite at a
constant impact location is restricted, because once the alternating fibers are exposed and unfolded,
they dissipate much less energy through the final fracture. We assume that the compa@aecan

its high energy absorption for large cycles at random impact locations, which is beyond the
capability of our current impact testing machine.

Embeddinghoth the straight fiber fabric and the alternating fiber fabse the elastomer further
improves the design. The hybrid fiber composite film shows a 93.7% hysteresis with an even higher
effective stiffness (13.9 N/mm) and increased maximum contact force. Similarly in nature, the
cribellate spider produces a silk thread composed of one straigitaind one coiled fiber to
increase the energy dissipation during prey captufée hybrid fiber composite film catches the
falling dart with a smaller displacemefiig. 5.4J; Video S§ than the alternating fiber composite
film, due to the extra energyissipation by the straight fibers. The fractured specimen shows a
similar energy dissipation zon€&if. 5.4\) as that of the alternating fiber composite film. The
unfolding of alternating fibers can be seen from the fractured specimen, as well asakagdre
and pultout of straight fibersKig. 5.1@®), which is similar to the fracture behavior of the
alternating fiber composite film and straight fiber composite film. However, matrix segmentation
and fiber cutouts, which are found in the alternatingdiicomposite film, are rarely observed in

the hybrid fiber composite film, probably due to the restriction by the straight fiber fabric.
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In order to see if there is a difference in the impact absorption performance between the low Rl and
high RI elastomebased composites, we made an alternating fiber composite film with the high RI
elastomer and tested under the same impact condition (Video S6). The high RI elastomer composite
film catches the falling dart with a higher effective stiffness (12.8 N/Rig5.12A) than the low

RI elastomer composite filif6.0 N/mm,Fig. 5.127), which is consistent with the fact that the high

5, HODVWRPHU KDV D KLJKHU %&b Q.J thah f&RIGNRDefagtomer (0.3D

~ 2.97 MPafable 5.). The high RI elastomer composite film shows similar fracture behaviors to
the low RI elastomer composite film, such as loop unfolding, matrix cracking and fibentsut
However, the high Rl elast@ncomposite film shows a larger fiber-@uit length Fig. 5.1, C),

probably due to its lower strength (1.3 MFaple 5.) compared to the low RI elastomer (3.51 ~

7.65 MPa,Table 5.). Since the fiber cubuts expand the energy dissipation zone, thst@mer

matrix thickness can be further optimized based on the elastomer property to take advantage of the

fiber cutouts and increase the impact energy dissipation.

5.3 Conclusion

In conclusion, our architectured transparent composite reproduces the spi@eN§V 6% +/
toughening mechanism at the microscopic scale. The breaking of sacrificial bonds and the
unfolding of hidden loops, as well as fibmatrix sliding, fiber cubuts, matrix cracking and
segmentation contribute together to the high hysteresigcingbsorption, damage tolerance and
graceful failure of the composite. The size and pattern of the fabric of microstructured fibers can
be further tailored by either instabiligssisted 3D printing®2242% or electrospinnimy=>8 to

ensure the gragul catch of impact projectiles with different sizes and kinetic energies. Nanoscale
mechanisrff, such as chaifracturing, reversible crosslinking and transformable domains in
polymer network, can be introduced to both the fiband matrix® to furtherincrease the energy
dissipation and add sdfiealing functionalities. The transparent composite can potentially be used
in laminated glasse$to increase the energy dissipation under impact. The combination of high RI
fiber and low RI matrix in our studglso makes it possible for the optical sen¥ifitjof local
deformation (Note S3Fig. 5.13, giving the composite another potential functionality of-self
monitoring?. The concept of our impaabsorbing composite with SBHL toughening mechanism

can be dirther extended for various applications, transparent or not, by replacing the material
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components with other engineering materials sugob®ther ether keton®EEK), Kevlar fiber,
etc. Finally, our composite represents a way to design structures gwakeefully rather than
catastrophically. Adapting this design to high performance materials could allow potential

applications in bulleproof or space craft windows.

5.4 Experimental procedures

5.4.1 Fabric printing

A vacuum oven dried the clear PC filament BLi@am in diameter) overnight at 65. A Prusa i3
3D printer printed the filament at 33G with a high temperature extruder kit (Dyze Pro, Dyze
Design). The Simplify3D software sent the custamitten g-code to the printer. Coogan et®al.
fitted the folloving Williams-LandetFerry model to the uine rheological test results of PC
filament on an FFF 3D printer:

.. éH:A7/41;C

R:6; L wszHs A 1@6A/a1 (5-2)

whereT = 603.15 K in our study. The model predicts the zdrear viscosity 3DAV :H
first assumed that the polymer thread out of the nozzle kept-ttel@sdated viscosity during the
deposition process. Then we used the following dimensionless haigfined by Ribe et & to

make sure that the deposition stays within the viscous steady coiling re§im®.08) where

gravity and inertia are negligible compared to viscous forces:
A1 DB——¢ (5-3)

where, the gravitational acceleratigr 9.8 m/$, the PC density = 1200 kg/ri, so the deposition
heighth must be smaller than 6.3 mm in order to stay within the viscous steady coiling regime. We
finally choseh = 5 mm (8= 0.0637) for the fabrication of the fabric of microstructured fibers.
Since the polymer thread is solidifying during the deposition process, the viscosity would increase,
which makes the effectivé@even smaller, ensuring deposition in the viscous steady coiling
regime. With this deposition height, we measured the stealiiygcradiusR: = 1.8 mm. We used

the following geometric model that Brun et*aleveloped for a molten glass sewing machine to

approximately predict the pattern:
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where,r, % Eare the three geometric parameters that define the trace of thpléitferm contact
point with respect to the nozzle projection on the platfdfig.(5.19. The relative moving speed
Vm = VE (Vr is the feedrate parameter in theagfe hat defines the relative moving speed between
the starting point and ending point). Due to the negligible gravitational stretthing steady
coiling speed in the original modéivas replaced by the extruding spegdvhich is obtained by

the following equation:

I% L 1/4'2;TB é& bWC[(ﬂ6 (5_7)

s Xdeppb|

where, the extruding lengthe of the filament (with the diametéfiament = 1.75 mm) and the
moving distancép between the starting point and ending point are parameters irctiiegThe
volume flow rate correction factdZ: represents the extruding efficiency and was calibrated at
different volume flow rates (Note S#able 5.2 Fig. 5.15. We chose the volumitow rate 3 L

08 é&ggj_kcpy. w L staull 7 dor the fabrication of microstructured fibers, for which we
established a correction factGf = 0.82. The fiber expansion factGs = 1.09 was measured at
this volume flow rate for the nozzle diametias;ze = 0.4 mm. The geometric model predicts the
occurrence of alternating patterns in the speed ratio range M%< 2.23. We finally chose
Ve/lVm = 2.06 for the fabrication of the alternating pattern, for the balance of high surface coverage
and fabic printing easiness. The-gsinted alternating fiber has a measured wavelengtiil1.8

mm. Thus, the fiber separatibin both layers was set to 5.9 mm. After the deposition of the 1
layer, an offset was carefully calibrated for tfé|ayer fiber to be mostly deposited-liretween

the F'layer loops. The straight fiber fabric was printed using the saoulg file in which only

the deposition heiglitwas set to 0.4 mm. No instability was involved under this deposition height.

The weidnt of the straight fiber fabric equals to that of the alternating fiber fabric.
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5.4.2 Composite fabrication

We usedolydimethylsiloxane (Sylgard 184, Dow) anmethylphenylsiloxane (OB550, Dow) as

the low RI and high RI elastomers, respectively. For eachoet@st a vacuum chamber degassed
the resin mixture, then we transferred the mixture to a 20 ml syringe. A micropurBi{I€,
Cole-Parmer) infiltrated the resin from the syringe into the bottom of the plastic figldy(16

via a Teflon tube. No bubblegere generated during the infiltration process. We selected the mold
material based on the curing temperature of the elastomer: acrylic mold (glass transition
temperature: 105C) for the low RI elastomer and PC mold (glass transition temperaturéC147

for the high RI elastomer. All the molds have the same cavity size of 100 x 100 x 1.5 mm (length
x width x height). After the infiltration, an oven cured the low RI elastomer & 88r 4 hours,

and the high RI elastomer at 14D for 2 hours. We can @fspeel the material off the plastic

mold, without the need of demolding agent.

5.4.3 Optical characterization

A vertical ellipsometer (RC2, J.A. Woollam) measured the Rl spectrum of the PC fiber and both
elastomersKig. 5.95. To prepare the PC sample, we tha filament into small pellets. Then a
thermal compressing machine molded the pellets into a thin plate. We used the elastomer film made

by the abovamentioned infiltration and curing process directly on the ellipsometer.

An ultravioletvisible spectromet (Lambda 1050, PerkinElmer) with a 150 mm integrating sphere
acquired the optical transmittaritef the samples within the visible light spectrum (400 to 760
nm)®*. All test films have a thickness of 1.5 mm. The spectrometer measured the samples in
trarsmittance with a reference beam collected in air. Each sample was tested in both total
transmittance and diffuse transmittance. For the latter, we used a light trap at the reflectance port

on the integrating sphere to exclude the normally transmitteddegir.

A high-speed camera (MotionBLITZ Cube4, Mikrotron) captured the printing of the fabric of
alternating fibers at a frame rate of 2790 HFig. 5.8B and5.2C. We used a Canon EOS Rebel
T4i camera for the photography of the samples in this papersiifset pictures iRig. 5.3were

taken with a standard zoom lens (CanonEE8135mm 1/3.55.6) at 1 sec. exposure time and
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f/5.6. The QR code pictures kig. 5.3were taken with a macro lens (Canon EF 100mm f/2.8) at

1 sec. exposure time and f/5.6.

5.4.4 Mechanical characterization

An electromechanical machine (MTS Insight) tested the tensile properties of the single
microstructured fiber reinforced composite and the fibers from each layer of the bidirectional fabric
of alternating fibers with a crosshespeed of 500 mm/min. The former had a width of 5 mm, a
thickness of 1.5 mm, and a gauge length of 32 mm. The latter had a gauge length of 51 mm and

each fiber consisted of eight alternating loops.

We built a falling dart impact tester based on ASTM Df70@%e scaled down the dart head
diameter and the inner diameter of the annular clamp to 25.4 mm and 76.2 mm, respectively. A
pneumatic clamp (G94, TestResources) dropped the dart into a guiding tube. We selected a drop
height of 0.9 m and total drop weighft0.568 kg to achieve the impact energy of 5 J. We integrated
an electroresistive force sensor (A2045N, Tekscan) into the falling dafi¢. 5.17 to measure

the contact force. We calibrated the force sensor under static loading. The sensor slhovasd a |
response between the conductance and the applied féigce5(19. During the impact test, a
digital multimeter (PGK070, National Instruments) and a LabVIEW program measured the
conductance of the sensor at a sampling frequency of 6475 Hz. Aspegid camera
(MotionBLITZ Cube4, Mikrotron) captured the dart motion during the impact at a frame rate of
2230 Hz. We wrote a MATLAB program to read the dart displacement from thehégd camera
shapshotsHig. 5.19. We manually chose the initial contaframe from these snapshots and
correlated the displacement with the contact force. This correlation was evaluated by the

discrepancy/ between the impulseandthe momentum changel:
UL 7_&T—|;‘ZHsrr", (5-8)

where, the impulse L if:( E | C; @Was calculated with the contact forttme curve from the

LabVIEW measurements, the momentum chandel | R; F IR, was calculated with the
velocity measurements from the higheed camera snapshots. Theasulated discrepancy was

within 20% for all test specimens.
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5.5 Supporting information

5.5.1 Refractive index of the materials

Figureb.5 Ellipsometry analysis of the polycarbonate, high Rl elastomer and low RI elastomer.
The refractive index was obtained by the Cauchy model from 350 to 2500 nm.
5.5.2 Properties of the two elastomers

Table5.1 Compaison of the physical and mechanical properties of the Id&3Ra&nd high Ri®

elastomer.

Low RI elastomer High RI elastomer

(Sylgard 184) (OE-6550)

Refractive index 1.41 @589 nnr 1.55 @589 nnr

Viscosity (Mixed, cP) 3500 3800
Coefficient of linear thermal 260 +3107 210

expansion (ppm/°C)
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<RXQJTV ORGX( 1.32 +£2.97° 5.1
Tensile strength (MPa) 3.51 +7.65° 1.3
Elongation at break (%) 50 +93%6 75
Hardness  Shore A44 54 Shore A, 55

5.5.3 Two-layer fiber fabric based on BrunetDO {V PRGHO

Note S1.Two-OD\HU ILEHU IDEULF EDVHG RQ %UXQ HW DO YV PRGH

%DVHG RQ %UXQ HW DO YV PRGHO GHVFULEHG LQ WKH ([SHL
generated the geometry of a single fiber and then manually aligned them to a 2D Biga i@

This way we are able to see how much tifel&@/er loops fall ortop of the # layer loops. At a

smaller speed ratio, the alternating pattern has a larger wavelength, making it easier for the 2

layer loops to avoid falling on top of thé& thyer loops Fig. 5.6). But the surface coverage of the

fiber is low due tdhe large wavelength. At a higher speed ratio which leads to coiling pattern, the

2" layer loops always fall on top of thé tayer loops Eig. 5.61). This will cause highly distorted

fibers in the 2¢layer due to the 3D structure of th&layer loos in a real experiment. Therefore,

we selected the alternating pattern with a wavelength as small as possible, in order to achieve a
high surface coverage, as well as the fully functional sacrificial bonds and hidden lengths system

in both layers.
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Figure5.6 An ideal thought experimentof tw® D\HU ILEHU IDEULF EDVHG RQ %UX
single fiber pattern is generated at a speed vdliia =: a, 1.6;b, 1.9;c, 2.1;d, 2.4. Then the fiber

was manually aligned to a 2D array (red dashed lines) with a unit size equalling to the distance
between adjacent loops along the fiber. The steady coiling rRdisl.8 mm was used for all
calculations. The three ordinary differetequations in the model were solved via the ode23

function in MATLAB, with initial conditions f, % E@ > E @
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5.5.4 Matrix -fiber debonding

Figure5.7 Matrix-fiber debonding due to thermal expansiothe alternating fiber composite film
with the high RI elastomer. The composite was cured at@46r 2 hours. The photo was taken

after the cooling down of the composite. The scale bar is 2 mm.

5.5.5 Static puncture test
Note S2.Static puncture test of ddéfent transparent films based on the low RI elastomer.

In order to evaluate the total energy to puncture of different specimens, we conducted the static
puncture test on an electromechanical machine (MTS Insight). The puncture head diameter (25.4
mm) and ke inner diameter of the annular clamp (76.2 mm) are the same as those on the impact
tester. The puncture head was covered with a P60 grade sandpaper and moved at a speed of 10
mm/min. Based on the low RI elastomer (Sylgard 184), pure elastomer filnghstfdoer
composite film, alternating fiber composite film and hybrid fiber composite film were fabricated

as mentioned in the Experimental Procedures section and all have a thickness of 1.5 mm. The
specimen was clamped by two acrylic plates (thicknes§: fin) and tightened by 12 screws

around it to avoid slipping inside the clamps.
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Figure 5.8 Static puncture test of different transparent films based on the low RI elas@ymer.
Optical images of the purdastomer film (black circle), straight fiber composite film (blue square),
alternating fiber composite film (green diamond) and hybrid fiber composite film (redIstar).

Front view andt, Bottom view of the static puncture test of a hybrid fiber compspiéeimend,
Representative foredisplacement curves for the pure elastomer film (black curve), straight fiber
composite film (blue curve), alternating fiber composite film (green curve) and hybrid fiber
composite film (red curve)e, Energy topuncture calculated by the integration of the ferce
displacement curve. Three repeats were conducted for each specimen, and the standard deviation
was plotted as the error bar. All tests were conducted with a puncture head covered with a P60

grade sandpape
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5.5.6 Contact force-time curves from the impact tests

Figure5.9 Contact forceime curves of different transparent films from the falling dart impact test.

a, Elastomer filmp, Straight fiber composite filnt, Alternating fiber composite filng, Hybrid
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fiber composite filmg, Polycarbonate (PC) film. The images of the films after the test are shown
in the insets. The test was repeated three timaglinThe dart penetrated all test filmsamndb,

but was successfully caught by all test filmsciandd, due to the high energy dissipation of the
architectured composites. All test films have a length of 200 mm and width of 100 mm. The test
films in a-d are all based on the low RI elastomer and have &rtégs of 1.5 mm. The PC film
(McMasterCarr, 85585K102) i has a thickness of 0.127 mm. The weight of the test PC film is
1.524 g, which is even more than the weight of the fabric of alternating fibers (1.33&8 ghe

fact that the dart penetratedthohe elastomer film and PC film, but was caught by the alternating
fiber composite film, proves the dominating contribution from the composite architecture to the

high energy dissipation over the material components.

5.5.7 Optical images of fracturedspecimens

Figure5.10 Optical images of fractured transparent films after impact se&lastomer film;b,
Straight fiber composite filng, Alternating fiber composite filng, Hybrid fiber composite film.
The inset irc shows a close view of the fiber eotits. All scale bars are 5 mm.
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5.5.8 Cyclic tests of alternating fiber composite specimens

Figure 5.11 Cyclic impact test of thel@rnating fiber composite film based on the low RI
elastomer. Two specimens were tested at different impact energy lavélsi andb, 1.4 J,
respectivelyc, Snapshots of the specimen at the end of each cycle of the impact test at 1.4J. For
the impactest at 5J, the snapshots of tiecgcle can be seen in Figure 4l. The same drop height
(0.9 m) was used in both tests, leading to an impact velocity of 4.2 m/s. To achieve the
corresponding impact energy level, the drop weight was 0.568&a@imd 0.58 kg inb. The drop

weight fell on the same location on the specimen during the cyclic test. The drop weight fully

penetrated the specimen in tH€ &cle ina, and the B cycle inb. The scale bar is 20 mm.
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5.5.9 Impact behavior of low RI and high RI elastoner composites

Figure 5.12 Comparison of the impact absorption performance between the alternating fiber
composite films made from the low RI elastomer and high RI elast@am@ontactdisplacement
curves;b. Optical image of the fractured low RI elastomer composite @ilr®ptical image of the
fractured high RI elastomer composite film. Both specimens were tested with an impact energy of

5 J and impact velocity ef.2 m/s. All scale bars are 5 mm.

5.5.10 Optical sensing
Note S3.Optical strain sensor based on the transparent composite from the low RI elastomer.

In the asfabricated composite in our study, the polycarbonate core has a higher RI than the
elastomer matrix, making the composite an optical waveguithestrain sensing functionality. In

order to demonstrate this functionality, we used the low RI elastomer (Sylgard 184) as the matrix,
and the microstructured polycarbonate fiber (printed by 1 mm nozzle) as the core. We made two
different optical wavegudies with the meandering fibefastomer composite and alternating fiber

elastomer composite.
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In the sensing systerRki). 5.13), a red LED was connected to one end of the waveguide. We use
aluminium foils seal the connection and prevent the light fromsiretting into the matrix. A
photoresistor was connected to the other end of the waveguide to measure the light transmission
through the meandering fiber. The resistance of the photoresistor decreases when the light intensity
increases. As demonstrated thyy meandering fiber waveguide kig. 5.13\, when the LED is

RIl WKH SKRWRUHVLVWRU KDV D YHU\ ODUJH UHVLVWDQFH
Lv DW UHVW WKH UHVLVWDQFH RI WKH SKRWRUHVédMWRU GHF
KDQG WKH UHVLVWDQFH IXUWKHU GHFUHDVHV WR N LQ
stretching. We believe that this light transmission increase is due to the straightening of the
meandering fiber, which results in less reflectancehigymatrixfiber interfaces and thus more
WUDQVPLWWDQFH :H IXUWKHU WHVWHG WKH VHQSIBYTYV UHSH
The sample was clamped with a constant force of 100N at both ends by a pair of pneumatic grips
(TestResources @Y. The initial gauge length was 80 mm. A cyclic displacement of 5 mm was
applied at 0.017 Hz with a constant speed of 10 mm/min for a total of 105 cycles. We measured

the resistance change of the photoresistor with an inverting operational amigiér.{3C) and

acquired the output voltage at 100 Hz by an Arduino Uno with an Adafruit SD card data logger
(Library: AnalogBinLogger). As shown iRig. 5.1, the meandering fiber waveguide shows a

very good repeatability under cyclic loading.

Under stretchig, the alternating fiber waveguide shows a more complex behBigob(1E). As
explained in Figure 1C in the paper, there are four regimes during the tensile test of the alternating
fiber composite. The light transmission shows a short increase degimge |, probably due to the
straightening of the curved fiber segment between each sacrificial bond. In regime I, the sacrificial
bonds break inside the matrix, the light path thus becomes longer and causes more reflectance and
thus transmission losslg9v, the fiber detaches from the matrix, so the relativeé Ricreases from

Nfiber/ Nmatrix = 1.12 tONfiber/ Nair FDXVLQJ PRUH UHIOHFWDQFH DFFRUGL(
regime 1, the matrix cracks and the alternating loop is unfolded, lHsti@deformation of the

fiber possibly further contributes to the light transmission loss. Because the alternating fiber
waveguide shows a light transmission change spanning in a much larger range, we measured the
resistance of the photoresistor with aelectrometer (6517B, Keithley) at 50V. This test was

conducted in a dark environment in order to prevent the environmental light from blocking the low
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transmission in the waveguide under large deformation. The transmission was calculated by

logio(l/10), wherel is the measured current from the electrometer.

Under stretching, the meandering fiber waveguide and alternating fiber waveguide show a linear
light transmission increase and light transmission loss, respectively. This strain sensing
functionality canbe integrated into the transparent impalosorbing composite for impact

protection and damage detection applications.

Figure 5.13 Optical waveguides made from the transparent composites based on the low RI

elastomera, Demonstration of the strain sensing with the meandering fiber composite waveguide.
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b, Cyclic tensile test of the meandering fiber composite wavegui@esign of tke electric circuit

to measure the resistance of the photoresistor during the tensile cyclt. felgtasured output
voltage under the cyclic tensile test. Under stretching, more light was transmitted through the
waveguide to the photoresistor, resultinghe decrease of the resistance and the increase of the
circuit output voltagee, Optical images (top view and side view) of the alternating fiber composite
waveguide.f, The light transmission loss of the alternating fiber composite waveguide under
uniaxial tensile test (gauge length: 45 mm; crosshead speed: 5 mm/min). Theifpleeement

curve is similar as Figure 1C and has been explained in the paper.

5.5.11 Geometric model by Brun et al.

Figure5.14 Schematic of the deposition trace with respect to the projection of the nozzle. The
speedvm is the horizontal moving speed of the extruder relative to the printing bed. The fector
represents the position of the fig@atform contact point regarding toth QR]JOHYfV SURMHFW L
The angle%s measured between the vectfand thex axis (direction of the relative moving speed

Vm). The angleEis measured between the vectfand the tangent vectd®f the polymer thread

at the contact point. These three geometric parameters are functions of the Lagrangian coordinate

s which is a timdike variable and represents the arc length along the deposition trace. The
coordinates of the deposited trace camrdmmnstructed by the solution of the geometric model:
TQLNQ®.."»0:Q?ER :Q 4F Q R y(s)L NQ ® «*>0:Q¥sastis the last point from

WKH VROXWLRAQ 7KLV VFKHPDWLF zZfV PRGLILHG IURP %UXQ



103

5.5.12 Volume flow rate calibration on the Prusa printer

Note S4.Volume flow rate calibration on the Prusa 3D printer.

The theoretical volume flow rate can be calculated by the following equation:

3L %B%{dj (5-9)

where,Lp is the moving distance of the printing head between the starting point and the ending
point, Le is the extruding length of the 1.75 mm filament from the starting point and the ending
point, VF is the feedrate that defines the relative moving speed ofxtineder to the printing

platform, the diameter of the feeding filam&atament= 1.75 mm.

The actual volume flow rate can be lower than the theoretical one due to the pressure loss. In order
to measure the actual volume flow rate, we keptLthend Vr constant in the -gode and varied

the Le. For each set, eight polycarbonate fibers were produced with a deposition height of 5 mm
and a 0.4 mm tungsten carbide nozzle aP@3th the Prusa printer. We weighed the eight fibers
together on an analytical lasce (GH202, A&D), and calculate the average value as the actual
extruding mas$1”. Then we calculate the actual volume flow 1@teby the following equation:

[Y:=X
Ao
where, the density of polycarbonatés 1.20 g/cm. Therefore, weobtain the volume flow rate
correction factoC1 = Q/Q for each setTable 5.2andFig. 5.15.

30L (5-10)

Table 5.2 Calculation of the volume flow rate correction factr for eight different printing
parameter settings. Eight fibers were produced for each setting. Due to the small weight of each
fiber, the eight fibers were measured together on a balance, then the weight was divided by eight
to get the average value as theasured extruding mass in this table.

Theoretical Measured
Measured
Lo Le VE volume ) volume flow
_ extruding C1
(mm) (mm) (mm/min) flow rate rate
ss (9)

(mm?/s) (mm?¥/s)
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120 4 1929.3 2.5781 0.0119 2.6517 1.03
120 8 1929.3 5.1561 0.0206 4.6027 0.89
120 10 1929.3 6.4452 0.0253 5.6439 0.88
120 12 1929.3 7.7342 0.0293 6.5454 0.85
120 16 1929.3 10.3122 0.0383 8.5412 0.83
120 18.66 1929.3 12.0267 0.0441 9.8531 0.82
120 20 1929.3 12.8903 0.0483 10.7797 0.84
120 24 1929.3 15.4684 0.0568 12.6778 0.82

Figure5.15 Calibration of the volume flow rate of polycarbonate filament on the Prusa 3D printer.
The dashed line iarepresents that the actual volume flow rate equals to the theoretical one.
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5.5.13 Resin infiltration

Figure5.16 Resin infiltration setupa, A micropump infiltrates the resin from the syringe into the
bottom d the plastic mold via a Teflon tublk, Closeup view of the infiltration process with the

low RI elastomer (RI = 1.41 @589nne).Closeup view of the infiltration process with the high

RI elastomer (Rl = 1.55 @589nm). The alternating fiber fabric aldieappears inside the high

RI elastomer resin, due to the small RI difference between the fiber (Rl = 1.58 @589nm) and the

high RI elastomer.
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5.5.14 Design of the falling dart

Figure 5.17 Design of the fallingdart integrated with a force sensa;. When the dart is
overhanging, there is a gap between the force sensor and the aluminium rod inside the dart, ensuring
no force is measuret), When the dart is pressed, the aluminium rod will hit on the force sensor.

The crosssectional area of the aluminium rod is the same as the sensing area of the force sensor.
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5.5.15 Calibration of the force sensor

Figure5.18 Calibration of the force sensor under stddiading. We calibrated the sensor on an
electromechanical machine (MTS Insight). The inset shows the setup. We used an acrylic puck
with the crosssectional area matching the sensing area of the force sensor. A compressive
displacement was manually applied the top clamp, until a certain force is reached. Then the
conductance was measured under this force value with a digital multimete4@P@INational

Instruments) and a LabVIEW program. The linear fitting was shown in the plot.
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5.5.16 Impact tester calibration
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Figure 5.19 Displacement measurement and calibration in the falling dart impacttdsive
consecutive higispeed camera snapshots from the impact test of the alternating fiber composite
specimenA black and white calibration paper was attached on the falling baffthe intensities

of the pixels along the yellow arrow @&nextracted by a MATLAB code, Sgolayfilt fitting of the
curves inb with a polynomial order of 9 and frame size of 41. M&TLAB code automatically
measures the shift of each curve in the unit of pixglBisplacement of the dart which is converted
from the shift in pixels it by the MATLAB code. The time 0 ms corresponds to the initial contact
and is selected manually frothe highspeed camera snapshasVelocity of the dart which is
calculated based on th® 6rder polynomial fitting function inl. The time 28.4 ms corresponds to
zero velocity. The calculation of momentum change between the initial contact anddhe ze
velocity time is shown in the pldt. Contact forcdime curve measured from the force sensor. The
impulse between the initial contact and the aelocity time is calculated, based on the direction
of gravity. The asonducted calibration for the irapt test of the alternating fiber composite

specimen has a discrepanthL zaiw .
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Abstract

Soft materials cajde of large inelastic deformation play an essential role in-pegformance
nacreinspired architectured materials with a combination of stiffness, strength and toughness. The
ULJLG BEXLOGLQJ EORFNV™ PDGH IURP JOD WidisRaok ir¢tdst PLF L Q
deformation capabilities and thus rely on the soft interface material that bonds together these
building blocks to achieve large deformation and high toughness. Here, we demonstrate the concept
of achieving large inelastic deformatiand high energy dissipation in soft materials by embedding
microstructured thermoplastic fibers with sacrificial bonds and hidden lengths in a widely used
elastomer. The microstructured fibers are fabricated by harnessing thméalthnical instability

of a molten polycarbonate (PC) thread on a commercial 3D printer. Polydimethylsiloxane (PDMS)
resin is infiltrated around the fibers, creating a soft composite after curing. The failure mechanism
and damage tolerance of the composite are analyzed throagthré tests. The high energy
dissipation is found to be related to the multiple fracture events of both the sacrificial bonds and
elastomer matrix. Combining the microstructured fibers and straight fibers in the elastomer
composite results in a ~ 17 timegrease in stiffness and a ~ 7 times increase in total energy to
failure compared to the neat elastomer. Our findings in applying the sacrificial bonds and hidden
lengths toughening mechanism in soft materials at the microscopic scale will facilitate the
development of novel bioinspired laminated composite materials with high mechanical

performance.
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6.1 Introduction

Nature often assembles materials with intricate architectures, achieving functional properties that
are superior than the intrinsic propertieshadir constituenfs*. For example, nacre from mollusk
shells, a composite of 95 vol% minerals and 5 vol% organic materials, is 3000 times more fracture
resistant than the mineral comportfemKH 3Ednd PRUWDU  DUFKLWHFWXUH ZLWK
of calcium carbonate bonded by nanoscale interlayer of chitin and protein in nacre leads to an
attractive combination of stiffness, strength and toughness, whschdpared the development of
advanced composite materfiS. Soft organic materials, despitesir small amounts in nacre, play

a critical role in spreading nonlinear deformations over large volumes and achieving high
toughness at the macroscopic stal€awtooth patterns were observed on the feeggension

curves of the soft organic materiatsnacré?, attributing to the breaking of sacrificial bonds and
unfolding of hidden lengths at the molecular sEal&he sacrificial bonds and hidden lengths
toughening mechanism is also found in Bénspider silk® and mussel byssus threftiRRecent
studie§®%on bioinspired composites often focus on duplicating the architecture in nacre at the
microscopic scale to achieve crack deflection and bridging or interfacial sliding toughening
mechanisms, while fel{*®focuses on the development of soft interface materials that mimic the
large inelastic deformation and high energy dissipation of natural organic materials. The challenge
lies in reproducing the sacrificial bonds and hidden lengths toughening mechaniggimeegng

materials.

Synthetic elastomers have a similar large deformation behavior to the soft organic materials in
nacre. Previous studft® using elastomers as the soft interface in nawspired architectured
composites successfully improved theckrayrowth resistance, damage tolerance and impact
resistance. Cavities and ligaments are formed at the elastomer interface under large deformation
which is consistent with the behavior of nacre. However, the deformation of elastomers is mostly
elastic ad thus recoverable, while the soft organic interface in natural materials shows large
inelastic deformations and high energy dissipation. Strategies like introducing sacrificial bonds and
folded domains into elastomers at the molecular $t3lare effetive to achieve large inelastic
deformations and improve the energy dissipation in synthetic elastomers. Researchers also

explored the possibility of reinforcing elastomers with rigid mesh at the microscopic or
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macroscopic scale to achieve the large inielateformation and high energy dissipafiof’. A
sawtooth tensile behavior was accomplished through the multiple fracture of the rigid mesh inside
the elastomer matrix. Fereg al?! incorporated a polyamide fabric mesh in between acrylic tapes
with viscoelastic properties. The interlayer sliding induces shear stresses between the mesh and
tape, which fracture the mesh into multiple islands until a critical length scale is reached. Their
resulting composite shows a ~ 5 times increase in stiffness-a@diees increase in total energy

to failure compared to the acrylic tape. Kietgal?® embedded a 3{printed plastic mesh inside an
elastomer matrix. The multiple fracture of the plastic mesh triggered by a topological interlocking
mechanism leads to-a60 times increase in stiffness and ~ 0.5 time increase in total energy to
failure compared to the neat elastomer. Both examples adopted the double networkstPategy
which uses rigid mesh as the first network to ensure high stiffness and energtidissgnd soft

matrix as the second network to maintain the structural integrity. Since the soft matrix is still intact
after the rigid mesh fractures, the deformation of the composite is recoverable. The energy
dissipation can be further increased byddticing moleculatevel sacrificial bonds into the
matrix*2. Recently, we demonstrated large inelastic deformation and high energy dissipation in
elastomer composites under kewlocity impact® by combining the widely used elastomer PDMS

and the microstrctured thermoplastic fibers with sacrificial bonds and hidden lefigths

The microstructured fibers with sacrificial bonds and hidden lengths are made by instability
assisted fused filament fabrication (IFFF) as showRign 6.1a. A molten polymer tlead falls

from a certain height onto a platform with a relative movement in the horizontal direction.
Depending on the ratio of the extruding spegtb the printing head moving speegd a series of
nonlinear patterns can be produced due to the-fhedhanical instability®. In the alternating
pattern that we chose for this study, the-gersections of the molten polymer thread form weakly
fused bonds after cooling, which act as sacrificial bonds under mechanical I¢aglitiglb shows

a representave forceeffective strain curve of an alternating PC fiber (dia. = 0.44 mm) with six
loops under tensile loading. Each force peak corresponds to the breaking of a sacrificial bond. After
the bond breaking, the hidden length, i.e., the fiber loop, iageteand unfolded. The unfolding

of hidden lengths leads to largeale plastic deformation along the fitferEmbedding the
microstructured fibers in PDMS produces a transparent elastomer composite with graceful failure

and superior damage tolerafftélthough large inelastic deformation and high energy dissipation
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were demonstrated in the elastomer composite under impact Ifadivg KH FRPSRVLWHV |
mechanism and damage tolerance under static loading remain to be investigated. In this work, we
pefform uniaxial tensile tests of the alternating fiber composite specimens in the pure shear
geometry! with and without a precrack to understand the interactions between crack propagation,
bond breaking and fiber unfolding. Two levels of multiple fracturenés are observed during
tensile tests: the multiple breaking of sacrificial bonds along the fiber and the multiple cracking of
the PDMS matrix. The breaking of sacrificial bonds, unfolding of fiber loops and the formation of
voids in PDMS dissipate theeohanical energy which would otherwise drive the propagation of a
precrack Fig. 6.1c). The voids and exposed fibers are analogous to the micro cavities and ligaments
at the soft organic interface of nacre. We also compare the total energy to failurenzagked
tolerance between the plain elastomer and its composites with different fiber reinforcements under
uniaxial tensile loading. In the end, static puncture tests are carried out to evaluate the energy

absorption and damage tolerance of the compositerurahsverse loading.

Figure 6.1 Overview of toughening elastomers via microstructutteermoplastic fibers with
sacrificial bonds and hidden lengths. (a) Schematic illustration of the IFFF process. The extruding
speedve is 2.06 times faster than the extruder moving speeg@roducing the alternating pattern.

(b) Forceeffective strain arve of the agabricated microstructured fibers with six alternating
loops. The breaking of sacrificial bonds and the unfolding of hidden lengths from one of the six
loops are illustrated as an example. The fiber contours with fake color are tracedamamac
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shapshots during the tensile test of the microstructured fiber. (c) Schematic illustration of multiple
breaking of sacrificial bonds and multiple cracking of the matrix in an elastomer composite with a

precrack under tension.

6.2 Experiments

6.2.1 Microstructured fiber printing

We adopted the instabilitgissisted fused filament fabrication technf§we make microstructured
fibers with sacrificial bonds and alternating loopsPC filament (Top3d Filament, Dongguan,
China) with a diameteDsiament= 1.75 mm was dried overnight in a vacuum oven atbbefore
printing on a Prusa i3 printer with a nozzle diametgge = 0.4 mm at 330C. We used the
Simplify3D software to send the custesmitten g-code to the printer. In the@pde, we chose a
deposition height of 5 mm for the whole printing process to keep the deposition within the viscous
steady coiling regim®. In order to produce the alternating pattern, the speedveatiocshould be

in the range of 1.57 to 2.23 according to the geomatddel developed by Bruet al®3, The
horizontal moving speedh is directly determined by the printing head moving feedvatgom

the gcode. Based on the continuity equation for incompressible fluids, the extrudingvspeed

determined by the folloimg equation:

g 82 1Bt L—B:%@mxxj:f@aa 61)

<a Rala ““\' g (6-2)

deppb
where, the extruding lengtte of the 1.75 mm filament, the moving distarige of the printing
head, and the printing head moving feedké&tare independent parameters in theode. We first
fixed VF at 1929.3 mm/min. Then we measured the volume flow rate correction @&ctor82)
and the fiber expansion fact@s (1.09) experirentally’®. The speed ratig/vm is proportional to
the ratio of two independent@pde parameteits:/Lp:
NLR R L2& @LM% (6-3)

74Xdeppb|
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We chose a speed ratigvm = 2.06 to produce the alternating pattern in this work. Therefore, for

a target printing distancep, the extruding lengtlhe can be calculated by equatio®3). The
horizontal printing direction was kept the same for all fibers. The fiber separatictetuasd in

the gcode. After the printing of all fibers, a rectangular frame was printed on top of the fibers for
the easy handling of the fibers without altering the distance between each fiber. The straight fibers
were printed using the samecgde foralternating fibers in which the deposition height was
changed to 0.4 mm. Therefore, the straight fiber has the same weight as the alternating fiber.

6.2.2 PDMS-Microstructured Fiber Composite Fabrication

Polydimethylsiloxane (Sylgard 184, Dow) was used to mélkest specimens. The prepolymer

base and the curing agent were thoroughly mixed at a ratio of 10:1, and then degassed in a vacuum
oven at room temperature for one hour. Two acrylic plates weredasend assembled into a
rectangular mold with a chambsize of 100 x 80 x 1.5 mm (length x width x depth). Before
placing the aprinted fibers into the mold, two sides of the rectangular frame which are parallel to
the fibers were cut, and the other two sides were cast in PDMS together with the fibeestiienc
fibers stay aligned during the molding process. Any bubbles generated during casting would
disappear after a short period in ambient environment. Then we put the mold into an oven and
cured the mixture at 6% for 4 h. The afabricated specimen Ha thickness of 1.5 mm. We used

the same process to make the plain PDMS specimen and fDidigectional fiber composite
specimens. We first prepared the PDislIfrnating fiber composite specimen with 23 evenly
distributed fibers and a fiber separatiordd85 mm for the failure mechanism and crack growth
resistance analysis of the composite. In order to compare the tensile behavior of different composite
specimens, we then prepared the PBalfSrnating fiber and PDMStraight fiber composite
specimens wit 12 evenly distributed fibers and a fiber separation of 8.7 mm, and the 1hiig

fiber composite specimen with 12 alternating fibers, 11 straight fibers and a fiber separation of 4.35
mm. For the PDM&hybrid fiber composite specimen, the alternatibgifs were manually aligned

to be in the middle of the straight fibers in the mold before pouring the PDMS resin. The- PDMS
bidirectional fiber composite specimens for the static puncture test all have a size of 100 x 100 x
1.5 mm (length x width x thicknesand were fabricated using the procedure deschigetbuet

al.?8.
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6.2.3 Mechanical testing

We conducted all the mechanical tests on an MTS Insight electromechanical machine with a 100N
or 1000N load cell depending on the test load range. Tensile test dfetimatng fiber with six

loops was carried out with a gauge length of 32 mm and crosshead speed of 500 mm/min. The pure
shear specimens have a length of 100 mm and a thickness of 1.5 mm. The grips opening is 20 mm.
The crosshead speed is 10 mm/min fopate shear specimens. We glued the pure shear specimens

to lasercut polycarbonate grips with 3M silicone sealant 8661. Mounted screws were also used to
tighten the grips in order to make sure that there is no slippage of the spatiengsed scissors

to create the precrack with a length of 30 mm on the test specimen. Any fibers along the precrack
were also cut. The crack extension of the notched plain PDMS specimen was measured by a
customwritten MATLAB code which can detect the crack tip movement basedigital image
analysis. The crack extension of the notched PEMM&nating fiber composite specimen was
manually measured in Image J. For a purely elastic material, the energy releadSeaatde
calculated by the following equatitin

) L9:&*, (6-4)

where * is the height of the undeformed specimér, s E YL s E @* is the stretch ratio@s

the crosshead displacementis the effective strain9 :&;is the strain energy density of the
material ahead of the crack tip measured by integréitiegrea under the strestsain curve of an
unnotched sample with identical dimensitis The energy release rate of hyperelastic materials

like PDMS can be directly calculated by equati6rd)®®. A critical energy release rafe was
calculated athe onset of crack growth with a critical stretch radioThe ) was taken as the
fracture toughness according to previous stddiés® Since the PDMSilternating fiber
composite is highly dissipative, we used equati®#d)(to calculate the effaee energy release

rate and effective fracture toughness of the composite in order to compare with the neat elastomer.
The static puncture test was carried out with a hemispherical indenter head (diameter: 25.4 mm).
The specimen was clamped by two acryiates (thickness: 12.7 mm) with a circular opening
(diameter: 76.2 mm). Mounted screws were used to tighten the plates and avoid the slippage of the
specimen inside the clamps. The indenter speed was 10 mm/min for all static puncture test

specimens.
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6.3 Resuls and discussion

We first tested a PDM@&lternating fiber composite specimen without a precriiak 6.2. Three
regimes were observed from the test: I. homogeneous stretching of the fiber and PDMS; II.
breaking of sacrificial bonds inside PDMS, voidrf@tion in PDMS, unfolding of the released

loop and segmentation of PDMS; Ill. Onset of fiber breakage and final failure of the specimen.
Due to the similar refractive indexes of the PC fiber and P#MBe fiber isalmostinvisible

inside PDMS when the spimen is at rest (sdg€g. 6.2a i). Once the specimen is stretched, the
nonuniform deformations induce small gaps between the fiber and matrix, making the fiber contour
more apparentig. 6.2 shows that the force linearly increases with respect tdfiwtiee strain

in regime 1. In regime I, the foreeffective strain curve first reaches a plateau Bge6.2E LL 0

= 0.24 mm/mm) due to the breaking of sacrificial bonds inside the matrix. Since the adhesion
between the PC fiber and PDMS is weak, litnp unfolds inside the matrix as the stretching
continues, resulting in fibenatrix sliding. The unfolding of the loop enlarges the void inside the
matrix (sedrig. 6.2a1i). The void acts like an embedded crack and propagates transversely through
the thickness of the specimen. Once the embedded crack becomes a through crack, the fiber is fully
exposed, and the loop is free to unfold (B&e 6.2 iii). Then the crack propagates longitudinally

in PDMS and exposes more loops. The multiple breaking offised bonds inside the matrix
initiates more voids that evolve into running cracks. The interlocking between the fiber loop and
the matrix triggers the multiple fracture of PDMS (§&g 6.2 iv). Similar fracture behavior was
observed by Changt al® in PDMS-polyamide fabric composite. The detaching of fiber and
PDMS makes the voids into running cracks under large deformation. In @hahdlV ZRUN DIWH
matrix cracking, the polyamide fabric goes through a bending to stretching transition as the
stretching continue$. In our case, the loop first unfolds after matrix cracking with a coupled
deformation of bending, torsion and axial ten&foAs the stretching continues, the straightened
fiber yields under tension. The strain hardening of the fibers results in the force increase in regime
II. In regime lll, the fibers break one by one ($eég. 6.2 v), leading to the gradual failure of the

specimen.
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Figure6.2 Fracture of the unnotched PDMfBernating fiber composite specimen under uniaxial
tension. (a) Camera snapshots of the fracture of the specimen at different effective sai@s: i.
ii. 0=0.24;iii. 0=0.41; iv. 0= 1.32; v. 0= 3.04. Scale bar is 10 mm in the camera snapshot and 3

mm in the inset. (b) Foreeffective strain curve of the PDM&ternating fiber composite.

Figure 6.3 Comparison of the fracture behavior of the notched plain PDMS specimen and the
notched PDMS&alternating fiber composite specimen under tensile loading. (a) Camera snapshots
of the notched plain PDMS specimen at different effective strairs 0.19; it 0= 0.23; iii. 0=

0.25. (b) Camera snapshots of the notched PRKESnating fiber composite specimen at different
effective strains: iv.0= 0.17; v. 0= 0.38; vi. 0= 1.38. All scale bars are 10 mm. (c) Feettective

strain curves of the notched pl@DMS (in black) and PDM&lternating fiber composite (in red)
specimens. (d) Crack growth resistance curves of the notched plain PDMS (in black) and PDMS
alternating fiber composite (in red) specimens. The error bar represents the standard deviation of
the effective energy release rate with the strain energy density measured from three unnotched

specimens with identical dimensions as the notched specimen. In the notched plain PDMS
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specimen, when the crack extension exceeds 50 mm, the crack propagegierates rapidly,

making it difficult to measure the crack extension from the camera snapshots. Since the effective
energy release rate stays almost at the same level, we extrapolated the dashed line after the crack
extension exceeds 50 mm. The inset shdive critical effective energy release rate of the plain
PDMS (196 + 74 J/A and PDMSalternating fiber composite (340 + 49 3)rat the onset of crack

growth.

The low fracture resistance of PDMS has been previously repoitdeig. 6.3 shows théracture

RI' D QRWFKHG 3'06 VSHFLPHQ LQ WKH SXUH VKHDU JHRPHWU\
and runs through the whole specimen very quickly. The mechanical behavior of a notched PDMS
alternating fiber composite specimen also includes tlegenes Fig. 6.3 and c). The fiber and

PDMS are cestretched in regime |. The breaking of sacrificial bonds and the-rilagnix

detaching produce voids in regime Il. With the voids developing into running cracks, the fiber is
exposed and straightened,dathe specimen is segmented into several isolated PDMS islands.
Finally, the specimen fails after the breaking of fibers in regime Ill. The precrack of the PDMS
DOWHUQDWLQJ ILEHU FRPSRVLWH VSHFLPHQ VWDUVYd3k WR SUFR
propagation fig. 6.3E Y WKH H[SRVHG ORRSV XQIROG EHKLQG WKH
WRXJKHQLQJ" ZKLOH WKH VDFULILFLDO ERQGY EUHDN DQG
3LQWULQ VL FMhRH¢ histeh€dLRDMS specimen, teergy dissipation happens only at

the crack tip, via breaking of molecule chains. While in the notched R&M&hating fiber

composite specimen, more energy dissipation mechanisms are introduced by the breaking of
sacrificial bonds, unfolding of hiddeadps, growing of voids and fib@natrix sliding, both behind

and ahead of the crack tip. The crack growth resistance curves of the two specifign§.@®i

show that these extra energy dissipation mechanisms contribute to the rising crack growth
resistage during the crack propagation in the composite specimen. The effective fracture
toughness is not otherwise improved significantly in the composite (340 + 4F 6.3 inset)

specimen compared to the neat elastomer (196 + 74Fim 6.3 inset).Compared to the tough
elastomers with sacrificial bonds at the molecular $%ateir composite shows a much larger

energy dissipation zone. Due to the large size of this energy dissipation zone, it should be noted
WKDW WKH 3IUDFWXUH WRAHBYHWD W GZRMNIHUIJ BHSHQG RQ W

specimen. Therefore, we used the term effective fracture toughness and effective energy release
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rate here to show the contribution of the energy dissipation mechanisms compared to the neat
elastomer$ I WHU WKH SUHFUDFN FXWV WKURXJK WKH FRPSRVLWH
fiber continues to carry the load via plastic deformation. Further stretching develops more voids

into running cracks, dissipating more energy till the final failurthefspecimen.

Figure 6.4 Tensile test of the plain PDMS specimen and PBEM#lirectional fiber composite
specimens with and without a precrack. (a) Optical images of test specimens: plain ®DMS (
PDMS-straight fiber composite=(), PDMSalternating fiber composite”(), PDMS hybrid fiber
composite ¥ ). (b) Forceeffective strain curves of unnotched specimens. (c) Feffeetive strain
curves of notched specimens. (d) Comparison of total energy to fafltestspecimens. Solid
blocks represent unnotchedespnens, while hollow blocks represent notched specimens. All scale

bars are 5 mm.
To compare the difference in mechanical performance between the microstructured fiber and the

straight fiber in the composite, we prepared four specimens in the pure shear geometry as shown

in Fig. 6.4a: plain PDMS, PDMStraight fiber composite, PDM8&lternating fiber composite, and
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PDMS-hybrid fiber composite which contains both straight fiber and alternating fiber. The
XQQRWFKHG SODLQ 3'06 VSHFLPHQ H[KLELWYV D VWLIIQHVV DI
1.45. The unnotched alternating fiber compospecimen shows the aforementioned three regimes

ZLWK D VWLIIQHVYV DURXQG 1 PP PP DQG ILQDO IDLOXUH D
FRPSRVLWH VSHFLPHQ VKRZV D OLQH Dédifetive Btré&rHcuv® ad.& 0
high stiffneVV DURXQG 1 PP PP $W O D FUDFMatriQ LWLDW

interface and ruptures through the whole matrix, leading to the force drop on theffentre

strain curve. Then the straight fibers continue to carry the load. Hie lsirdening of the straight

fibers leads to an increase on the feldd  HFWLYH VWUDLQ FXUYH 3$W O W
RQH E\ RQH UHVXOWLQJ LQ WKH ILQDO IDLOXUH-RihteKH VSH
straight fiber, the avage fiber width of the broken straight fibers reduced by 28.3%, indicating

WKH ILEHUVY SODVWL F-efiektive straiD tMivdrd therhyibfidl $p&Liidn is almost

the sum of that of the alternating fiber and the straight fiber composite speciwith a strairat-
IDLOXUH O VLPLODU WR WKH DOWHUQDWLQJ ILEHU FRPS
to the straight fiber composite. The notched plain PDMS specimen shows a large decrease in
strength and strain at failure, while thetched composite specimens keep similar stiffness and

strain at failure to their unnotched counterparts, with only a decrease in strength due to the cut of
fibers along the precrack. The total energy to failure of the notched plain PDMS specimen is only
2.2% of that of the unnotched specimen, while the notched composite specimens keef79%0%

of the total energy to failure of their unnotched counterparts. The high damage tolerance of the
composites is mainly attributed to the plastic deformation of ltkenating and/or straight fibers

after matrix cracking.

‘H IXUWKHU HYDOXDWHG WKH FRPSRVLWHYVY HQHUJ\ DEVRUS
Fig. 6.5 shows the four types of specimens: plain PDMS, PBM&ght fiber composite, PDMS

alternating iber composite, and PDMBybrid fiber composite. We first carried out the static
puncture test with a smooth indenter head. The plain PDMS specimen endures a high transverse
force up to 448 N. The specimen fails when a crack initiates at the edge adeheemhead and
propagates rapidly and circularly around the indenter head. The failure of the plain PDMS
specimen produces a popping sound with the remaining pieces bouncing up and down rapidly,

indicating that a large amount of the energy absorptiomseteand transforms into sound and
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kinetic energy after unloading. The material failure is more graceful in the alternating and hybrid
fiber composite specimen (Fig 5b), with mechanical energies dissipated away instead of stored

inside the material.

Figure 6.5 Static puncture test of the plain PDMS specimen and PDbMigectional fiber
composite specimens. (a) Optical images of test specimens: plain RDOMPDOMS straight fiber
composite §), PDMSalternaing fiber composite€), PDMShybrid fiber compositeX). Scale

bars are 2 mm. (b) Camera snapshots of the static puncture test ofiBDhtSfiber composite

with a rough indenter head in front and bottom views. Scale bars are 10 mmdisptaeement

curves of test specimens with (c) a smooth indenter head, and (d) a rough indenter head attached
with a P60 grade sandpaper. (e) Total energy to failure of test specimens. Solid blocks represent
tests with the smooth indenter head, while hollow blocks reptdests with the rough indenter

head.

The alternating fiber composite specimen fails with a circular crack propagation similar to that of

the plain PDMS specimen, but in a much slower pace. After the circular crack propagates fully
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around the indenter hd, the alternating fibers continue to unfold and the interlocking between the
alternating fiber and matrix leads to the multiple cracking of PDMS. In some cases, the alternating
fiber cuts out from the matrix transversely, which are not observed inrtbietéests. The fiber
cut-outs mostly happen at the bottom layer of the bidirectional fabric, where the alternating fibers
are easier to cut through the matrix than the top layer fibers. Due to the limitation in clamping force
with screws and the shortachping length (~ 12 mm) of the fiber in this study, after theocis,

the fibers often slide out of the matrix instead of breaking. Since the sliding of the fibers always
happens before the final breaking of those fibers without cutting out from thie,magrbelieve

the sliding only affects the lodukaring capability, not the extensibility. In our tests, the breaking

of those fibers without cutting out from the matrix results in the final failure of the alternating fiber

composite.

After matrix cracking, the straight fiber composite specimen does not show large yielding of the
fibers similarly to the results shownhig. 6.4 Conversely, the matrix cracks after the breaking of

the straight fibers at the grid intersection point. The printing of th@hbtrfiber fabric weakens the

fibers at the intersections, hinderitige strain hardening potential of the fibeffgy. 6.5 shows

that the loading capacities of the three composite specimens are 33% of that of the plain

PDMS specimen, under currefiber volume fraction. The hybrid fiber composite specimen
achieves almost the same total energy to failure as the plain PDMS spe¢imer®.%e).
Considering that only three alternating fibers and three straight fibers in each direction contribute
to the penetration resistance under the current indenter size, the loading capacity and energy

absorption can be further improved with a higher fiber volume fraction.

7R HYDOXDWH WKH VSHFLPHQYY GDPDJH WROHUDQFH XQGHU
sandpaper to the hemispherical indenter which introduces surface cracks to the specimen during
loading. Compared to the test results with a smooth indenter head, the loading capacity and energy
absorption of the plain PDMS specimen with a rough indergad educe by 80% and 89%,
respectively Fig. 6.5-e). In contrast, the loading capacities and energy absorptions of the
composite specimens with a rough indenter head are almost the same as these with a smooth
indenter head. Since the adhesion betweetwiéayers of the fabric is weak, the alternating fiber

fabric itself has very low loatlearing capability under puncture due to the slipping of the fiber

around the indenter head. The high damage tolerance of the composites under transverse loading
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comesfrom the combination of the fiber fabric and the elastomer matrix, and various resulting
energy dissipation mechanisms, including the plastic deformation of the fibers and the multiple
fracture of the matrix, as well as the fibaatrix sliding and fibecut-outs.

6.4 Conclusion

We demonstrated large inelastic deformation and high energy dissipation under tensile and
transverse loads in a commercially available elastomer reinforced by microstructured fibers with
sacrificial bonds and hidden lengths. The defmion and failure of the composite material are
dominated by the multiple breaking of sacrificial bonds at the microscale and the multiple fracture
of the elastomer matrix at the macroscale. During these multiple fracture events, the composite
material disipates energy by the breaking of sacrificial bonds, yielding and fracture of the
unfolding fiber, voids formation and crack growth in the matrix, as well as-fifaerix sliding.

We show that the mechanical properties of the composite material can déyurentrolling the
pattern, volume fraction and arrangement of the reinforcing fibers. The mechanical performance
of the composite may also depend on the fibatrix adhesion and matrix properties, which will
deserve further investigations. Instabildgsisted 3D printirg?®4243 electrospinnintf*® and

melt electrowriting”*®provide the opportunity for the miniaturization of the microstructured fiber

to accommodate different indenter sizes in -weaild applications. The transparency of the
composite materials can be improved by matching the refractive indexes of the fiber and the
elastomer matrix for applications that require high optical transp&feridye concept that we
demonstrated here could be applied to any soft matémiclsding elastomers and hydrogels in
order to achieve large inelastic deformation and high energy dissipation. Combining our composite
ZLWK RWKHU VXFFHVVIXO LPSOHPHQWDWLRQV RI %W XUHTV \
promising way to makadvanced laminate composites with high energy dissipations at multiple

length scales.
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Around 1500 B.C.E., Egyptians developed composite clay bricks using stravesremforcement

to improvethe mechanical properties bricks The 20" Centurywitnessed the rapid growth of
fiber-reinforcedpolymercompositesvhich basically share the saménciple as(J\ S W LsDa@+V
bricks i.e. strong fibers are embedded iHems strong matrix to achieve combined mechanical
properties which are bounded by the rule of mixtuf@8]. With the advent of modern
characterization technologies sinceltite20" Century variousintricate hierarchical architectures

have beemoreand moreaecognized in many biolagal materialghatachievesuperior properties
thantheir material constituent3.he advent of various advanced manufacturing technologies such
as additive manufacturing offers great opportunities to duplicate the hierarchical architectures of
biological materials in engineering materials, leading to much more complex structures and
superior functional properties than current fibeeinforced polymer composites. Bioinspired
architectureegngineering materials will be one of the focuses in advanced materials research in the

coming decades.

Advanced transparent composite matenaith impressive functional properti¢87] 491] have
emergéd during the last five yearwith intricate nanoscale or microscale architectures inspired by
biological materials such as nacre from mollusk shBlégre is a composite of 95 vol% minerals

and 5 vol% organic materials and is 3000 times more fractustamgsthan its mineral component

[3]. The high WRXJKQHVYV RI QDFUH FREemMMMDURMD LMK\ WHBHBWRN H
microscale tablets of calcium carbonate are bonded by nanoscale interlayer of chitin and protein.
Multiscale toughening mechanisms, including track deflection andablet sliding at the

microscale and the breaking of sacrdicbonds at the molecular scale, contribute to the large

GHIRUPDWLRQ DQG KLJK HQHUJ\ GLVVLSDWLRQ RI QDFUH XQG
OLNH PLFURVWUXFWXUH KDV EHHQ VXFFHVVIXOO\-XBSURGXF

(freeze[92]/vacuum casting89] R U -GVRZI)~ O DV H [B8H @pptdarhes.Dle to the

convenience of infiltration/lamation, synthetic polymers like methacryl§e] or ethylenevinyl

acetatd88] DUH RIWHQ XVHG DV 3PRUW Bddist th®intpRQeBtxtibVofack VW X G L |

deflection andablet sliding toughening mechanisms. However, the sacrificial bonds mechanism

WKDW H[LVWV LQ QDFUHYV RUJDQLF LQWHUIDFH LV VWLOO PL

absorbing composite witimicrostructured sacrificial bonds and hidden lengths described in
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Chapter 5and 6has the potential teH LQWHJUDW Mi& tBeVenpiheedndgrizkivall
structureto further improve the damage tolerance and energy absorption capabilachsaned

transparent composite materials

Our transparent energgbsorbing composite described in Chapter 5 and 6 is a first-pfoof
conceptof introducingmicrostructuredsacrificial bonds and hidden lengths in engineelintik
materials Even though we demotnated withpolycarbonate fiber and soft elastomeric matrix, the
concept of energpbsorbing composite with microstructured sacrificial bonds and hidden lengths
can be applied to other engineering materials, transparent or not, such as Kevlar fibelidpolyam
fiber, epoxy resin, and PEEK, in order to meet the themmathanicahnd humidityrequirements

in various engineering applicatians

Buckling is traditionallyconsidered as a sign of material failure which $gtadthe catastrophic
collapse oengineering structureslence, buckling isftenavoided in engineering practid2uring

the last decadeherearenew trends of harnessing the buckling instability of slender structures to
create new functionalities. Besides the instabaitgisted defgition processes reviewed$ection

2.3, the buckling instability has also been exploited in thins shellsofar cells[93] and smart
morphing[94], and ribbon networks fostretchableslectronicg95] and 3D materials assembly
[96]. The instability-assisted fabrication is opening exciting new opportunities for advanced
materials research which would not be possible with toardit methods. Whereas this dissertation
focuses on the instability harnessing on a fused filament fabrication 3D printer, other processes
such as solventast direct writg15], electrospinningB84], melt electrewriting [85] are also worth
exploringto producemicroscale or even nanoscélgerswith sacrificial londs and hidden lengths
based on any materials that can be melted or dissolved in a s@est 3D printing technologies
like stereolithography can also petentiallyused to createnaterialswith sacrificial bonds and
hidden lengthghrough a classibottomup approactand possibly lead to different innovative
structures other than coiling or alternating loops. Howelierektrusiorbased instabilityassisted
deposition process proposed in this thesis prevadow-cost, timeefficient and scalable
production of fiber fabrics witlsacrificial bonds and hidden lengths, compared to other batfpm
technologies.

In order to avoid the premature failuresagfabricatedfibers with sacrificial bondand hidden

lengths, the experimental and simulation hssdescribed in Chapter 4 provide an essential guide
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for the material selection. Even though grematurefailures of the fiber backbone in various
failure modesare all attributed to high locatensile stresgs a strain at breakcriterion is
recommende for material selectiog) since the full release of the hidden loap, the ultimate
straightening of the fiber, poseggaometry requiremenhot aload requirementn the material.
The strain at brealof the fiber materiahad better exceed-0.2 to avoid premature failures
according toFig. 4.4. However, thehigh strength of the materias still preferable in ordeto
achieve higher energy absorpti@he area under the loading curvélrther optimization studies
of materialand structural parametes®uld be necessary xhieve the maximal energy absorption

in microstructured fibers with sacrificial bonds and hidden lengths.

The breaking of sacrificial bonds and unfolding of hidden lengths in-fkifed fibers under
mechaital loads not only contribute to high energy dissipation and toughness enhancement, but
also unlockmore functionalities such as strain sensWnen the microstructured fiber is made
from conductive materialshé breaking of sacrificial bonand unfoldng of hidden lengtiesult

in astepwiseincrease in the overadlectricalresistance of the fibemakinglarge strainsensing
possible with brittle conductive materials. When the microstrucfilsedis made from transparent
light-attenuating materialshe breaking of sacrificial bond increases the light propagation path,
thenthe unfolding of the hidden length further decreases the light transmission. As shown in
Chapter 5, embedding the traasent lightattenuating microstructured fibers in a transparent
matrix with a lover refractive index than the fibéeads to high optical transmittance and strain
sensing capability of the composite mater&ihcethe photoresistousedin the optical sesing

system in Chapter 5 absorbs visible light with a wide wavelength range, the ambient light
predominantly affects the photoresistor readings at large deformations of the fiber, making the
currentoptical strainsensingsystem unable to function undeaydight. In future developments,

the photoresistor and light source can be replaced with infrared photodiode and infrared emitting
diode respectivelywith a matchingpeakwavelength to reduce the influence of ambient lighe
hierarchical architecturef sacrificial bonds and hidden lengths can also be combined with other
functional materials such as sakaling or shape memory materials to unlock new functionalities

in future advanced materials.

This dissertation deals with omEmensional and twadimensional systems with microstructured

fibers. Printing microstructured fibers into 3D architectures has been demonstrated by Lipton et al.
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[80] and Brun et al[63] and results in complex foams with variable stiffn@sg. 2.24b)and glass
architectures with stacking coiling loofisig. 2.24c) However, none of the two studies foeds

on thecomprehensive characterization of thacrificial bonds and hidden lengths in the 3D
architecture. In fact, the printing method in these studies invtivsdepositon of coiling loops
directly onto previous coiling loops, leading itderlayerbonding letween coiling loopsThe
interlayer bondingvould join the competition between the fiber backbone and sacrificial bond,
making the fracture behavior less controllable than the fracture oetliorensional or twe
dimensional systems. Advanced topologicaide and printing control would be needed to take
advantage of the full energabsorbing potential of sacrificial bonds and hidden lengths in 3D
architectures with sacrificial bonds and hidden lengths. As an alternativenengyabsorbing
composite desibed in Chapter 5 and 6 can be stacked with plastic or glass plates to produce 3D
bulk materials for safetgritical engineering applicatiorthat demand high energy dissipation at

large deformations.
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8.1 Conclusion

In this dissertation, the sacrificial bonds and hidden lengths toughening mechanism was introduced
to microstructured thermoplastic fibers and later to a transparent elastomeric composite through
IFFF. The failure mechanisms of the microstwred fibers and the toughening mechanisms of the

elastomeric composite were studied. The following conclusions are drawn from this work:

X The premature failures of the fiber backbone in microstructet&dfibers with sacrificial
bonds and coiling loops are caused by high local tensile stresses along the fiber during the
bendingtorsiontension coupled deformation of the unfolding loop. Simulation results
show that the successful straightening of th#ingploop involves a largescale plastic
deformation along the fiber, indicating that material yielding is indispensable to fully
release the hidden lengths in microstructured fibers with sacrificial barsdgin at break
of ~0.2 is recommended for timeicrostructured fiber material in order to fully straighten

the fiber loops.

x High energy dissipation and high damage tolerance are achieved in transparent elastomeric
composites reinforced bgnicrostructured PC fiberwith sacrificial bonds and hidden
lengths.A bidirectional fiber fabric with functional sacrificial bonds and hidden lengths in
both layers \as fabricatedin alternating patternby instability-assisted fused filament
fabrication.The fibermatrix refracive index matching effectively reduces the haze of the
composite.Under impact, the largsecale plastic deformation of the unfolding loops
significantly increases energy dissipation and leads to hysteresis of 95.6% (dissipated
energy/total absorbed energyl00%)

x In theelastomeric composite reinforced by microstructured PC fibers with sacrificial bonds
and hidden lengthghe deformation and failure of the composite are dominated by the
multiple breaking of sacrificial bonds at the microscale and theipteufracture of the
elastomec matrix at the macroscalBuring these multiple fracture events, the composite
material dissipates energy by the breaking of sacrificial bonds, yielding and fracture of the
unfolding fiber, voids formation and crack growththe matrix, as well as fibenatrix

sliding. Combining the microstructured fibers and straight fibers in the elastomer
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composite results in a ~ 17 times increase in stiffness and a ~ 7 times increase in total energy

to failure compared to the neat stlamer.

8.2 Recommendations

Future research is recommended in the following aspects:

X

The effecs of bond strengtlon the mechanical performance of the microstructured fibers

couldbe investigated experimentally and numerically.

The effecs of material properties on the mechanical performance of the microstructured

fibers ould be investigated experimentally and numerically.

Optimization studies of material and structural parametéthie microstructured fiber

shouldbe conducted based dmetfinite element simulation tool.

Shapememory polymer or allogould be used to make thaicrostructured fibers with
sacrificial bonds and hidden lengths. The shape recovering behavior of the fiber would be

interesting to investigate.

Nanoscale fibers etd be fabricated by electrospinning or melt eleeirdging. The
mechanical behavior of a single fiber dimer fabric should be investigated.

The effects of periodic forcing of the nozzle along the direction perpendicular to the
deposition pathway couloe investigated experimentally and numerically based on&run
al 1V P R&.Ht® possible to open up new opportunitieduild complex structures as

what h& been achieved by Liashenkbal [85].

Current commercial laminated glass includes polymeric interlayers, which help hold
together the glass fragments during fracture, but contribute little to the impact resistance.
The transparent ener@bsorbing composite dashed in Chapter 5 has huge potential to
replace the polymeric interlayers in laminated glass and significantly increase the energy
dissipation under impad®@ne challenge in developing the new laminated glass is to create
a strong bonding between thensparent energgbsorbing composite and glass plates,
while still maintain the full functionality of microstructured fibers with sacrificial bonds

and hidden lengths inside the laminated structure.
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The soft energyabsorbing composite described in Chaptan& 6 could be potentially used
DV WKH 3P R U\Mépited tra@sparerf tbhhposif@8] ZL W K W Kaind FERJUWLWD U ”

architecture to furthancrease the energy dissipation of the composite material.

The fibermatrix refractive index matching could be fulfilled using ethyleimg| acetate
fibers (Rl = ~1.48) and the mixture of the elastomers (SylgardRI841.41; OE655Q RI
=1.55) used in Chapter 5.

More fiber orientationsn the composite material should be investigated other than the
0°/90° configuration used in this work, in order to study the influence of the orientation

angle on the mechanical properties.

The energyabsorbing performance of the composite material in this work should be
compared with other energy absorbing materials such as foam or cellular materials in terms

of energy absorptioandbr dissipation per unit mass.

Energyabsorbing composites based &g microstructured fibers with sacrificial bonds
and hidden lengths could be investigated.

Due to the large size of the energy dissipation zone in the elastomeric composite with
microstructured fibers, fractutestspecimens with different sizesuld le tested to see
the full energydissipation potential of the composite.

The effecs of matrix thickness on the mechanical behavior of the elastomeric composite
described in Chapter 6 should be studied experimentally and analytically. The analytical
model ould be potentially built based on the rule of mixty&.

Digital image correlation could be used to measure the crack tip deformation field and
evaluate the local energy release rate, instead of the effective energy release rate calculated
in Chapter 6, through theidtegral[97].



139

%,%/,2*5%$3+<

[1] 5 2 5LWFKLH p7KH FRQIOLFWYV E H\Atdrél Mager Vov WOHQ.JWK DQ
11, pp. 814822, Nov. 2011, doi: 10.1038/nmat3115.

[2] $ 1RYD 6 .HWHQ 1 0 3XJQR $ 5HGDHOOL DQG O
IDQRVWUXFWXUDO OHFKDQLVPV RI '"HIRUPDWLRQ 6NANOHQJWK
Lett, vol. 10, no. 7, pp. 2622634, Jul. 2010, doi: 10.1021/n1101341w.

[3] B. L. Smitheta. pOROHFXODU PHFKDQLVWLF RULJLQ RI WKH W
ILEUHV DQG NRERSWNIN ppV 663, 1999.

[4] G.E.Fantneetal. p6DFULILFLDO ERQGY DQG KLGGHQ OHQJWK (
fibrils separateG X UL QJ E R Q Natuké IMatéf Xdl K, ho. 8, pp. 61516, Aug. 2005, doi:
10.1038/nmat1428.

5] 0 5LHI 0 *DXWHO ) 2HVWHUKHOW - 0 )HUQDQGH] DQC
RI ,QGLYLGXDO 7LWLQ ,PPXQR JScRiEx @l SeriédWD 279,\N0ES315) 0
pp. 11094112, 1997.

6] - 3 *RQJ < .DWVX\DPD 7 .XURND ABwdKHgdregel2 WiliGD p'R
(IWUHPHO\ +LJK 0H F K Bdp.IMaBrovos 15| hd. Q4 WpK1158158, Jul. 2003, doi:
10.1002/adma.2003907.

[7] 0G $ +DTXH 7 .XURNDZD DQG - 3 *RQJ p6XSHU WRXJK
WKHLU DSSOLFDWL RPQyni2i vdE 5B, MD.VY,Hog L TB@RGIR, Apr. 2012, doi:
10.1016/j.polymer.2012.03.013.

[8] J-Y.Sunetal. p+LJIKO\ WO BW BEKW R X Natuke ®U 489 HhQ VAL4, pp.
133436, Sep. 2012, doi: 10.1038/nature11409.

[9] = &KHQ DQG + /X MHP&RQVWUXFWLQJ VDFULILFLDO ERQ
graphene/polyurethane elastomers with improved strength and tblglihMater. Chem.vol.
22, no. 25, p. 12479, 2012, doi: 10.1039/c2jm30517h.

[10] ( 'XFURW < &KHQ 0 %XOWHUV 5 3 6LMEHVPD DQG &
ZLWK 6DFULILFLDO %RQGV D®zencdyaN 544 ,nQ. 513K phP 63639 HAPrN 1
2014, doi: 10.1126/science.1248494.



140

[11] J.Wu,L:+ &DL DQG ' $ :HL Wéaling/BRaXtdier® HyMolecular Enforced
,QWHJUDWLRQ RI &RY DO HQWAD.Mé&teb bl 2BUNG LIBPHL7DRENEZEU N V
2017, doi: 10.1002dma.201702616.

[12] E.Filippidietal. p7RXJKHQLQJ HO DV WhBpiéd ron XD/W @ F PRXY \FHR® S O H |
Sciencevol. 358, no. 6362, pp. 5205, Oct. 2017, doi: 10.1126/science.aao0350.

[13] 0 - 3DOPHUL . : 3XW] DQG clal Bond®ib Btacke@p QadbbnF U L 1L
I1DQRILEHUV %LRPLPHWLF 7RXJKHQLQJ 0AEXKNaQdvM.RPIVNd.RU & RP ¢
7, pp. 42564264, Jul. 2010, doi: 10.1021/nn100661a.

[14] 1 0 3XJQR p7KH 3(JJ RI &ROXPEXV™ IRU ODNfRLOSWKH :RL
ONE, vol. 9, no. 4, p. e93079, Apr. 2014, doi: 10.1371/journal.pone.0093079.

[15] S-Z. Guo, F. Gosselin, N. Guerin, M. Lanouette, MC. Heuzey, and D. Therriault,
M6 ROGAdtQMEe' LPHQVLRQDO 3ULQWLQJ RI 0X ComalvolQrw.LRQDO OL|
pp. 41184122, Dec. 2013, doi: 10.1002/smll.201300975.

[16] R. Passieux, L. Guthrie, S. H. Rad, M. Lévesque, D. Therriault, and F. P. Gosselin,
H, QVW-BEVOQVWHG 'LUHFW :ULWLQJ RI OLFURVWUXFW®NUHG )LEI
Mater., vol. 27, no. 24, pp. 36 8680, Jun. 2015, doi: 10.1002/adma.201500603.

[17] F. Zhuet al. p-Printed Ultratough Hydrogel Structures with THBLNH 'RFRABE QV I
Appl. Mater. Interfacesvol. 9, no. 13, pp. 113681367, Apr. 2017, doi: 10.1@2acsami.7b02007.

8] / / /HEHO % $LVVD 0 $ ( .KDNDQL BPASsBted DirscHU UL D X C
ULWH )DEULFDWLRQ RI &DUERQ 1DQRW XE Ad&Rd®@d MatdsialkD QRFRP
vol. 22, no. 5, pp. 59596, 2010, doi: 10.1002/adni280902192.

[19] % 1 7XUQHU 5 BWURQJ DQG 6 $ *ROG p$ UHYLHZ RI PF
SURFHVVHV , 3URFHVV Rapid/RrotQtymng CoumBRWeIH20,n. BY pp. 192
204, Apr. 2014, doi: 10.1108/R®1-20130012.

20 5 ' )DUDKDQL 0 'XEp DQG '-Dimébidhal LRiKt@dNof p7KUH
OXOWLIXQFWLRQDO 1DQRFRPSRVLWHYV ODQXIDRWaxted QJ 7HF
Materials, vol. 28, no. 28, pp. 5798821, 2016, doi: 10.1002/adma.201506215.



141

[21] A. TarakanovaDQG 0 - %XHKOHU p7KH UROH RI FDSWXUH V
GLYHUVLILFDWLRG®R. k. mtdtacBudlESY fio. 77, pp. 3248248, Dec. 2012, doi:
10.1098/rsif.2012.0473.

[22] J. M. Gosline, P. A. Guerette, C. S. Ortlepp,and KENDYDJH p7KH PHFKDQLFDO
VSLGHU VLONV IURP ILEURLQ V HJIodrrb(QOFEkp@fiReradd BigldggoL FD O 1 XQ
202, no. 23, pp. 3298303, Dec. 1999.

23] % 2 6ZDQVRQ 7 $ %ODFNOHGJH - %HOWHginatelaQ G & <
SURSHUWLHV RI VSLGHU G WAppl.ChyQ. AvM.L18O, No.2Fip RYRISVFRBIFLHV
2006, doi: 10.1007/s0033W05-3427-6.

[24] D. R. Lide,CRC Handbook of Chemistry and Physics, 85th Editiaylor & Francis,
2004.

[25] u.HYODUS $UDPLG )LEHU 7HFKQLFDO *XLGHYT S

[26] % ' 2SHOO DQG - ( %RQG p&DSWXveaMing\sikidersDiestimg[ W H Q V |
SXQFWXDWHG DQG DVVRFLDWLYH HBiSIQyed) nivhalRphe LRheaik D U D F W
Societyvol. 70, no. 1, pp. 10420, May 2000, doi: 10.1111/j.109812.2000.tb00203.x.

[27] J. White, Ed.,5XEEHU WHFKQRORJLVWY{V KDQG.ESRiawsbugR O H
Smithers Rapra Techn, 2009.

[28] A.T. Sensenig, K. A. Lorentz, S. P. Kelly,and T. A.Bladkb JH pn6SLGHU RUE ZHE\
UDGLDO WKUHDGV WR DEJY R.8Bc.3rteHacaL Q HAWT3Fpid ©BEABIA |
Aug. 2012, doi: 10.1098/rsif.2011.0851.

29 6 : &UDQIRUG $ 7DUDNDQRYD 1 0 3XJQR D®&G O -
EHKDYLRXU RI VSLGHU VNauM xdl. & Gw. 13F3FoX. VA6, Zdhd.RYIR, doi:
10.1038/nature10739.

30 - ' YDQ %YHHN 6 +HVV ) 9ROOUDWK DQG % + OHLHU
dragline silk: Folding and orientd® Q RI1 WKH S UR WAfdcégdiags oNtEeRNatbfal
Academy of Sciencesol. 99, no. 16, pp. 102660271, Aug. 2002, doi: 10.1073/pnas.152162299.

3] 1 'X ; < /LX - 1DUD\DQDQ / /L O / O /LP DQG ' /L '
Silk: rRP 1DQRVWUXFWXUH WR BitpRysiEaQibmap. 8URSHUWLHV



142

2] 1 'X = <DQJ ; < J/LX < /L DQG + < ;X pbawderigW XUDO
RlI 6SLGHUAdGLREuUNCY Mater. vol. 21, no. 4, pp. 77#78, Feb. 2011, doi:
10.1002adfm.201001397.

B3I 6 .HWHQ = ;X % ,KOH DQG 0 - %XHKOHU upl1DQRFRQIL
DQG PHFKDQLFDOGVWR KWK RB\WXaRIE MatealssalDN®. 4, pp. 35867,
Apr. 2010, doi: 10.1038/nmat2704.

[34] E.Oroudjev, J. Soares, S. Arcidiacono, J. B. Thompson, S. A. Fossey, and H. G. Hansma,
ME6HIPHQWHG QDQRILEHUV RI VSLGHU GUDJO L-Qdtecdle @ie $SWRPL
V SHF W U Rrade&Bg$ of the National Academy of Scieneels 99, . Supplement 2, pp.
64606465, Apr. 2002, doi: 10.1073/pnas.082526499.

(5] 6 3 .HOO\ $ 6HQVHQLJ . $ /RUHQW] DQG 7 $ %ODF
evolutionarily conserved in the radial silk of ebHD Y L Q J \Z8dlogy-volV114, no. 4pp.
233238, Sep. 2011, doi: 10.1016/j.zool.2011.02.001.

[36] T.E.Fisher, A. F. Oberhauser, M. CarAdazquez, P. E. Marszalek, and J. M. Fernandez,
H7KH VWXG\ RI SURWHLQ PHFKDQLFV ZieWdXBdtherh SRR LF IRUF
no. 10,pp. 3798384, Oct. 1999, doi: 10.1016/s096804(99)0145.

[37] < &DR DQG + /L p3RO\SURWHLQ RI *% LV D@au6HDO DU
Mater, vol. 6, no. 2, pp. 109.14, Feb. 2007, doi: 10.1038/nmat1825.

[38] G. E. Fantneret al. p6ifitRlUBonds and Hidden Length: Unraveling Molecular
OHVRVWUXFWXUHYV LBpphysiXal BowiaMoHI0 InD.@, Y. 1414418, Feb. 2006,
doi: 10.1529/biophysj.105.069344.

[39) & % XVWDPDQWH - ) ODUNR ( ' 6lckibstizity OfQe@béa 6P L WK
SKDJH 'l1$dience vol. 265, no. 5178, pp. 1599600, Sep. 1994, doi:
10.1126/science.8079175.

40] $ ( (OEDQQD DQG - 0 &DUOVRQ p'\QDPLFV RI 3RO\PHU
and Hidden Length Systems: Towards a PhysiceDVHG OHVRVFRSLF &ROGEVWLW XW
ONE, vol. 8, no. 4, p. e56118, Apr. 2013, doi: 10.1371/journal.pone.0056118.

[41] J. VeraAgullo, H. VarelaRizo, J. A. Conesa, C. Almansa, C. Merino, and |. Martin
*XOORQ M(YLGHQFH IRU JU RKB3Wa& cénd BtruEIUpe.df Btadk€d @ cathod L



143

QDQRILECabO vol. 45 no. 14, pp. 2752758, Nov. 2007, doi:
10.1016/j.carbon.2007.09.040.

[42) 3 :DQJ : /LX ; =KDQJ ; /X DQG - <DQJ p(QKDQFHG 11U
fabric/epoxy laminas with pristine and functionalized stackéedKS FDUERQ QDQRILE
Engineering  Fracture  Mechanics vol. 148, pp. 731, Nov. 2015, doi:
10.1016/j.engfracmech.2015.09.010.

[43] ) *RMQ\ O :LFKPDQQ % )LHGOHU DQG . G6FEXOWH
nanotubes on the mechanical properties of epoxy matrix compasiesFRPSDUDWLYH VW]
Composites Science and Technologgl. 65, no. 136, pp. 230@2313, Dec. 2005, doi:
10.1016/j.compscitech.2005.04.021.

[44 O - 3DOPHUL . : 3XW] 7 5DPDQDW K-fcge r@rfpeeemer& % UL Q
RI &)53V XVLQJ FDUEBpoStEsCGEdicE dhd Vethnology. 71, no. 2, pp. 79
86, Jan. 2011, doi: 10.1016/j.compscitech.2010.10.006.

[45] S.R.Koebley) 9ROOUDWK DQG + & -@R&QibdnSeSstudReid e HV V
UHFOXVH VSLGHUTV OR®& SHbGz, Udl HE RoQ 3,VipONB82, 2017, doi:
10.1039/C6MH00473C.

[46] Q. Wu, S. Zou, F. P. Gosselin, D. Therriault, andQMHeuzey,p ' SULQWLQJ RI D V
KHDOLQJ QDQRFRPSRVLWH JI Raterv@héehH BVBIKA) 80045, pH QRVER U V I
12186, 2018, doi: 10.1039/C8TC02883D.

[47] H.Weietal. p'LUHFW ' 3ULQWLQJ -Bdset\Niaodc@ndobit@sRdni HigHIY
ConductiveDQG 6KDSH OHPRU\ ACS 3\ppL Mbtey. UriRegfacdsol. 11, no. 27, pp.
2452324532, Jul. 2019, doi: 10.1021/acsami.9b04245.

48 $ %WHUDUGR 0 ) 3DQWDQR DQG 1 0 3XJQR u60OLS NC
enhance toughness without redQcd VW UHQJWK R Vihtérfdcd EGcUsRAL @, d. E,U HV
p. 20150060, Feb. 2016, doi: 10.1098/rsfs.2015.0060.

[49] 0 ) 3DQWDQR $ %HUDUGR DQG 1 0 3XJQR M7LIKWHQL
silk to increase toughness without losiNgW U HEZigwifiC Reportsvol. 6, no. 1, Art. no. 1, Feb.
2016, doi: 10.1038/srep18222.



144

(0] ) %RVLD ( /HSRUH 1 7 $OYDUH] 3 OLOOHU 9 6KDQF
synthetic polymer or carbon nanotube microfibres with enhanced toughXess,W R - J1
Carbon vol. 102, pp. 11625, Jun. 2016, doi: 10.1016/j.carbon.2016.02.025.

(1] ; )HQJ = OD - 9 ODF$UWKXU & - *LXIIUH $ ) %DVWD
stretchable doubl® HW Z R U N F Bd?t 3/Rtiet Wl HLR, no. 44pp. 89999006, 2016, doi:
10.1039/C6SM01781A.

[52] C.B.Coopeetal. p7RXIJKHQLQJ VWUHWFKDEOH ILEHUV YLD VHU
Sci. Adv,.vol. 5, no. 2, p. eaat4600, Feb. 2019, doi: 10.1126/sciadv.aat4600.

[53] R.Takahashi, T.L.Sun,Y6DUXZDWDUL 7 .XURNDZD ' 5 .LQJ DQG
Stiff, Tough, and Functional Hydrogel Composites with Eeelting-3RL QW $aamey
Materials, vol. 30, no. 16, p. 1706885, 2018, doi: 10.1002/adma.201706885.

B4 ' 5 .LQJ 7 2NXPXUD 5 7DNDKDVKL 7 .XURNDZD DQG -
IHWZRUNV 'HVLJQ &ULWHULD IRU 2SVACPAGL Mated.Widrifa€e3 W K D Q (
vol. 11, no. 38, pp. 353485353, Sep. 2019, doi: 10.1021/acsami.9b12935.

[55] = :DQJ & ;LDQJ ; <DR 3 /H )ORFK - OHQGH] DQG = 6
KLIJIK WRXJKQHVYV D QReocONRtZAdad \BuV BSAeIV 118,no. 13, pp. 5968972,
Mar. 2019, doi: 10.1073/pnas.1821420116.

[56] C. Li, H. Yang, Z. Suo,DQG - 7DQJ-5HMW WIDXHW IJO@raIVONREL HU V |
Mechanics and Physics of Soligsl. 134, p. 103751, Jan. 2020, doi: 10.1016/j.jmps.2019.103751.

577 * %DUQHV DQG 5 :RRGHRAN Hirh&FBAJownalSHPhysicsol.
26, 10. 4, pp. 205209, 1958.

58] 0 ODOHNL O +DELEL 5 *ROHVWDQLDQ 1 O 5LEH DQG''
D 6ROLG 6Riyd.DReV.y Lett. vol. 93, no. 21, p. 214502, Nov. 2004, doi:
10.1103/PhysRevLett.93.214502.

[59] L.Mahadevan,W.S.RyuDQG $ ' 6DPXHO p)OXLGTWRSEIVAVULFN L
392, no. 6672, pp. 14840, 1998.

[60] 1 0 5LEH M3HULRGLF IR O GPh@italRReviel\ErRR B8y nd/ B,HSEPV V T
2003, doi: 10.1103/PhysRevVE.68.036305.



145

[61] M.K.Jawed, F.ID - -RR ( *ULQVSXQ DQG 3 0 5HLV p&RLOL
V X E V WRydea¥dihgsof the National Academy of Scienagls 111, no. 41, pp. 146684668,
Oct. 2014, doi: 10.1073/pnas.1409118111.

[62] J.Kleinetal. p$GGLWLYH ODRIX2BAWWRKDOQ\ 7 U BIRiSDJBADR W *OD\
Additive Manufacturingvol. 2, no. 3, pp. 9205, Sep. 2015, doi: 10.1089/3dp.2015.0021.

[63] P-T.Brunetal. u7KH PROWHQ JO D VRhilVHahs @ ISEDAOK BB H.
2093, p. 20160156/lay 2017, doi: 10.1098/rsta.2016.0156.

[64] 1 O 5LEH p&RLOLQJPRteadings—dRtKe/RdyH BOVIGy A: Mathematical,
Physical and Engineering Sciengegol. 460, no. 2051, pp. 3223239, Nov. 2004, doi:
10.1098/rspa.2004.1353.

[65] N.M.RLEH O +DELEL DQG ' %RQQ Apnl ReVLFui® Reeok RLOLQJ
44, no. 1, pp. 24966, Jan. 2012, doi: 10.1146/annuflend-120710101244.

[66] 1 0O S5LEH + ( +XSSHUW 0 $ +DOOZRUWK 0 +DELEL DC
statHV RI OLTXLG Udui@d of RuidOMeghbficsvol. 555, p. 275, May 2006, doi:
10.1017/S0022112006009153.

[67] S.Chiu:HEVWHU DQG - 5 /LVWHU p7KH IDOO RI D YLVFRXV
3|OXRLKBF KD QLF DO VH Zlo@aal BBl&H&NMe&ghangsvol. 569, p. 89, Dec. 2006, doi:
10.1017/S0022112006002503.

[68] N.M.Ribe,J.R. Lister,and S. CAtHEVWHU p6WDELOLW\ RI D GUDJJHG
Rl 3VWLWFKLQRBHRKD Q LIFKDQ. GV H ZPRQslcsPdD Hiids@oH 1§, no. 12, p.
124105, 2006, doi: 10.1063/1.2409617.

69] 5 / :HOFK % 6]HWR DQG 6 : ORUULV H)UHTXHQF\ VWU
RI D GUDJJHG YL PKRBXREv.VEKAIHB,G. 6, p. 066209, Jun. 2012, doi:
10.1103/PhysReVE.886209.

[70] P-7 %UXQ 1 0 5LEH DQG % $XGRO\ p$ QXPHULFDO LQY
VHZLQJ P PRysitspHMuidsvol. 24, no. 4, p. 043102, 2012, doi: 10.1063/1.3703316.



146

[71] M. Bergou, B. Audoly, E. Vouga, M. Wardetzky, and E.IGpVSXQ HP'LVFUHWH Y
W K UH B@W fTransactions on Graphicsvol. 29, no. 4, p. 1, Jul. 2010, doi:
10.1145/1778765.1778853.

[72] P-7 %UXQ % $XGRO\ 1 0O S5LEH 7 6 (DYHV DQG - 5
Geometrical Model for Thin Viscous JefQ V W D ERh@sL Ré\Vv. Hewtvpl. 114, no. 17, p. 174501,
Apr. 2015, doi: 10.1103/PhysRevLett.114.174501.

73] 6 : ORUULV - + 3 'DZHV 1 0 5LEH DQG - 5 /LVWHU
YLV FRXV PWEithHReEW Evol. 77, no. 6Jun. 2008, doi: 10.1103/PhysRevE.77.066218.

[74) 0O +DELEL - 1DMDIL DQG 1 O 5LEH p3DWWHUQ IRUPDWI
EHOW $Q :HODVWLF Rhisichl RevieWD EYoL @4 "fo. 1, Jul. 2011, doi:
10.1103/PhysReVvE.84.016219.

[75] M.K.Jawed,R7 %UXQ DQG 3 0 5HLV u$ *HRPHWULF ORGHO |
5RG 'HSOR\HG 2QWR D OdRnvial 6Ff Applié¢ENSAhBNTWSIHER, no. 12, p. 121007,
2015.

[76] J. I Lipton, M. Cutler, F. Nigl, D. Cohen, and H&VRQ u$SGGLWLYH PDQXIDFW
IRR G L Q GrndsNnFothd Science & Technologgl. 43, no. 1, pp. 11423, May 2015, doi:
10.1016/}.tifs.2015.02.004.

[777 < ( &KRH DQG * + .LP u$ -3BapedHscaffok@aRaVibdiferL O
electronyGUR G\QD P LF M HWtWlLaQdIPBysicalFProtoryfingp. 144, Aug. 2020, doi:
10.1080/17452759.2020.1808269.

[78] % -LD / <X ) )X [/ /L - =KRX DQG / =KDQJ un3UHSD
cellulosecuprammonium solution based o IX L G U R S HRFCRADOvbIQIJMP. 18, pp. 9112
9117, 2014, doi: 10.1039/C3RA47031H.

[799 + <XN DQG ; =KDR pu$ 1HZ ' 3ULQWLQJ 6WUDWHJI\ E\ +DU
DQRG )UDFWXUH RI1 9AMFRate® oV \B0, Ro., § N.VIUD28, Feb. 2018, doi:
10.1002/adma.201704028.

B0] - , /LSWRQ DQG + /LSVRQ p ' 3ULQWLQJ 9DULDEOH 6WL
,Q VW D Edi RdpVWh B, no. 1, p. 29996, Sep. 2016, doi: 10.1038/srep29996.



147

[81] T. Luelf, C. Bremer,and M. W¢VOLQJ H5RSH FRLOLQJ VSLQQLQJ RI F
hollow-ILEHU P H P BourBaQdfl M&mbrane Scienceol. 506, pp. 8@4, May 2016, doi:
10.1016/j.memsci.2016.01.037.

[82] J. Tianet al. p)DFLOH &R QWROBOCoRng MithXTu@able ElectriField
& RQILJXUDBRhyL RR@l Applied vol. 12, no. 1, p. 014034, Jul. 2019, doi:
10.1103/PhysRevApplied.12.014034.

B3 + <XDQ 4 =KRX % /L 0 %DR ; /RX DQG < =KDQJ p'LUI
GLPHQVLRQDO XOWUDILQH ILEURXV VFDIIROGY E\ VWDEOH
Biofabrication vol. 7, no. 4, p. 045004, Nov. 2015, doi: 10.1088/13680/7/4/045004.

[84] J.Lietal. p(OHFW{dudedRariibdod multiscale architectures at singbeselength
U HV R ORANAhR @1 19, no. 11, pp. 1958960, 2019, doi: 10.1039/C9LC00145J.

85] , /LDVKHQNR $ +U\QHYLFK DQG 3 ' 'DOWRQ u'HVLJIQLC
*HRPHWULF )UHHGRP RI OHOW (OHFWURZU IAdvarQel Matdrif)s) OLFUR
vol. 32, no. 28, p. 2001874, 2020, doi: 10.1002/adma.202001874.

[86] T. H. CourtneyMechanical behavior of materialkong Grove, lllinois: Waveland, 2000.

B87] = <LQ $ 'DVWMHUGL DQG ) %DUWKHODW up7RXJK DQG
cross SO\ DU F KL Vii¢leF \Bixrbkenafia vol. 75, pp. 43%50, Jul. 2018, di:
10.1016/j.actbio.2018.05.012.

B8] = <LQ ) +DQQDUG DQG -jesistabDtuhae¢sdH NMHWW U PRBWDFDVW HQW F
Sciencevol. 364, no. 6447, pp. 1260263, Jun. 2019, doi: 10.1126/science.aaw8988.

[89] T. Magrini, F. Bouville, A. LauriaH. Le Ferrand, T. P. Niebel, and A. R. Studart,
HM7UDQVSDUHQW DQG WRXJK EXO NarGCommthvol WOHN. L,Q.\2BMUHG E\
Dec. 2019, doi: 10.1038/s414619-108292.

[90] T. Magrini, S. Moser, M. Fellner, A. Lauria, F. Bouville,and A 6WXGDUW p7UDOQ\
IDFUH(OLNH &RPSRVLWHYV 7R XJKH Add. GuMitKNIBR XvdK 30, nQ PIRJ DO % U |
p. 2002149, Jul. 2020, doi: 10.1002/adfm.202002149.



148

[91] Q-F.Guan, ZC. Ling, Z-M. Han, H:B. Yang, and S+ <X p-8tbWg|Uba-Tough,
7UDQVSDUHQW DQG 6XVWDLQDEOH 1DQRMRRSWRVEWH4)LOPV |
pp. 13084317, Oct. 2020, doi: 10.1016/j.matt.2020.07.014.

[92] G.Tanetal. p1DWXUH(,QVSLUHG 1DFUH(/LNH &RPSRVIGWHV &RF
(ODVWLFLW\ DQG +DUGQHVV ZLWK AFHBIKLRIQD,o! B P.JH 7RO
1904603, Dec. 2019, doi: 10.1002/adma.201904603.

[93] J.B.Kimetal. p:ULQNOHV DQG GHHS IROGV DV SKRWWRQLF VWL
Photon vol. 6,no. 5, pp. 3228332, May 2012, doi: 10.1038/nphoton.2012.70.

94 ' 7HUZDJQH 0 %URMDQ DQG 3 0O 5HLV upu6PDUW ORUSK
'UDJ & RQWUM.R Mdter, vol. 26, no. 38, pp. 6608611, Oct. 2014, doi:
10.1002/adma.201401403.

[95] Y. 6XQ : 0 &KRL + -LDQJ < < +XDQJ DQG - $ 5RJHU
VHPLFRQGXFWRU QDQRULE E R QNature WawdretwoMWIE koDE gpH2AA O HFW U |
207, Dec. 2006, doi: 10.1038/nnano0.2006.131.

[96] S. Xu et al. p$VVHPE Gero/monkaterials into complex, thrdenensional
DUFKLWHFWXUHV E\ F Béehds bV 47 bl 6228 A5, R015.

[97] < 4L = =RX - ;LDR DQG 5 /RQJ pODSSLQJ WKH QRQOLC
soft elastomer with & SDUWLFOH W U Dduiadl Qf theeMeshKnik&dhd Physics of Selids
vol. 125, pp. 328346, Apr. 2019, doi: 10.1016/j.jmps.2018.12.018.



