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Natural materials are often assembled into hiereatimicrostructures, thus achieving far
superior mechanical properties compared to thagitr properties of their constituerts 2.
Toughening mechanisms involving sacrificial bondd hidden lengthé! are found in many
biological materials such as mustlebone®, nacré” and spider sil¥!. As defined in
referencé”, sacrificial bonds consist of chemical connectitiva break before the main
structural molecular chain. The breakage of a Bai@libond releases a so-called hidden length
which then unfolds and carries the load. This m@miaal configuration contributes to the energy
required for the stretching and fracture of thedtrral molecular chain. We seek to apply this
molecular scale mechanism at the microscopic leydhbricating micro-structured fibers

featuring sacrificial bonds (general overview aahié in the Supporting Video 1).

The toughening effect of structural hierarchy itunal materials has been emulat@dn

material microstructure by machining engineerindemials such as silicd %, or Poly(methyl
methacrylate) (PMMAFY into significantly tougher microstructures. Thevewlt of three-
dimensional (3D) printing technologies (e.g., fusegosition modeling (FDM), UV-assisted
and solvent-cast printifdf) enabled new possibilities for tailoring the metibal properties of
micro-structured composite materiéf$. The traditional FDM approach consists in deogit
fused filaments in a layer-by-layer fashiot. The printing parameters must be precisely tuned:
the velocity of the thread coming out of the prnigthead must match the relative velocity of the
deposition platform; otherwise the deposited filatnean be stretched if the platform is too fast,
or to become unstable and buckle due to compressiess. This instability known as liquid
rope coiling™®, leads to a pile of regular and circular coils;, ea viscous thread of honey

falling from a spoon onto a toast. By moving thbsttate onto which the viscous thread is
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falling, a rich variety of squiggly instability gatns can be generated. Through experiméfital
and numerical” studies, viscous, inertial, gravitational andatesser extent, capillary forces
have been shown to influence the coiling frequétyA similar instability has been observed
by using elastic rod4” instead of a viscous fluid, and helical polyméitiers®” have been
produced with the liquid rope coiling by havingiacous cellulose solution fall into a moving

coagulating bath.

In this article, the liquid rope coiling instabylits adapted to melt and solvent cast printing
approache&™ to produce microstructured fibers with a one-gtegzess. In the instability-
assisted fused deposition modeling (IFDM) approadilament of Poly(Lactic Acid) (PLA) is
fused and extruded before cooling and solidifyimgunbient air. In the instability-assisted
solvent cast printing approach (ISCP), a solutibRIoA in dichloromethane is extruded in
ambient air and solidifies as the solvent evapsrd&eth approaches can be schematized as in
Figure l1a: a polymeric filament is extruded at a sp&gdrom a nozzle located at a distarite
above a platform which moves perpendicularly abrestant speed,, with V, >V, to give rise

to the instability. Tuning of process parametessiits in micro-structured fibers exhibiting a
periodic pattern with contour length wavelengtht, and filament diametet;, as shown in
Figure 1b. ) Where the thread intersects itsedf rtfaterial fuses and creates sacrificial bonds,
i.e., bondsy andp in the schematic of Figure 1b. Upon testing arfibauniaxial tension (Figure
1b), a characteristic saw-tooth curve can be olesefivigure 1c). The first two peaks correspond
to the breakage of bondsandp, respectively. The last peak corresponds to thakoof the core
fiber also referred to as the backbone in analoijy the terminology of polymer chemistry. The
dramatic drop of the force after the break of bandsdp corresponds to the unwinding of the

coiled loop length, referred to as the hidden lengt
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Fibers produced with both IFDM and ISCP for varyspged ratio /V;, exhibit different

patterns as shown Figure 2a. The family portrait of the patterns resultingrfr@oth processes
obtained with the same slenderness rafigd: = 10) are juxtaposed in order to underline their
similarity despite their differences of scale,,ifer IFDM dy= 0.5 mm; for ISCRI;= 0.03 mm.
Straight fibers4=), meandering4), alternatings), coiling (#), and overlapping# patterns

are successively produced by increadipg/, as observed in previous macroscopic experiments

using Newtonian fluid*® %2

A process map (Figure 2b) inspired by the statgrdia of referencE? is produced in order to
classify the observed patterns with respect tespged and height settings. The map can be
divided in different zones dominated by one spegfttern. Whei,/V,, < 1, the platform
stretches the thread which may either break oftresa thinner straight fiber. When the thread
speed equals the platform speed (Vg/},, = 1) the thread remains linear and gives rise to a
simple straight fiber (Figure 2bs). If the speed rati®; /V}, is slightly higher than one (Figure
2b; A) the accumulation of fluid induces a compressored resulting in a bending instability;
meandering patterns are thus produced. Speed catidimed in a range betweerl.5 and~2.5
may result in either coiling or alternating patte(figure 2bm). ForV,/V, > 2.5 the coiling
motion of the thread is similar to the simple ra@pding instability observable with a motionless
platform. Coiling patterns with distinct loops (big 2b;e) are first produced. Upon increasing

V:/V,, > 4 an overlapping pattern is obtained with a supetiposof loops (Figure 2bs).

Observations of the geometry of instability patseemphasize the robustness of the liquid rope
coiling instability. In Figure 2c, the wave numti€f A calculated for fibers produced with

parameters ensuring that the coiling motion ocoutee viscous regime (see Supporting
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Material 1) is reported as a function of the spexith V, /V},. By considering only coiling
patternsH /4 increases linearly with /V,,, as would be expected for a Newtonian fluid cgilin
in the viscous regim@®. Despite the many differences of scale and rhécdbgroperties
between the processes implemented in this workratie literaturé® 2%, the same deposition
patterns are obtained with predictable wavelendthss, by appropriately choosing the

fabrication parameters, a predictable instabildstgrn can be selected.

Mechanical tensile tests were performed to detegrtiie mechanical properties of the structured
fibers. In order to simplify the analysis, we defian apparent stress” = 4F/7rdf2 and an
apparent strain & = 100 = AL/, , whereF is the force applied by the tensile machifeis

the mean diameter of the fiber backbofie the displacement of the clamps, dpdhe initial

length of the fiber between the clamps. Finallg, $ipecific modulus of toughnelis” is

calculated as the energy of deformation dividedh@yweight of the fiber.

Representative tensile curves of a coiling pattier made by IFDM and ISCP are shown in
Figure 3 a andb, respectively. The saw-tooth shape of the cuntb@iFDM-made fiber

(Figure 3a) is associated with sacrificial boHfls The events related to one bond are captured at
the top of Figure 3a with a sequence of photograleipscting bond breakage and hidden length
extension also visible iBupporting video 4 (link to video 4). For example, gt = 75 %, the

bondp must transmit the force applied to the fibersAt= 83 %, the bond reaches the

maximum stress it can hold (i.e* = 22 MPa) and breaks. The hidden length corresponding to
the broken bond is thus exposed and its unfoldanmgesponds to the apparent stress drop.
Arounde® = 125 %, ¢* increases as the straightening of the hidden helpgtomes more

resistant. Since the borfidwas the last one intact, its release is followgthie tensioning and
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breakage of the backbone. The apparent ultimaaansif the fiber is then” = 137 %. For the

sake of comparison, the tensile test curve ofagitt fiber produced at a speed ralig/'V, = 1

is shown in green dotted line on Figure 3a. Weaedtnat the backbone of the coiled fiber breaks
ato™ = 40 MPa whereas the straight fiber breakeat= 66 MPa. In general, similar

observations can be made from Figure 3b which ptedke tensile curve of a microscopic

coiled fiber made by ISCP, containid@ bonds, and a straight microfiber. The inset emigkas
the saw-tooth behavior due to bond breakage, whialso illustrated ifsupporting video 5

(link to video 5). Although qualitatively similarelhaviors are observed in terms of sacrificial
bonds for IFDM and ISCP, when comparing Figurear8 3b, the larger apparent strains
observed for both straight and coiled ISCP fibsrsignificant. It is probably due to a size scale

effect which makes PLA more ductile at smaller size

We focus on tailoring the mechanical propertietheffibers and improving their toughness by
microstructuring the material. In Figure 3c, theafic toughness of fiber specimens with
different instability patterns made by IFDM at éifént speed ratios is reported. In Figure 3d, an
Ashby plot® displays the apparent stiffnefs, defined as /AL ate* = 3 %, and the specific
toughness of the fibers for each instability pattdthe Ashby plot highlights the possibilities of
tailoring the mechanical properties of the produiiieers by choosing their instability pattern.
Representative tensile curves for each patterstaren in theSupporting Material 3. By
spanning the range of instability patterns throagfariation o/, /V,,, we seek to find the best
pattern to maximize the toughness enhancementipanson with average toughness of
straight fibersl?maigm = 1.6 k] /kg. On Figure 3 c and d, the coiling)(and overlapping#)
patterns exhibit noticeably lower specific tougtspsoperties than the benchmark straight fiber

(46% of U—T*Strai ght in both cases) because none of these fibersytataibld before breaking.
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Meandering patternsa() provide the largest gain in toughness on avefagarly200%
of U_T*Strai ght) despite the fact that they do not feature sataifbonds. Therefore, their

toughness enhancement in comparison to the benklatmarght fiber is only due to the energy
necessary to straighten the fiber. The meandeivegs;, with their shape akin to that of a spring,
have very low stiffneséK, < 1 MN/mm). They are very compliant and necessitate largénstr

before absorbing energy. Alternating pattemishiave considerable toughne$s{%
of U_T*Stmight), although less than the meandering patternsh®wother hand, their sacrificial

bonds confer them significant rigidifg.5 MN/mm < K, < 5.5 MN/mm), and act as fuses
requiring reaching a threshold effective stressigethey allow strain. It is noteworthy to
mention that in referendd, when stretching proteins of aggrecan, the eneeggssary to break
sacrificial bonds is little in comparison to theeegy necessary to uncoil and stretch the hidden
length. Although the sacrificial bonds do not absaidarge amount of energy, they play a key

role: they stiffen the fiber by hiding part of length until a sufficient load is applied on them.

The scatter in the toughness values obtainedgs |laspecially so for the meandering and
alternating patterns. The best alternating specsnaee more than twice as tough as the best
straight benchmark, but the worst alternating fisexven worse than the benchmark. On the one
hand, this scatter indicates that we do not fulstar all the complexity of the physics involved
in the fabrication process, but on the other reigealing of the potential we could hope to
achieve by making only specimens with the bestgnigs reliably. An interrelation between the
number of sacrificial bonds in the sample, thengjtie of the bonds relative to the backbone and
the varying slenderness of the patterns is poss#siyonsible of this scatter. Related to these

parameters, we noticed that the mode of ruptunetiglways the same, and some specimens fail
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early before all sacrificial bonds are broken. S@aey breakages are due to the presence of

small defects induced by previous bond breakageé$imuen lengths unwinding.

Understanding the cause of early breakage is d&dkdyrther optimization of the fiber
production. Some possible causes are illustrat&dgur e 4. A first possible cause is the stress
concentration appearing at the site of a brokenfgaal bond. A small defect is observed in
SEM images of a fiber produced via ISCP, takeneedmd after the breakage of a sacrificial
bond (Figure 4 a, b). A second possible causeeistisp appearing at the top of the loop during
the unfolding of IFDM-made fibers, as observed dghi field microscopy images taken just
after the breakage of a bond, and during the uimfgldvent (Figure 4 c-e). For these fibers of
larger diameter, the unfolding can lead to the fatran of a cusp at the top of the loop due to a
combination of bending and torsion. This phenomeseams to be dependent on the

mechanically tested specimen. It is not undersy@ddnd requires further investigation.

In summary, a fluid instability is harnessed anthbmed with two 3D printing techniques
(IFDM, ISCP) in order to fabricate structured fiséeaturing sacrificial bonds in a one-step
process at different scales. The patterning tectenailows the creation of sacrificial bonds
whenever the fiber coils on itself, which confaggdity and improved toughness to the material
in an analogous fashion to many biological matersaich as the spiral protein chains of spider
silk. By varying the instability parameters, theananical properties of the fibers can be tailored
to make them more or less rigid and more or lesghtoSome optimization of the process is still
necessary to minimize the possible creation ogsto®ncentrations resulting from bond

breakage or unfolding events which weaken the bamkland can lead to premature fiber
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failure. This optimization is far from trivial ake¢ system is highly coupled: varying the printing
head speed or height not only influences the filustiability, it also affects the cooling or
evaporating time and thus the sacrificial bondrgjtie as well as the shear in the extruded
polymeric fluid and thus the alignment of the nooles. Nevertheless, the one-step
characteristic of the proposed processes, the tergg and low pressure (less than 4.2 MPa)
required in ISCP, and the simplicity to implemeADM with an off-the-shelf 3D-printer are
significant advantages for fast adoption. The apginas adaptable to any material which can be
dissolved or melted to make it flow. Thus the pesceould be transposed to high performance
polymers such as aramid and nylon, or the multitfdeaterials used in FDM, or even to shape
nanotube$®l. Additionally, for applications such as scaffolihting for tissue growth where
material selection is limited because of requiretsieh biocompatibility and printability, the
option to microstructure the material via instapissisted fabrication could broaden the range
of effective stiffness and toughness availablegsighers. Parallels can be drawn between fibers
made by instability-assisted fabrication and nonsvomaterials made by consolidating
disordered fibers or by electrospinning. In theftested here, the sacrificial bonds link the
fiber to itself in an orderly fashion, whereas onwoven materials the bonds link the fibers
together in a random fashion. In both cases the$pfay a crucial role in the mechanical
properties of the structure and its energy-absomptapability?”. Finally, to complete the
analogy with the spider which creates differerksstbr different purposes, the many instability
patterns could be organized in a web-like architecto create a truly hierarchical structure with

high energy absorption and damage tolerance cesiffl.

Experimental Section
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a) Instability-assisted fused deposition modeling (IFDM)

A filament of Poly(Lactic Acid) (PLA) (MakerBot PLArange) is fused at 230°C. At this
temperature, the PLA viscosity is approximateB60 Pa-s *°!. The filament is extruded through
the printing head of a commercial 3D printer (M&a@trreplicator) as illustrated iBupporting
Video 2 (link to video 2). The thread has a diameter= 500 um and is extruded at a constant
speed/, = 30 mm - s~1. The thread solidifies as it cools in the amb&n{(22°C) and is
collected by a conveyor belt moving at a spged he deposition heigti of the nozzle can be
set betwee to 50 mm by raising or lowering the support of the conveyor.

b) Instability-assisted solvent-cast printing (I SCP)
The fluid extruded is @5 w;% solution of PLA (grade 4032D, Nature works LLC, lswular
weight M,, = 207 kg'mol™! ) dissolved in dichloromethane (DCM) (Sigma-Aldpich volatile
solvent. After mixing the PLA in the DCM in 20 mL sealed glass bottle, the solution is stored
for 48h for complete dissolution to occur. The appaviscosity of the shear-thinning solution
varies from10 to 50 Pa-s depending on the pressure applied in the prdé®s$he PLA solution
is extruded at a spe&d through a30 um diameter pre-pulled glass needle (WPI, Pulledsgbis
um) held by a computer-controlled robot (1&J2200&] Fisnar), as illustrated iBupporting
Video 3 (link to video 3). A pressure ranging between BB@& and 840 kPa is necessary to
extrude the polymeric fluid at speeds betw2enm - s~! and about 0 mm - s~1. Die swell
effect and volume loss through solvent evaporatsult in a fiber diametet; different from
that of the needle. The deposition heighis varied in a range betwee00 to 500 um. The
thread solidifies via fast evaporation of the solvand is collected onto a microscope glass slide
(Fisherbrand) which is translating at a constaesedpfV,, = 2 mm - s~! using the same robotic

system.

10
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c) Batches production and Mechanical tests
Six batches of fibers are produced either by IFDN8WISCP in order to perform mechanical
tests using an electromechanical machine (Insigh® MOKN) with a 1000 N load cell for fibers
produced via IFDM and a 5 N load cell for the smafibers produced via ISCP. Mechanical
tests are repeated seven times for each set ohptees. Settings relative to the production and

to the tensile testing of the batches are listeé8upporting Material 4.

Supporting Information
Supporting Information is available from the Wiléyline Library or from the author.
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Figure 1: Schematic general view of the processchgmatic representation of the deposition

process which variables are the deposition heigtitoer diameted, extrusion speel, , and
platform speed’p . The thread is coiled by a fluid instability aralidifies by solvent
evaporation or polymer cooling. b) The produceésbare characterized by a contour lerdgth

and a periodicity length. The behavior of fibers with sacrificial bonds §§) is characterized

via tensile tests. ¢) Sacrificial bonds breakagktddden length unfolding events are illustrated
with a schematic and result in a characteristic-&ath tensile curve. First two peaks
correspond to the breakage of bondmdp when the force reaches their resistance valaé),(f(
f(B)). The drops of force correspond to the unfoldihdpops. The last peak corresponds to the
break of the backbone once the fiber has unfol@ied.energy absorbed by the breakage of the
bonds and unfolding of loops @(and Ep) is added to the energy absorbed by the brealkdage o

the unfolded backbone E(backbone).
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Figure 2: a). Photographs of PLA fibers resultirant batches A-IFDM (orange) and E-ISCP
(black), produced for the same slenderr@géd, = 10). Straight fiberg=), meandering 4),

alternating (m), coiling (), and overlapping (#) patterns are successively produced by increasing

the speed ratio from 1 to 5. b) Process map defining the zones of predominance of each pattern
depending on process parameters. ¢) Wave number (H/A) of coiling fibers as a function of the

speed ratio V;/V,
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Figure 3: Tensile tests are performed on squiggk fibers from: a) batch C-IFDM and b)

batch F-ISCP. The sequences of sacrificial bondkamge and hidden length extension events are
illustrated by photographs and result in charastiersaw-tooth curves (solid line) in the

apparent stress strain plot. Representative teaisilees of straight fibers (dash line) act as
benchmark for the two processes. Mechanical prigseof IFDM made fibers are analyzed and
plot with respect to their pattern. c) Plot of #pecific toughness of IFDM made fibers/d; =

18), depending on the speed ratio. Symbols reprekerdifferent instability patterns as defined

in Figure 2. d) Ashby plot dfi;* with respect to the apparent stiffnégsof the fibers.

Performances of each pattern are approximativedignded by colored zones.
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Figure 4: lllustration of the causes of early bredkfibers produced via ISCP (a, b) and via
IFDM (c, d, e): a) SEM photograph of a loop withisible sacrificial bond; e) defect induced at
the former place of the broken bond; c) brightdiglicroscopy images of a loop just after a bond
breakage; d) of the defect created at the placeenhe bond was formed; e) and of the loop at

an advanced stage of the unfolding where the deieeited at the top of the former loop is

visible
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