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ABSTRACT: Compliant sutures surrounded by stiff matrices are present in biological armors and
carapaces, providing enhanced mechanical performance. Understanding the mechanisms through
which these sutured composites achieve outstanding properties is key to developing engineering
materials with improved strength and toughness. This article studies the impact of suture geometry
and load direction on the performance of suture joints using a two-stage reactive polymer resin

that enables facile photopatterning of mechanical heterogeneity within a single polymer network.



Compliant sinusoidal sutures with varying geometries are photopatterned into stiff matrices,
generating a modulus contrast of two orders of magnitude. Empirical relationships are developed
connecting suture wavelength and amplitude to composite performance under parallel and
perpendicular loading conditions. Results indicate that a greater suture interdigitation broadly
improves composite performance when loading is applied perpendicular to suture joints, but has
deleterious effects when loading is applied parallel to the joint. Investigations into the failure
mechanisms under perpendicular loading highlight the interplay between suture geometry and
crack growth stability after damage initiation occurs. Our findings could enable a framework for

engineering composites and bio-inspired structures in the future.

1. INTRODUCTION

Biological composites have long piqued the interest of researchers as their mechanical properties
often exceed those of their constituent materials."> The underlying architecture of mechanical
heterogeneity in biological composites has generally been shown to improve performance through
a variety of mechanisms such as crack bridging, crack deflection, and microcracking.>” One
design element commonly observed in biological structures is the compliant, geometrically
patterned interlayers, known as sutures, connecting regions of stiffer, mineralized materials.?
Sutures are widely implemented by flora and fauna manifesting at length scales ranging from
nanometers to millimeters, found in the cranial and facial bones of white-tailed deer and many
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other large mammals,”'? within the protective carapace of red-eared slider turtles,'! in the beak of
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red-bellied woodpecker,'? between the shell and septum of ammonoid phragmocone, and in

the seedcoat of Portulaca oleracea.'®



Broadly considered to impart flexibility, impact resistance, enhanced strength, and improved
toughness, the explicit mechanisms governing the performance of sutured composites remain
largely unknown, but interest is growing. Modeling stress fields around sutures with simplified
triangular and rectangular shapes subjected to perpendicular loads provided early evidence that
suture geometry greatly influences stress transfer,!” while subsequent studies on the inclusion of
mechanically interlocking sutures enhanced toughness and strain to failure after damage
initiation.'®!* However, investigations into fundamental geometry-performance relationship of
wavy, sinusoidal suture joints common in biocomposites are limited. Recent work employing
extrusion-based multi-material printing has characterized suture performance in lap shear, relating
a single-variable description of suture waviness to mechanical performance.?’ The same article
also has highlighted the manufacturing challenges associated with suture research by identifying
and characterizing the non-trivial impact that the printing direction of extrusion nozzles has on the
sub-millimeter defect structure, failure mechanisms, and macroscopic composite performance.
Despite exciting advancements, a fundamental understanding of the relationship between the
suture geometry and composite performance under complex loading conditions remains largely
absent.?!

We seek to erode a portion of this knowledge gap by leveraging multi-material photopolymer
resin that provides spatial control over heterogeneity without introduction of defects in order to
develop empirical geometry-performance relationships in suture joints under parallel and
perpendicular loading orientations. We employ a two-stage reactive polymer (TSRP) that provides
spatiotemporal tuning of crosslinking density within a continuous network, enabling a two order
of magnitude variation in Young’s moduli to be photopatterned into a network without introducing

defects or discontinuities across heterogeneous domains.?>>> However, while the potential for



layer-by-layer printing of TSRPs has been demonstrated,®?’ significant development is still
required before 3D voxel control can be realized. Therefore, our use of the TSRP system will be
confined to film with a thickness on the order of 100 um, consistent with established TSRP use in
literature.?® 3% Specifically, this study investigates how the amplitude (A), wavelength (}) and
associated index of suture complexity (ISC) relate to the modulus, strength, and toughness of films
containing a single sinusoidal suture joint when subjected to tensile loads perpendicular and
parallel to the suture axis. The empirical relationships developed in this study provide a novel

design framework for future composites utilizing suture joints for enhanced performance.

2. MATERIALS AND METHODS

Suture geometries: Seven different suture geometries were selected for study, including six
sinusoidal patterns and one flat line serving as the control. The linewidth of the suture is fixed at
100 um for all samples. The sinusoidal patterns include two different wavelengths (1) and three
different amplitudes (4, Figure 1). A convenient parameter used in literature that captures a
combined effect of these two variables is the dimensionless index of sutural complexity (SC),!

contour length of suture line

ISC = (D)

contour length of flat line suture’

Therefore, a flat line “suture” exhibits an ISC of 1, the minimum possible value. Table S1 in

supporting appendix describes the different geometric parameters studied.
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Figure 1. A representation of an ISC-3.8 suture (Table S1) with suture axis perpendicular (left)
and parallel (right) to the load direction. A is showing the amplitude, A the wavelength, and I the

linewidth of the suture sine wave.

Clamping dimensions, working space, and photo-processing resolution dictate the upper and
lower bounds of the geometric parameters selected for this study. However, the dimensions
investigated in this study are relevant to modern manufacturing capabilities and are comparable to
the length scales of certain, though not all, biological suture joints.>*>-* The suture patterns were
lithographically defined on a chrome-etched photomask.

Film processing: The selected TSRP formulation is comprised of pentaerythritol tetrakis(3-
mercaptopropionate) mixed with a 1:2.75 functional group excess of trimethylolpropane
triacrylate. Triethyl amine (0.1 wt%) serves as the catalyst for the first stage thiol Michael addition
“click” reaction that is allowed to run to conversion overnight and produces a rubbery material.
The photoinitiator 2,2-Dimethoxy-2- phenylacetophenone (1.5 wt%) initiates the second stage,
free-radical acrylate homopolymerization reaction upon UV exposure (OmniCure S1500 lamp,

300 nm — 400 nm wavelength filter, 30 mW cm™ intensity for 30 sec) and produces a glassy



material. The inhibitor butylated hydroxytoluene (0.05 wt%) was added to improve shelf life and
to mitigate partial curing under the photomask. Structural formulae of compounds used in this
study are shown in Figure S1. Prior to UV exposure, the top surface of samples was laminated
against the photomask, the bottom surface was capped with a stoichiometric TSRP film to prevent
oxygen inhibition, and the resulting sandwich placed over a black felt-lined box to prevent light
reflection from degrading pattern fidelity. A representation of the second stage polymerization
experimental setup, along with an image of the photomask are shown in Figure S2.

Photomask designs embed sutures inside a dog bone outline with two different orientations
(Figure 1). The dog bone outline is 0.5 mm thick and, after photopatterning, provided a rubbery
border around the glassy composite matrix that allowed samples to be easily cut out without

introducing cracks into the rigid matrix. Resulting composite films had a thickness of 80 + 20 pm.

3. RESULTS

A minimum of five samples per geometry were analyzed using a dynamic mechanical analysis
instrument (DMA, TA instruments Q800) with an applied quasi-static strain rate of 2% per minute.
The constituent materials of the composite are referred to as the rubber (forming the suture) and
the glass (forming the matrix). Prior to investigating composite performance, monolithic samples
of the homogeneous, isotropic rubber and glass materials were characterized. The rubber exhibited
inferior modulus (2.64 + 0.88 MPa against 638.20 + 128.90 for glass), strength (0.47 = 0.15 MPa
against 18.76 + 3.39 for glass), and toughness (7.87 = 4.79 (J cm™) against 82.14 + 30.66 (J cm™)
for glass), a useful contrast when differentiating the impacts of suture geometry from changes in

material volume fraction of composite samples.



3.1 Modulus

The moduli for the monolithic rubbery and glassy materials, as well as the apparent moduli of
the composite films are illustrated in Figure 2a and 2b for suture joints oriented perpendicular and
parallel to the tensile loading, respectively. Mean rubber and glass moduli are shown with dashed
lines and a grey box indicating the 25 and 75™ percentile of the measurements (rubber percentiles
are negligible relative to the axis scaling). When loading is applied perpendicular to the suture
joint, the apparent moduli of all films lie between the values of the constituent materials but exhibit
a slight upward trend as ISC increases. This result is noteworthy as the modest increase in
composite modulus corresponds to a 20-fold increase in the volume fraction of rubber, which
grows from 0.6% at the lowest ISC to 12% at the highest ISC. This elevation in modulus can be
partially rationalized using an unconventional adaptation of the transformation relations proposed
for unidirectional fiber composites, also known as fiber laminate theory (FLT).*%* FLT
traditionally predicts a unidirectional fibrous composite stiffness as a function of fiber orientation
relative to applied loads (Equation S1). Here, we applied this model to predict the mechanical
properties of our composite films after certain assumptions and simplifications (Figure S3). While
imperfect, FLT broadly captures the slight upward trend of composite modulus despite increasing
rubber content. From both FLT and experimental data, we infer that the composite response
stiffens under perpendicular loading as the suture path becomes increasingly oriented along the

loading axis.
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Figure 2. Modulus of composites with different suture joint geometries when oriented a)
perpendicular and b) parallel to the loading direction. Modulus predictions of fiber laminate theory

(FLT) are shown for both loading conditions.

The measured moduli under parallel loading conditions exhibit a much stronger dependency on
suture geometry (Figure 2b). Despite the unconventional adaptation and the underlying simplicity
of FLT, the model exhibits a striking, though imperfect, ability to describe the experimental
performance of suture joints under parallel loading. Multiple linear regression (MLR) was used to
determine the relationship between the sutured films moduli and the amplitude (A) and wavelength
(M) of the sinusoidal sutures under both loading conditions. Moduli of sutured films were
normalized by the modulus of the flat line sutures for each loading direction, and the amplitude
and wavelength of the sinusoidal sutures were normalized by the length of the flat line suture, h.

All measured mechanical properties were log-transformed to satisfy MLR assumptions. Empirical



relationships correlating modulus to suture amplitude and wavelength are shown in Equation 2

and 3 for perpendicular and parallel loading conditions, respectively. 268!
Esc.\ 0.44
L = | = A 2
n< E Iy (4) ()
E —4.42
Ln (=51 = (A —0.242) 3)
Ey hy

In above equations, E; is the apparent modulus of the film with a flat-line suture joint. No term
for A is present in Equation 2 as MLR determined its impact to be not significant under
perpendicular loading (F; 39 = 3.53,p — value = 0.07). In addition, single linear regression
(SLR) was used to determine the relationship between modulus and ISC for perpendicular loading
condition, which resulted in a slightly less accurate model than the one obtained by MLR (Table
S2). A final point of interest in the modulus data is that the ISC-3.8 sample exhibits no statistically
significant difference in its response to the two loading orientations, indicating suture geometry

enables accentuation or mitigation of anisotropy.

3.2 Toughness
Here, toughness is defined as the total work to fracture under tensile loading (Wr) and is

3).36 The toughness for the

calculated using the area under a stress-strain curve (unit: J cm
monolithic rubber and glass materials, as well as the toughness of the sutured films are shown in
Figure 3a and 3b for perpendicular and parallel loading conditions, respectively. In Figure 3a, the
toughness for ISC-1 under perpendicular loading is noticeably lower than the toughness of a
monolithic rubber, which is expected due to significantly higher local strain along the suture than

the matrix when loaded in this configuration.’” As ISC increases, toughness increases, exceeding

that of the rubbery material at ISC-3.8. The trend of increasing toughness with ISC is generally



consistent with theory in literature that identifies the term A/4 (analogous to ISC), as a key
parameter for the toughening mechanism of suture joints.’®*° A related and noteworthy
observation is that despite the significant increase in the volume fraction of low-toughness rubber
with increasing ISC, the toughness of the sutured film also increases. The toughness of ISC-20
films (89.14 £ 20.26 J cm™) is strikingly 5 times that of the ISC-8.1 geometry (17.36 £+ 5.67 J cm
%), 50 times of the ISC-1 geometry (1.59 + 0.50 J cm™) and exhibits no statistical difference from

the toughness of the monolithic glass (see supporting information).

W> 5.42
Ln = | = A—0.461 4
(WM o ) @

SLR model of toughness as a function of ISC is also provided in the supporting information,
Table S2. While the accuracy of both MLR and SLR models is comparable, MLR is presented
over SLR since sutures with different geometries may share the same ISC value.

When the suture joint is oriented parallel to the tensile load, only the ISC-3.8 sample fails to
meet or exceed the toughness of the monolithic glass, Figure 3b. Similar to trends observed in
modulus measurements, toughness of sutured films under parallel tensile loading conditions is
dominated by amplitude, while the influence of wavelength is minor. The empirical relationship
between suture geometry and composite toughness for parallel suture joints was obtained using

multiple linear regression, Equation 5.

Ln <W’SC'"> _ 210 (A + 0.36) (5)
Wi hy

Based on this equation, composite toughness under parallel loads monotonically decreases with
increasing suture amplitude and, for a fixed amplitude, lower wavelength sutures exhibit larger
toughness values than their higher wavelength counterpart. Specifically, at a constant amplitude

of 2 mm or 5 mm, lower wavelengths yield higher toughness values. This study tests only two
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different suture wavelengths, limiting the analysis that can be performed, but it is possible that
sufficiently low suture wavelengths will render the toughness of composites insensitive to suture
amplitude under parallel loading conditions,®’ enabling the toughening mechanism related to high
ISC values under perpendicular loading conditions to be captured without deleterious tradeoffs in

complex loading environments. Additional work is needed to explore this exciting possibility.
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Figure 3. Toughness of composites with different suture joint geometries when oriented a)
perpendicular and b) parallel to the loading direction. c) Stress-strain curve of an ISC-20 sample
at a strain rate of 2% min’!. The total toughness (work to fracture) is separated into initiation
toughness and added toughness due to crack arrest. d) Mean added toughness for suture joints with
respect to ISC, for perpendicular sutures. Crack growth stabilizes as ISC increases. €) An image
of a fractured ISC-20 film, with a representation of major tooth loss. The inset of (e) shows an
optical image of the fracture interface containing large scallop features — scale bar indicates 30pum.
f) An AFM modulus map corresponding to the optical inset of (e) demonstrates that the crack

remains within the rubber and highlights small scallop features.

To better understand the relationship between toughness and failure phenomena, stress-strain
curves are broken up into two categories helpful for describing damage evolution. The first
category is initiation toughness, defined as the energy stored before crack initiation, and is
highlighted in the red region of the representative ISC-20 dataset in Figure 3c. The second category
is added toughness, defined as the additional energy needed to induce failure after crack initiation,
and is highlighted in the blue region of Figure 3c. The portion of the curve bounding the added
toughness corresponds to a regime of stable crack growth. For perpendicular loading conditions
only, all films exhibit cohesive failure of the rubber material, guiding cracks along the inside of
the suture during failure. Crack guiding is a known toughening mechanism observed in
hierarchical biological materials.?! For a flat line ISC-1 suture, crack propagation is unstable and
catastrophic failure occurs immediately after crack initiation, corresponding to an added toughness
of zero. However, crack propagation begins to stabilize with increasing ISC (Figure 3d). For

smaller ISC values spanning 1.1 and 2.3, half of tested samples showed brief but discernable
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stability in crack propagation, providing a minor amount of added toughness. For ISC values of
3.8 and higher, stable crack propagation was observed in every tested sample. Contrasting
instances of crack instability and stability can be observed in videos capturing failure of ISC-1,
ISC-1.8, and ISC-20 samples (supporting videos SV1, SV2 and SV3, respectively). The added
toughness accompanying crack growth stability is considerable and monotonically increases with
ISC, accounting for as much as 27% of the total work to fracture for the ISC-3.8 and ISC-8.1
composites.

The fractured surfaces of sutured films were studied with optical and atomic force microscopy
(AFM, Asylum Research Cypher S). Optical images show periodic, micrometer-scale scallops
along the fracture interface of samples exhibiting stable crack growth (inset of Figure 3e). Modulus
maps (AFM fast force mapping, 300 Hz rate, 40 N m™! tip, Tap300Al-G, BudgetSensors) confirm
that under perpendicular loading conditions, mixed-mode cohesive fracture of the rubber is the
dominant failure mechanism (Figure 3f), a phenomenon consistent with previous studies of crack
guiding in TSRPs,*® although exceptions to the dominant cohesive failure of rubber do arise, here
referred to as “tooth loss.” Tooth loss occurs when a crack temporarily leaves the rubbery suture,
propagates across the glass, and re-enters the suture on the opposite side of the tooth. The
phenomenon arises at two very distinct length scales. Major tooth loss is defined as any crack
departure from the rubber that occurs further than 100 um from the suture peak (Figure 3e, and an
optical image in Figure S4a). Major tooth loss may occur in any suture geometries, excluding ISC-
1, but is rare, occurring across less than 5% of all suture teeth.

Minor tooth loss, not discernable by the naked eye, is identified when departure from the rubber

occurs within 100 um of a suture peak (Figure S4b). Minor tooth loss only occurs in the ISC-8.1
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and ISC-20 samples but is observed around 75% of all suture peaks within these two suture
geometries.

When suture joints are parallel to the loading, failure becomes considerably more complex
(Figure S5). In these arrangements, cracks must bisect the sample, travelling perpendicular to the
loading direction and interacting with both the rubbery suture and the glassy matrix. In addition to
horizontally bisecting the sample during failure, when the suture amplitude is 2 mm and lower
cracks may become entrenched in the suture and travel vertically along its axis. Samples with a
suture amplitude of 5 mm (ISC-20 and ISC-3.8) prevent cracks from moving more than half of a
suture wavelength in the vertical direction. When significant vertical crack propagation does occur,
cracks move beyond the narrow neck of the dog bone sample and potentially interact with the
clamp, where boundary conditions influence performance. It is noted that while significant
variations in crack nucleation loci and crack pathing arose in all sample geometries, crack
nucleation was not observed to occur at the clamp itself. However, nucleation was observed by
eye and high-speed videography would be required to accurately describe failure loci. Clamping
is therefore considered to have no impact on modulus values, since they are measured at low strains
prior to damage. Similarly, the influence of boundary conditions on values of initiation toughness
and strength are considered negligible since these values correspond to the instant that damage
initiation occurs in all sample geometries (maximum stress is always observed immediately prior
to damage initiation) and clamp interactions are observed to occur after damage initiation.
However, clamping effects have an unknown impact on calculations of added toughness under
parallel loading. As a final point regarding toughness measurements, the insensitivity of ISC-3.8

films to loading direction is once again apparent.
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3.3 Strength

Trends in strength, reported as maximum tensile stress, are similar to those of toughness for both
loading orientations. Under perpendicular loading, strength increases with ISC, reaching 14.22
MPa for the ISC-20 sample, just below that of the monolithic glass (Figure 4a). Under parallel
loading, strength again decreases as suture amplitude increases, (Figure 4b), and wavelength has
an even weaker influence on strength than on toughness. Comparing composite strength between
the two loading conditions, the ISC-3.8 geometry is once again noteworthy as it exhibits equivalent

strength under both loading directions.

0.5 2.8 0.5 0.5
0.5 5.0 2.0 5.0

Glass

Strength (MPa)

Rubber

scl 1 [ rr [ s [ 23 ]38 s [ 20 | 1 [ 11 [ 18] 23 [38]s81] 2
Perpendicular Parallel

Figure 4. The strength of composites with different suture joint geometries when oriented a)

perpendicular and b) parallel to the load direction.

15



MLR was used to correlate the suture geometry to composite performance, similar to toughness
and modulus. Equation 6 and 7 describe the relationship between composite strength and joint

geometry for perpendicular and parallel loading condition, respectively.

Ln = | = A—0.511 6
( -~ ) " ) (©)
O']SC,H) —-3.99
Ln = (A—0.161) (7)
( 01, hy

4. DISCUSSION

All empirical relationships developed to describe geometry-performance relationships in suture
joints under tension are collected in Table 1. Coefficient a describes the sensitivity of a
mechanical property to changes in geometry, and coefficient § represents the relative effects of
wavelength and amplitude. Since increasing amplitude and decreasing wavelength corresponding
to higher ISC values, contrasting signage attached to these variables represent synergistic
contributions, while similar signage indicates competing contributions. The degree to which these
empirical relationships can be extended beyond the parameter space tested is not known, but one
limitation is anticipated: If the geometric parameters (including line width which is fixed at 100
um in this study) are implemented at length scales comparable to the crack tip opening
displacement and its associated processing zone, it is reasonable to expect that changes in crack

tip stress fields will result in deviations from the relationships developed here.

Table 1. Empirical relationships for the mechanical properties of composites with different suture

joint geometries.

Mechanical property
(¥)

: . Yisco) @«
Suture orientation (6) Ln =—(A+pA)
Yie h
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h(mm) a B

Modulus Perpendicular, L1 7 0.44 0
Toughness Perpendicular, L 7 5.42 -0.46
Strength Perpendicular, L 7 2.37 -0.51
Modulus Parallel, || 15 -4.42 -0.24
Toughness Parallel, || 15 -5.10 0.36
Strength Parallel, || 15 -3.99 -0.16

5. CONCLUSION

The relationship between suture geometry and the mechanical properties of composites were
explored using a TSRP platform that enables photopatterning of mechanical heterogeneity without
introduction of defects or manifestation of poor adhesion across material domains. Several
combinations of wavelength and amplitude were considered in the sinusoidal sutures and ISC was
employed to describe the combined impacts of those two variables. Sutured film performance was
characterized under tensile loads with suture joints oriented perpendicular and parallel to the load
direction. When loading is applied perpendicular to axis, composite moduli are largely insensitive
to suture geometry. However, both strength and toughness increase with elevated ISC, despite the
increased volume fraction of the suture’s mechanically poor rubber material, opposing traditional
strength and toughness trade-offs in composite design.” Under this perpendicular loading, failure
evolves with ISC, where unstable crack propagation transitions to stable propagation and crack
trapping as ISC is increased, corresponding to monotonically increasing values of added

toughness.
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When loading is applied parallel to the suture axis, amplitude dominates composite performance,
with smaller values providing enhanced modulus, strength, and toughness. Although the effect of
ISC is not as significant as amplitude for parallel sutures, at a constant amplitude, lower
wavelengths (higher ISCs) exhibit lower modulus, similar strength, and higher toughness
compared to their higher wavelength (lower ISC) counterparts. Failure mechanisms under parallel
loading conditions were significantly more complex.

Comparing between loading orientations, the strength, toughness, and modulus for every suture
geometry, excluding ISC-20, was either superior under parallel loading conditions or equivalent
between the two. ISC-20 is the only suture geometry that consistently performed better under
perpendicular loads, while the ISC-3.8 geometry was uniquely insensitive to loading orientation.
While imperfect, modulus results for both loading orientations could be largely captured using an
unconventional adaption of FLT. Despite the assumptions underlying this theory, it shows promise
as a useful tool for predicting the stiffness of sutured composites.

For both loading conditions, empirical relationships were developed, as seen in Table 1, relating
suture amplitude and wavelength to the mechanical performance of composites with sinusoidal
sutures with respect to a flat-line suture. The developed scaling relationships in this work provide
a framework for predicting the mechanical response of composites with suture joints of different

geometries and orientations.
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Additional details regarding theoretical assumptions underlying use of the fiber laminate theory
model, structural formulae of compounds, experimental setup during film processing, and images

and videos of composite failure are available in Supporting Information.
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Photoprocessing of Composite Films

Table S1. Index of suture complexity (ISC) related to wavelength, amplitude, and contour

length.
Contour length, Contour length,
15C A (mm) | A (mm) perpendiculfr (mm) parallel (mn%)
1 - - 7 15
1.1 2.8 0.5 7.5 16.1
1.8 2.8 2 12.6 26.8
2.3 0.5 0.5 16.1 34.6
3.8 2.8 5 26.4 56.9
8.1 0.5 2 56.8 121.7
20 0.5 5 140.4 300.8

a) O 0 b) o) @)
HSAAOXOMSH HzCs)J\O OJ\¢CH2
HS 0 0 SH ><

Pentaerythritol tetrakis (3-mercaptopropionate) Trimethylolpropane triacrylate
O -Bu
c) d) (CHz e) oH
H,0C OCH, O H,C N CH
H,C t-Bu

2,2-Dimethoxy -2-

phenylacetophenone Triethyl amine Butylated hydroxytoluene

Figure S1. Structural formulae and names of the a,b) monomers used to form the network
backbone, formulated with a 1:2.75 (thiol:acrylate) off-stoichiometric functional group ratio, ¢)
free radical photoinitiator, d) catalyst for thiol-michael polymerization, and d) inhibitor present

to mitigate spurious crosslinking events.
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Figure S2. a) Rubbery films are laminated against a photomask on top and against a cover film
on bottom to prevent oxygen inhibition. Transmitted UV light passes through the sample and is
captured in a box lined with black felt to mitigate reflection. b) Picture of the mask used for

photopatterning samples. Not all geometries depicted were used in this study.

Fiber Laminate Theory
Fiber laminate theory (FLT) models the modulus of fiber composites as a function of fiber
orientation with respect to loading condition according to the relationship:

1 m? n? m?n?
— =—(m? —n?vy,) + —(n? —m?v,) + :
Eg E; E; G1z

(S1)

In this equation, m = cos @ and n = sin @ with @ representing the orientation of fiber with
respect to the load, G5 is the shear modulus along the fiber orientation, E; and E, are the tensile
modulus along and perpendicular to the fiber orientation, respectively, and v, and v, are the

Poisson’s ratio associated with angle of 0 and 90 degrees between the fiber and the applied



tensile load, respectively. The mechanical parameters, i.e., G2, E1, E3, V12 and v,4, are

calculated based on the rule of mixtures, as shown below.

Vip = Vv + Vo, (S2)
! =V, 1 +V 1 S3
Voq - fvf mvm (S3)
Ei = ViEr + Vi Epy (S4)
! =V, +V 1 S

E, TE  TE, (85)

(S6)

In the above equations, subscripts m and f refer to matrix and fiber (suture), respectively,
while Vi and Vyare the associated volume fractions, elaborated upon in the next paragraph.
Poisson’s ratio of glass and rubber were assumed to be 0.33 and 0.5 according to literature (Cox
et al, 2019). Shear modulus of the homogeneous glass and rubber are calculated based on

experimental Young’s moduli:

E

¢ =T

(S7)

In general, fiber laminate theory assumes a uniformly oriented array of fibers (Figure S2a).
Since the sine and cosine parameters are squared, however, the orientation of every other fiber is
mirrored to form a triangular pattern (Figure S2b) which is used as a simplified analog for the
sinusoidal suture (Figure S2¢), where the half tooth tip angle of 8 determining the orientation of

suture with respect to the load direction is calculated as:

6 = tan~1 (i) (S8)



The rectangle bounding the sutures in Figure S2, represents the region where volume fractions
are calculated for input into Equation S1. The results are then fed into the spring model where
volume fractions are recalculated relating the volume of the homogenized suture region (red

rectangle in Figures S2d,e) to that of the entire sample.

a [ d
: ! Glass By
[ .
0, /' :
I |
- EGlass

Vtot _ VFLT VGlass

Etot EFLT EGlass

E Glass EFLT

15 mm

ViotEtot = VrLrErLr + ViiassEciass :

Figure S3. Transforming the a) assumed uniform fiber distribution of fibers in FLT into a b)
triangular pattern by mirroring the orientation of every other fiber and assuming the triangular
pattern can be equated to c) the sinusoidal suture, so long as the actual interlayer volume used in
the FLT equation is still calculated based upon the true sinusoidal suture volume. d) Under
perpendicular loading conditions a spring series can be used to predict the bulk sample modulus,
E'tor, where the stiffness of one spring is determined by FLT (equation S1) and the second spring
is represented by the stiffness of the monolithic glassy matrix. ¢) Under parallel loading

conditions the springs are placed in parallel to model bulk response.



Failure of Composite films embedded with a suture joint

#
ISC-20 ISC-8.1
Perpendicular 100pm Perpendicular 100pm

Figure S4. a) Major tooth loss may arise in any suture with an ISC greater than 1, depicted in an
ISC-20 suture here. It occurs away from the suture apex and is visible by eye. b) Minor tooth loss
was observed in samples with an ISC of 8.1 and larger, depicted in an ISC-8.1 suture here. It

occurs within 100 pm of the suture apex and is not visible by eye.
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Figure S5. Selected examples of complex crack paths under parallel loading conditions that
propagate beyond the neck of the dog bone sample. a) The offset between horizontal crack path
segments spans a region slightly larger than the neck of an ISC-2.3 dog bone sample and b) an
example of a crack in a different sample with the same geometry that fully interacts with the
clamp, the horizontal, bisecting crack paths followed the clamp along the bottom of the sample.
¢) A crack path in an ISC-1.8 sample appearing just beyond the neck of the dog bone and d) an

optical image of the corresponding fracture surface where the crack exits the suture.

Statistical Analysis
The modulus of ISC-3.8 sutured composite showed no statistical difference between the

perpendicular and parallel loads (via a two-sample t-test, t, = 1.44, p-value= 0.222).



No difference was observed when comparing the toughness of ISC-20 under perpendicular
loads with a pure monolithic glass (via a two-sample t-test, t,s = —0.47, p-value= 0.639).

In addition, no statistical differences observed for strength of ISC-3.8 sutures under the two
loading conditions (via a two-sample t-test, t, = —0.04, p-value= 0.968).

For sutures perpendicular to the loading direction, the data suggests a linear relationship
between the mechanical properties and ISC, especially for the case of toughness and strength. As
a result, single linear regression was used to model the variation of the mechanical properties

with ISC as the variable.

E
% =0.98 + 0.42logISC (S9)
1
w,
]og( ’SC) = 1.361l0g ISC (S10)
Wy
0,
% = 0.55 + 3.37logISC (S11)
1

Adjusted r-squared values were used to compare the SLR and MLR fitted models obtained for
perpendicular suture joints (Table S2). SLR model for modulus had lower accuracy compared to
the proposed MLR model, while SLR for both toughness and strength were slightly more
accurate than the proposed MLR model for perpendicular conditions. Overall, since two sutures
of different amplitudes and wavelengths can have similar ISCs, and for consitensy between the
proposed models for parallel and perpendicular loading conditions, we proceeded with MLR
models.

Table S2. Adjusted r-squared values of SLR (ISC as the variable) and MLR (amplitude and

wavelength as the variables) models for perpendicular loading condition.

Fitting model Modulus Toughness Strength




MLR (A, 1)

Eqn. 2 -41.18%

Eqn. 4 —85.74%

Eqn. 6 —79.85%

SLR (ISC)

Eqn. S9 —35.70%

Eqn. S10 — 88.90%

Eqn. S11 —83.46%

Video analysis of failure of sutured composites

ISC-1.0, 1.8, and 20 sutured composites were analyzed through video and synced with the

stress-strain curves obtained with DMA, names of the associated MP4 files are indicative of the

geometry being tested. All DMA tests were conducted at a strain rate of 2% min’'.




