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The beauty of nature lies in its ability to create materials with an extraordinary
range of mechanical properties through the irregular arrangement of structural
elements comprised of rather ordinary constituent materials. Drawing inspiration
from these materials, Reyes-Martinez et al. show how architecture and intrinsic
material properties can manipulate not only elastic response but also structural
failure to design engineered materials with tailored mechanical behavior.
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SUMMARY

Disordered networks are ubiquitous in both natural and synthetic
systems, with mechanical properties that span from significantly
compliant to extremely rigid. While the significance of network to-
pology in determining their overall mechanical properties has
been established, the coupling between network topology and
intrinsic material properties to control elasticity and fracture is not
well understood. Here, we show that although the topology
of two-dimensional disordered networks defines the occurrence of
local network bond rupture events, it is the material properties of
the constituent material that dictate the energy required to cause
failure. Our results reveal opposite trends between the stiffness
and fracture properties that depend on the constituent material,
which is linked to how topology and materials couple to enhance
either the local stiffness or extensibility of the network. We apply
this understanding to transform the mechanical properties of an
intrinsically low-toughness material to a tough one on demand.

INTRODUCTION

In nature, disordered networks are utilized to obtain materials with remarkable me-
chanical properties in diverse applications across a range of length scales.’ These
disordered networks consist of load-bearing elements, referred to here as “bonds,”
linked together at “nodes,” forming aperiodic structures (Figure 1D). Depending on
the ultimate purpose of the network, such as maximizing extensibility, load support,
or toughness enhancement, there are important interactions between the geometry
of load-bearing elements and the intrinsic properties of the constituent materials.
For example, trabecular bone is a disordered network of bulky and rigid plates
and struts where the composition and the network structure are optimized to sup-
port large loads and provide toughness while minimizing mass® (Figure 1A). Spiders,
such as the orb-weaver tropical tent-web spider (cyrtophora citricola), also utilize
disordered networks to create their webs. These slender, deformable filaments
span across large interconnected areas that provide flexibility, toughness, and
defect tolerance required to capture prey effectively (Figure 1B).” These biological
examples illustrate the vast differences in length scale, material composition, and
network connectivity, which give rise to extraordinary variation in ultimate mechan-
ical properties. Importantly, these examples provide inspiration to design materials
for diverse applications with tunable stiffness, toughness, and density by combining
disordered network topology with different material properties.

Synthetic materials also utilize disordered networks, from large-scale support beams
in some buildings (Figure 1C) to material-scale examples, including foams and
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Figure 1. Examples of disordered networks found in nature and used in engineered structures

The fundamental unit for each structure consists of bonds linked by nodes that facilitate force and energy transmission.

(A) The structure of trabecular bone. Microcomputed tomography image of the internal structure of trabecular bone.” Reproduced with permission,
Creative Commons 4.0. The two images correspond to trabecular bone. Reproduced with permission. 2019, American Journal of Physical
Anthropology.®

(B) The structure of tent web built by the triangle weaver spider, Hyptiotes cavatus.” 2019, National Academy of Sciences, image by S.I. Han.

(C) The gallery of Nathalie Mauclair Gymnasium with support beams representing a human-made network structure. Reproduced with permission. 2015,
David Foessel.

(D) A 2D disordered network made by laser cutting an acrylic sheet, which is the focus of this study. The fundamental structural unit consists of bonds
connected by nodes.

(E) A representative 3D disordered network mechanical metamaterial made from 3D printing.” Reproduced with permission from the Royal Society of
Chemistry.

honeycomb lattices.®'® Emerging approaches have enabled the generation of
network-based materials through materials-by-design strategies. For example,
computational approaches have demonstrated the design of disordered network
mechanical metamaterials with tunable elastic properties by removing specific
bonds>""""¥(Figure 1E) or by optimizing the shape of bonds to improve the tough-
ness of three-dimensional (3D) lattices.'* Thermally programmable lattices, made of
two polymers with different glass transition temperatures distributed at strategic to-
pological locations within the network, have shown tunable global mechanical
properties via different thermal conditions through local changes in mechanical
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responses.'® These developments illustrate the advantage of designing lightweight,
strong, and responsive network materials based on the manipulation of local me-
chanical properties to obtain the desired global mechanical responses.

These biological and synthetic examples illustrate that properties such as global
stiffness and toughness can potentially be manipulated in disordered networks.
However, the specific means to control these mechanical properties through
network topology and intrinsic material properties are not well understood. One
important consideration is that architectured materials, such as disordered net-
works, are composed of discrete interconnected members. Thus, parameters from
continuum mechanics may not be appropriate in characterizing their global elastic
and fracture properties. For example, it has been shown by Deshpande and co-
workers that the stress intensity factor, a parameter used to quantify the toughness
of bulk materials, is inadequate when describing the fracture of ordered architec-
tured materials because it can depend on system size, such as the geometry of

the struts or the number of unit cells within the crack.'®"'®

An interesting characteristic of these disordered networks is that both the degree of
disorder and member connectivity can independently control the brittle-to-ductile
transition in network-based materials. Increasing the degree of disorder in a material
decreases the stress concentration at the crack tip, thus facilitating a more diffuse
fracture path.'”?' Similarly, approaching the minimum bond connectivity to main-
tain topological rigidity, i.e., the rigidity percolation threshold, affects how a
network fails by increasing the compliance of the system and the fracture process
zone.”??? Although these prior studies demonstrated the importance of topology
in defining this failure transition, how topology couples with the properties of the
constituent material to control the overall mechanical properties of disordered-
network-based materials is not well studied.

In this work, we demonstrate how topology, network density, and constituent mate-
rial can be integrated to dictate the stiffness and fracture behavior of 2D disordered
networks. We show results that are consistent with prior research; network topology
controls the bond rupture events that are independent of the mechanical properties
of the constituent material. However, we also demonstrate that topology alone does
not completely dictate the mechanical properties of disordered network materials
because the constituent material plays a critical role in controlling the deformation
mechanism during failure. Specifically, the deformation mechanism transitions
from bending dominated to stretching dominated as the constituent material
softens, showing that the constituent material dictates the dominant mechanism
of fracture, i.e., network stiffness vs. extensibility. Disordered networks with more
compliant constituent materials show decreasing toughness with network stiffness,
while stiffer constituent materials show increasing toughness with network stiffness.
Based on these lessons, we suggest a practical route that enhances the work of frac-
ture of disordered networks by tuning the intrinsic extensibility of a stiff constituent
material. Our results demonstrate a design route based on the interplay between
network topology, constituent stiffness, and extensibility for developing network-
based materials with programmable stiffness and fracture properties.

RESULTS

2D disordered networks

We study the fracture behavior of disordered networks by fabricating physical
samples of computationally conceived disordered networks (see the experimental
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Figure 2. 2D disordered network geometries and results

(A) Structures of the 2D networks studied as a function of increasing mass density. Samples of both the low-density (LD) and high-density (HD) structures
were produced with varying bond thicknesses: 0.5, 0.8, 1.2, and 1.6 mm, identified here with numbers 1-4.

(B) Photographs of representative tensile test on LD stiff network sample. Bonds that fail are highlighted in red.

(C) Instances of individual and collective bond failure are observed in the load-displacement curves in each tensile experiment. The inset shows the
representative drop in stiffness as a function of the fracture event.

(D) Load-displacement curves corresponding to LD stiff networks with increasing bond thickness.

(E) Load-displacement curves corresponding to HD stiff networks with increasing bond thickness.

procedures). We use two base network structures corresponding to two different to-
pologies, a low density (LD) with an average coordination number Z=3 and a high
density (HD) with an average coordination number Z=6 (Figure 2A). The mass den-
sity and stiffness of each of these structures are then modified by varying the thick-
ness of bonds = 0.5, 0.8, 1.2, and 1.6 mm, identified henceforth with numbers 1-4,
respectively. Overall, samples from LD 1 to HD 4 make up a series of eight samples
with various mass densities and topologies, as displayed in Figure 2A. The mass den-
sity of the HD samples is approximately 30%-65% larger than the LD counterparts of
the same bond thickness. To understand the interplay between network topology
and the intrinsic properties of the constituent material, we fabricate each network
in Figure 2A using two materials: a stiff polymer (glassy acrylic) and a compliant poly-
mer (rubbery silicone elastomer), both laser cut to the desired network structure.

4 Cell Reports Physical Science 5, 101848, March 20, 2024



Reports Physical Science (2024), https://doi.org/10.1016/j.xcrp.2024.101848

Please cite this article in press as: Reyes-Martinez et al., Topology as a limiting factor for mechanical properties in disordered networks, Cell

Cell Rer_)orts .
Physical Science

Each of the physical network samples is subjected to uniaxial tension until complete
failure is observed.

Figure 2B shows a representative uniaxial tension experiment of an LD 1 stiff
network. At small displacements (6<1 mm), the network deforms elastically, and
no bonds are broken. At a critical tensile displacement, a bond or collection of bonds
is broken. These broken bonds are highlighted in red, and the fracture events are
enumerated in Figure 2B. At the moment of each bond rupture event, we see a sud-
den drop in load, as seen in the load-displacement curve in Figure 2C. After each
bond rupture event, the tension is redistributed to the remaining bonds that are still
connected to the network. The load builds back up until the next bond (or collection
of bonds) ruptures. This behavior continues until the remaining bonds cannot sup-
port the load, and the structure fails catastrophically. After each bond rupture event,
it can be seen that the load-displacement curve has a progressively lower slope,
indicative of the whole structure progressively becoming more compliant as the
number of load-bearing bonds decreases. The inset in Figure 2C quantifies this stiff-
ness reduction as a function of fracture event.

Figures 2D and 2E show the load-displacement curves for representative families of
stiff 2D disordered networks (LD and HD, respectively) for different bond thick-
nesses. We quantify the stiffness, K, for all network samples in the low extension
regime (Figure 2E). The stiffness increases with the bond thickness for both the LD
and HD samples. We also observe that the number of individual bond rupture
events, represented by sudden drops in load in the load-displacement curves, de-
creases as the thickness of the bonds increases. This could be explained by the
behavior of networks approaching the properties of a continuum as bond thickness,
and therefore mass density, approaches that of the constituent material. Our results
suggest that as bond thickness increases and bonds coalesce, the network becomes
relatively more rigid, and the network tends to fail catastrophically as opposed to a
stepwise manner.

Constituent material effects

Our study illustrates how coupling constituent materials with topology can
enhance or diminish the elastic and fracture properties of architected materials.
Figure 3A displays the load-displacement curves of representative LD 1 and HD
1 networks for both stiff and compliant constitutive materials. The compliant net-
works fail at displacements two orders of magnitude greater than the stiff net-
works. Interestingly, topology influences the fracture properties of the networks
differently, depending on the constituent material being stiff or compliant. The
compliant networks display similar maximum loads that are independent of the to-
pology of the network. The stiff networks show remarkably different behavior, with
the HD topology displaying higher maximum loads and failure displacements than
the LD topology. This suggests that the contribution of network topology to the
overall mechanical properties of the network greatly depends on the constituent
material and is not universal. Insets in Figure 3A capture the extension and distor-
tion of networks right before complete failure. Figure 3B shows the global stiffness,
K, as a function of mass density, p, for LD and HD networks of compliant and stiff
constituent materials. Consistent with classic studies on cellular solids, the network
stiffness increases with the mass density of the network for each constituent mate-
rial.” While the mass density is mainly dictated by the network topology and bond
thickness, we observe that the network stiffness is dominated by the constituent
material, with the stiff networks displaying K values that are nearly three orders
of magnitude higher than the compliant ones.
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Figure 3. Elastic and fracture properties

(A) Load-displacement curves of representative LD 1 and HD 1 samples for both stiff and compliant constitutive materials. The curves suggest that
topology is more significant in controlling the behavior of stiff networks compared to compliant networks. Insets capture the degree of extensibility
right before complete failure. Scale bar = 2 cm.

(B) Network stiffness as a function of mass density of the sample. Mass density is mainly controlled by network topology and bond thickness, while
stiffness depends on a combination of constituent material properties and network topology.

(C) Density-normalized work of fracture, U/p, as a function of density-normalized sample stiffness, K/p, for both stiff and compliant network samples.
The work of fracture of the compliant network samples decreases as a function of stiffness, while the work of fracture for the stiff samples increases as a
function of stiffness.

(D) Maximum load, Pmax, as a function of fracture displacement, 6;. The work of fracture of the stiff samples is dominated by Pnax, while the compliant
samples are dominated by 6. Increasing marker size represents increasing network bond thickness. Error bars represent the standard deviation over
three independent experiments per network type.

To further show that the fracture behavior of disordered networks strongly depends
on the constituent material, we quantify the work of fracture, U, by calculating the
area under each load-displacement curve (Figure 2E). Figure 3C shows the den-
sity-normalized work of fracture (Us/p) as a function of the density-normalized global
network stiffness, K/p. Overall, our results show higher work of fracture for networks
with compliant constituent material. Specifically, the highest Us/p corresponds to the
compliant LD networks with the thinnest bonds (i.e., inset 4, Figure 3A). Additionally,
Ut/p decreases with increasing network stiffness for compliant samples. In contrast,
the highest Us/p for stiff networks corresponds to the HD networks, which are those
with higher mass density and stiffness (i.e., inset 1, Figure 3A).

One of the defining characteristics differentiating the stiff and compliant networks is
the extensibility of the constituent material. This difference is demonstrated in Fig-
ure 3D, which shows the maximum load, Pmax, as a function of the failure displace-
ment, &, for all the networks studied. The compliant networks (both LD and HD)
fail at larger displacements, given the hyperelastic nature of their constituent mate-
rial (i.e., silicone elastomer), but display relatively low Pmax. All of the compliant
networks fail at displacements over an order of magnitude greater than the stiff
networks. The large failure displacements and low maximum loads of compliant
samples show that the work of fracture is primarily determined by the maximum
extensibility. Conversely, the stiff networks display relatively high Ppax values and
low failure displacement, suggesting that the work of fracture is mainly dominated
by the relatively high stiffness of the constituent material. As an example, the lowest
mass density network (LD 1) displays the highest work of fracture for the compliant
constituent material and the lowest work of fracture for the stiff constituent material
(Figure 3C). Representative load-displacement curves for LD 1 networks are shown in
Figure 3A. Given the topology of the LD network being less constrained (Z = 3), itis
expected to promote extensibility and higher work of fracture. Nevertheless, that is
not the case for the stiff networks, where the LD samples have both the lowest Prax
and 6;.

Bond orientation analysis

By tracking the changes in local deformation during our experiments, we observe
that the different constituent materials undergo unique bond reorientation mecha-
nisms as the network is deformed uniaxially. Figure 4A shows a compliant LD 1
network sample before tension is applied and immediately before the first bond
rupture event is observed. The colors represent the angle of the bond relative to
the direction of applied tension (here, 0° in light blue). At zero deformation, the
bond angles show no preferred orientation. Upon deformation but before fracture,
there is a clear preferential orientation along the direction of tension that is absent in
the stiff samples (Figure 4B). Changes in bond orientations can be compared by
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Figure 4. Bond orientation results of the undeformed and fractured disordered networks

(A and B) Bond orientation analysis for (A) LD 1 compliant and (B) LD 1 stiff samples. Colors indicate the bond orientation angle, as indicated in the
legend.

(C and D) The corresponding histogram of the distribution of bond angles for (C) LD 1 compliant and (D) LD 1 stiff samples. The distribution of angles for
the LD 1 stiff sample does not change before fracture, indicating that there is little or no change in bond orientation. Most of the bonds of the LD 1
compliant sample align along the tension direction (0°) right before the first fracture event occurs. The inset images compare the fractured portions of
the HD and LD samples. Both the HD stiff and HD compliant samples display a straight crack near the edge of the sample. On the other hand, both the
LD stiff and compliant samples show meandering cracks.

(E and F) The change in dominant bond orientation of representative (E) compliant network and (F) stiff networks as a function of applied displacement.

quantifying the distribution of bond angles of the representative compliant and stiff
LD 1 networks. Figure 4C shows that the angle distribution changes drastically in the
compliant sample, with a clear reorientation of bonds to the direction of tension, 0°.
For the stiff LD 1 network, Figure 4D shows that the orientation distribution barely
changes before and during applied tension, indicating very little bond reorientation
up to the point of fracture. More detailed analyses of the bond orientation as a
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function of deformation of representative compliant and stiff networks are shown in
Figures 4E and 4F. The results, which confirm the trends observed in Figures 4C and
4D, show that the evolution of dominant bond orientation during the tensile exper-
iment is strongly dependent on the particular constituent material. The initial bond
orientation is the same for both networks, but the bond orientation deviates signif-
icantly with increasing displacement. Specifically, we find that the dominant bond
orientation of the compliant network (Figure 4E) orients toward the tensile direction
with increasing deformation, yet the stiff network (Figure 4F) displays only minor
changes in the bond orientation. The magnitude of the work of fracture depends
on the ability of the system to store strain energy before complete failure. On a local
level, the development of strain energy can happen through bond stretching, bond
bending, or combinations of both for 2D networks. The nearly imperceptible bond
reorientation in the stiff samples indicates that these networks accommodate the
buildup of strain energy by bending, rather than stretching, the bonds, which favors
a stiffness-dominated work of fracture. However, for the compliant samples, the con-
stituent material allows for early reorientation of the bonds and subsequent stretch-
ing, which favors an extensibility-dominated work of fracture.

The insets in Figures 4C and 4D show the fracture behavior for LD and HD networks
for both constituent materials. Specifically, the HD networks undergo brittle failure,
displaying a non-meandering distribution of bond fracture events. On the other
hand, we find that the LD networks display a broad topological distribution of
fractured bonds. These observations indicate that network topology, and not con-
stituent material, plays a dominant role in the rupture of individual bonds. This is
consistent with prior fracture studies of other disordered network systems.?*?* We
observe that for HD samples, individual bond fracture events tend to occur close
to the grips; this behavior is not seen in the LD networks, which suggests that the
HD network topology promotes stress concentration near the grips. Nevertheless,
this particular phenomenon does not impact the conclusion that the distribution
of locations of individual bond fracture events is controlled primarily by network to-
pology and not the constituent material.

DISCUSSION

Our study shows that the intrinsic (constituent material) and extrinsic (topology)
properties of disordered networks are intimately coupled to control the work of frac-
ture, which is related to both the stiffness of the network and the maximum extension
at fracture. Our results show (Figure 3D) that the work of fracture for stiff constituent
materials is primarily controlled by bond bending, which translates to significantly
higher failure loads compared to the compliant samples. For compliant constituent
materials, the work of fracture is dominated by the stretching and rearrangement of
the bonds, which translates to higher maximum extensions at failure. This insight is
consistent with the trends in our tensile experiments; the disordered networks with
softer constituent materials show decreasing work of fracture with network stiffness,
while stiffer constituent materials show increasing work of fracture with network stiff-
ness (Figure 3C). This interplay between topology design and material selection re-
sults in the highest work of fracture corresponding to compliant materials with the
lowest mass density networks. These networks show significant stretching not only
due to the innate extensibility of the constituent material but also due to the low
bond connectivity that can accommodate isolated bond rupture events without
catastrophic failure. Importantly, Figure 3C shows that the trend in the work of
fracture can be reversed by the judicious choice of the constituent material. The
use of a compliant constituent material renders the network more tolerant to
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inhomogeneities in stress distribution, resulting in higher work of fracture for the
lowest density networks. Networks comprised of stiff constituent material are less
tolerant to stress inhomogeneities, and therefore the higher work of fracture corre-
sponds to denser network architectures.

Our tensile experiments show that fracture can be controlled either by the stiffness
or extensibility of the material. Determining whether stiffness or extensibility should
be enhanced requires an appreciation of the mechanical behavior of the intrinsic
material. This lesson has inspired the design of numerous different tough materials
in the past, such as particle-reinforced composites,”?’ double-network hydro-
gels, 2> 32,33

rks.> However, these prior approaches rely primarily on multi-component materials,

macroscale double networks, and topoarchitected polymer netwo-
whereby each component is dedicated to a specific function. Taking the macroscale
double network as an example, the brittle network provides enhanced stiffness,
whereas the soft one provides extensibility. Here, we are interested in enhancing
the toughness of a single-component material.

As a proof of concept, we demonstrate this single-component control using temper-
ature as a stimulus to enhance the stiffness or extensibility of disordered networks
composed of poly(methyl methacrylate) (PMMA) as the constituent material. Similar
to other viscoelastic polymers, PMMA is stiff (glassy) but brittle at room temperature,
yetitis compliant (rubbery) and highly extensible at elevated temperatures. We con-
ducted temperature-conditioned uniaxial tensile experiments on four different
network systems (LD 1, LD 4, HD 1, and HD 4) to assess their fracture behavior. Fig-
ure 5A is a schematic showing the procedure of the temperature-conditioned ten-
sion experiments. In stage 1 of the experiment, each network is stretched at room
temperature to the pre-fracture displacement, which maximizes the stiffness-domi-
nated behavior of PMMA. In stage 2, the sample is heated to 140°C while the
displacement is held constant. This portion of the test is intended to soften the
PMMA to leverage network extensibility for toughness enhancement. Once the sam-
ple has thermally equilibrated, tension is applied again until failure. The thermal
(Figure 5B) and bright-field (Figure 5C) images of the stretched networks show
that this thermal-conditioning process can stretch PMMA well beyond what is
possible at room temperature, which we envision is broadly applicable to other ma-
terials with a thermal transition. Figure 5D shows the work of fracture, U, for all sam-
ples tested as a function of network structure. The highest U corresponds to the
thermally conditioned HD 1 network, which was shown in Figure 3 to be dominated
by the stiffness of the constitutive material at room temperature. Depending on the
specific network, Figure 5D shows that the work of fracture of the disordered net-
works subjected to this temperature conditioning process can be enhanced by as
much as two orders of magnitude. Figure 5E shows the normalized work of fracture
Us = Ut therm/ Ur o as a function network stiffness, where Uy ypem refers to the work of
fracture of the thermally conditioned networks and Usq is the work of fracture of
the same networks at room temperature. These results show that lower stiffness net-
works show greater Us. This trend is consistent with the behavior observed in Fig-
ure 3C for the compliant networks, where more compliant networks show greater
work of fracture. This points to the importance of underlying material properties con-
trolling fracture properties in disordered network systems. It is interesting to note
that in Figure 3C, the enhancement is achieved by reducing the density of the
network by either reducing the bond thickness or changing the topology. In Fig-
ure 5E, the work of fracture enhancement obtained via thermal conditioning does
not require changing the constituent material or substituting it with a different
network topology.
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Figure 5. Tuning the stiffness and extensibility of brittle disordered networks via thermal conditioning

(A) Experimental procedure of the thermal-conditioned tension experiments. In stage 1, the network is stretched at room temperature to the pre-
fracture displacement, which maximizes the stiffness-dominated behavior of PMMA. In stage 2, the network is heated to 140°C while the extension is
kept constant. This portion of the test is intended to soften the PMMA to maximize network extensibility for toughness enhancement. In stage 3, the
network has equilibrated to the elevated temperature, and tension is further applied until the network has completely failed.

(B and C) Thermal (B) and bright-field (C) images of a representative network undergoing the thermal-conditioned tension experiment showing that the
PMMA is able to stretch well beyond what is possible at room temperature.

(D) Work of fracture (Us) as a function network topology. Stiff samples LD 1, LD 4, HD 1, and HD 4 are thermally treated at 140°C. An increase of two
orders of magnitude in the work of fracture is observed for the heated stiff (acrylic) samples stretched at a displacement rate of 1 mm/s. Error bars
represent the standard deviation over three independent experiments per network type.

(E) Normalized work of fracture Uy = Ut tperm /Ur o as a function network stiffness, where Us iperm refers to the work of fracture of the thermally conditioned
networks and Uz is the work of fracture of the same networks at room temperature.
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By leveraging the bond-to-bond variation in the load-bearing capacity of a disor-
dered network, we show that it is possible to dynamically manipulate the stiffness
and extensibility of the individual material elements. As local regions of a disordered
network experience non-uniform stress and strain distributions, these networks
enable a greater degree of programmability in local mechanical response. The re-
sults in Figure 5B show that depending on the local bond density of the network,
the denser regions experience a greater temperature rise, thus leading to greater
extensibility during stage 3. Although this thermal-conditioning approach is a simple
demonstration, these results illustrate the potential to program the mechanical
properties of mechanical metamaterials via the synergistic combination of a visco-
elastic polymer and disordered network topology. Such capabilities could also be
combined into ordered networks, heterogeneous networks, and other multi-compo-
nent systems to tune mechanical properties and function.?®*” With the appropriate
selection of intrinsic material and network topology, other stimuli, such as light, sol-
vent exposure, electric, and magnetic fields, can be used to manipulate the local me-
chanical properties of these disordered networks.

In this study, we show that the coupling between constituent materials and topology
can either enhance or diminish the elastic and fracture properties of architected ma-
terials. Importantly, we demonstrated that topology alone does not completely
dictate the mechanical properties of disordered network materials; it is the synergy
between architecture, materials, and function that ultimately defines the mechanical
properties of these network materials. Thus, it is important to develop quantitative
relationships between topology and materials further in future studies, although this
is a non-trivial endeavor. Our proposed thermal conditioning of bonds illustrates
one pragmatic strategy to program mechanical behavior that overcomes the
intrinsic limits of materials via a combination of geometry, strain localization, and
programmable extensibility without the need for multiple constituent materials.
There are several opportunities (different stimuli, length scale of load-bearing ele-
ments, and dynamics of stress transfer) to leverage this concept to overcome the
intrinsic limitations of existing materials and to design mechanically programmable
materials.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Michael D. Bartlett (mbartlett@vt.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.

2D disordered network mechanical metamaterial fabrication

Drawings of LD and HD 2D disordered networks are based on random packing of
jammed frictionless spheres obtained from previous work by Reid et al.'? The
computational realizations used are of isotactic networks of equal-stiffness springs.
These drawings are then integrated into a dog-bone-like design amenable to tensile
testing. The length and width of the network samples are held constant for all
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samples at 60 x 56 mm, respectively. Four bond thicknesses of LD and HD structures
are produced: 0.5, 0.8, 1.2, and 1.6 mm.

Stiff network samples are fabricated by laser cutting (Full Spectrum Laser) 1.5 +
0.1 mm thick Plexiglass sheets (McMaster-Carr). Compliant network samples are
also fabricated by laser cutting 1.6 + 0.1 mm thick poly(dimethylsiloxane) (PDMS)
elastomer sheets (Sylgard 184 with a 10:1 base-to-curing agent mass ratio; Dow
Corning) created by curing PDMS pre-polymers within an acrylic mold. Compliant
network samples were meticulously cleaned after laser cutting to remove any dry
residue from the cutting process.

Mechanical testing

Room temperature tensile tests were performed using a Texture Analyzer TA.XT Plus
instrument using custom-made grips and a 50 kg load cell. Stiff samples were tested
atarate of 0.1 mm/s, while compliant samples were tested at 1 mm/s. The displace-
ment is reported from instrument cross-head readout. Tension was applied until the
samples failed completely. At least three individual experiments were performed for
each sample type. Images of experiments were captured using a charge-coupled
device camera (JAl BM500GE) operating at 30 fps. Orientation analysis of images
was performed using ImageJ OrientationJ plugin.*®

Tensile tests at elevated temperatures were performed using an Instron 5900 series
Universal Testing System (Instron: 5969) with a 50 kN load cell and an Instron 3119
series Environmental Chamber (Instron: 3119-609) for heating. Stiff samples LD 1, LD
4,HD 1 and HD 4 were first stretched at room temperature at a rate of 0.05 mm/sto a
pre-fracture displacement of 2 mm, which is prior to the first fracture event of the
materials. The samples are then held at constant displacement for 15 min as the envi-
ronmental chamber is heated to 140°C. Once the sample temperature was equili-
brated, tension was applied to the thermally conditioned specimens at a rate of
1 mm/s until the samples failed completely. At least three individual experiments
were performed for each sample.

Images were captured through a separate testing procedure. HD 1 samples were
stretched at room temperature at a rate of 0.05 mm/s until 2 mm of displacement.
Images of the sample were captured with both a digital single-lens reflex (DSLR)
camera (Pentax K-1 Mark Il) and an infrared (IR) thermal imaging camera (FLIR
E53). The sample was heated to 140°C for 15 min prior to being stretched to a
displacement of 30 mm at a rate of T mm/s. The environmental chambers were
opened, and images were captured using the DSLR and IR cameras. The environ-
mental chamber was then closed, and the process was repeated at displacement in-
tervals of 30 mm until complete sample failure.
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