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a b s t r a c t

We investigate the elastic–plastic fracture of architected materials through experiments and theory,
with a focus on understanding the combined effects of material length scale and geometry, using a
pillar array as a model structure. We show that load sharing across the pillars, and hence toughness,
can be controlled by changing the spatial distribution and height of the pillars. A simple relation is
presented to relate the extent of the plastic fracture process zone to the pillar array structure and the
resulting toughness. This relation allows for quantitative prediction of failure loads of specimens with
plasticity localized to a structured region and reveals that strength and toughness can be decoupled
through architecture. Our findings establish a foundation for design of architected materials with
enhanced fracture toughness.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Geometrically structured mechanical metamaterials have sho-
n significant promise and have garnered much excitement for
ealizing materials with unprecedented properties. Architecture
as been leveraged to create materials with high stiffness- and
trength-to-weight ratios [1–4] and increased energy absorp-
ion [5–7]. However, geometry has not been widely exploited
o engineer the fracture toughness of materials. To date, there
re only a handful of works that employ geometric modifica-
ions to tailor fracture and adhesion properties [8–14], in lieu of
odifications of materials in a chemical or physical way. Pillar
nd fibril interfaces are quite prevalent in natural structures, and
hese geometries have been shown to be integral to the supe-
ior mechanical properties, including enhanced toughness and
trength, observed in many natural systems [15–18]. Some of the
ost widely investigated systems include gecko micro-fibril ad-
esives [19–24], mollusk byssus tendril adhesive structures [17],
nd human bone containing collagen fibrils [25]. In each of these
ystems, the existence of pillar/fibril structures are critical for
mproving toughness while maintaining strength.

From the early analysis by Griffith [26], it has been recognized
hat cracks and flaws give rise to stress concentrations and lead
o failure via fracture at far field stresses that are well below
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the strength of the material. Analysis by Irwin [27] outlined the
existence of a characteristic length scale, λ0 = α EGc

σ2
y
, where for

ductile materials E is the Young’s modulus, Gc is the fracture
nergy, σy is the yield strength, and α is a constant of order 1
hat depends on the stress state and crack geometry (e.g., Irwin
onsidered a penny-shaped crack, giving α = 1/π ). During
racture, the majority of the energy is dissipated over a zone
f this length in front of a sharp crack [27]. A key challenge
as been to find the right balance between the stiffness and
esilience of materials, quantified through E and σy, and their
oughness, quantified through Gc . It is well-documented [28] that
here is a trade-off between a material’s intrinsic strength and its
oughness, such that enhancement of one of these properties in
material through chemical or physical means typically results

n a reduction in the other. In particular, methods to increase
oughness of ductile materials by enlarging the process zone
sually requires a decrease in the yield strength.
Many natural and engineered materials exhibit plasticity,

hich must be accounted for to fully understand and predict fail-
re. In homogeneous materials, plasticity is one of the dominant
echanisms for obtaining high toughness; thus, plasticity may
lso be leveraged in architected materials to realize enhanced
oughness. Yet, a fundamental understanding of the effects of
lasticity and its role in toughening architected and structured
aterials remains lacking. Due to voids in a structured material,

t can be difficult or inappropriate to apply fracture mechanics.
ecent works on architected fracture [13,14], remain largely
imited to linear elastic finite element simulations and analyses.
better understanding of architected plasticity will facilitate the
esign of materials with improved fracture resistance.
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Compact tension specimen geometry; (b) Pillar fracture geometry
corresponding to the region outlined in red in (a).

Using a simple pillar array as a model system, we demonstrate
route by which architecture can be used to control the extent
f plasticity near a crack tip and, in turn, the effective toughness
f a material. A pillar array was chosen since it is common in
atural structures, and is also a geometry with relatively simple
echanics. Specifically, for pillars of sufficient height, we show

hat the process zone becomes isolated to the array. This is
erified through experimental measurements of the process zone
uring fracture. Toughness measurements are presented for these
xperiments and show the significant effect architecture has on
he effective toughness of the system. Utilizing the critical pillar
eight result, a relationship between the toughness is derived
n terms of the process zone volume and the geometry of the
rray, which is verified from the experimental results. Finally,
e discuss the toughness results in terms of the array’s tensile
trength and show that the two properties are decoupled in this
ystem.

. Effect of architecture on the process zone: Theory and ex-
eriments

We consider a compact tension (CT) geometry with a mod-
fied region near the fracture plane that contains a pillar array,
2

as shown schematically in Fig. 1(a). Specifically, as shown in
Fig. 1(b), an array with pillar dimensions lx, ly and t – or the
lengths along x (along the crack path, a) and y (along the speci-
men depth, b), and the height, respectively – separated from each
other by distances sx and sy, is examined. Thus, a representative
area of the array, At = (lx + sx)(ly + sy), will contain one pillar
with area Al = lxly. With sy = 0, the mechanics can be analyzed
in 2-D.

During fracture, a plastic process zone of length λp will form
ahead of the crack. The size of the process zone influences the
toughness of the material, with a larger process zone typically
dissipating more energy and increasing toughness. For a pillar
array, the cross-sectional area of the pillars inside the process
zone is NpAl, where Np is the number of pillars within the zone.
Along the process zone, there are nx pillars along the crack path
direction, a, such that λp =

∑nx
i (lx + sx)i, and ny pillars along

the specimen depth, b, so that b =
∑ny

i (ly + sy)i. Thus, the total
umber of pillars inside the process zone is Np = nxny, where
x is determined by the process zone extension. An analysis of
he CT specimen, modeled as two beams with a structured region
n-between [13,29–31], which relates the process zone extension
ith the structural dimensions of the pillar array, li, si, and t ,

s provided in the Supplementary Material (SM), Section F. It
as been shown previously [13] that, in the purely elastic case,
he length over which high stresses are present near the crack
ip (analogous to the process zone length) increases as a pillar
rray becomes more compliant because the stress at the crack
ip is distributed across a greater number of pillars. Here, the
ame concept applies, but now a plastic process zone must be
onsidered.
Pillar height, t , therefore, is a critical dimension as it affects the

rocess zone dimensions both parallel and normal to the crack
ath. Increasing pillar height yields a more compliant array, and
esults in a longer plastic extension, λp, while each individual
illar also has a larger plastic volume. The analysis here is limited
o cases where plasticity is confined to the pillar array, which is
he case for pillars of sufficient height, as explained below.

Following Kanninen’s approach [32], the stiffness of the beams
n the cohesive region around the crack front can be expressed
s kb = O (Eb/λ0), and the axial stiffness of the pillars at the
rack front is kp = O

(
E(nyly)/t

)
. The O symbol is used to denote

hat the stress state may potentially vary along b. The overall
tiffness of the cohesive zone in the vicinity of the crack tip, k,
an then be found by considering these regions in series, such
hat k−1

= kp
−1

+ kb
−1
. This implies that whichever region is

ore compliant will contribute more to the effective behavior. As
→ 0, the stiffness of the array is infinite and the compliance of
he beam will control the behavior. As pillar height increases, the
rray will become more compliant than the beams (i.e., kp ≤ kb).
omparing the two expressions above, a critical pillar height is
btained, tc = O

(
λ0

lyny
b

)
. If t > tc , the pillar array becomes more

ompliant than the beams and the deformation in the system
ill begin to localize to the array. Assuming that dimensions sy,

y ≪ b, the stress can be considered as constant through the
epth, and substituting in for b and ny results in

c ≈ λ0
ly

ly + sy
. (1)

For a planar (2D) geometry (i.e. sy = 0), Eq. (1) predicts tc ≈ λ0.
his is indeed the only length scale associated with the problem,
s outlined in Irwin [27]. In any other case, choosing a pillar
eight significantly above tc allows the plastic deformation to be

fully confined to the pillar region.
For the case of t < tc , two scenarios are possible: the one

already discussed, for which t → 0, and an intermediate height
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Fig. 2. Normal strain near the crack tip measured via DIC for (a) a homogeneous specimen, (b) a specimen with lx = 1, sx = 2, sy = 0, t = 1 mm, (c) the same
rray with t = 2 mm, and (d) the same array with t = 4 mm. Blank regions correspond to areas of the specimens obscured by experimental setup. (a′–d′) Plastic
egions for the four geometries shown, corresponding to the framed regions of top-row of sub-figures. (e) Relative plastic extension for relative pillar height. Standard
rrors for the measurements are shown.
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< t < tc . The latter requires plasticity in both the bulk and
illar portions to be recognized as energy dissipation sources.
hus, the different features of the interface geometry, i.e. ly, sy,
re likely to control the stress transfer between the solid and
he pillar regions. In addition, the aspect ratios, t/li, and the
ensity of pillars, Al/At , can be selected to control the process
one extension and the overall plastic volume. These two cases
re out of the scope of this work, and we will restrict our analyses
o the case of t > tc , where plasticity is assumed to be isolated
o the pillar array.

To verify the prediction of a critical pillar height, and to
valuate the effect of pillar geometry on toughness, polyamide
2 (PA 12, Nylon) CT specimens, additively manufactured via
elective laser sintering (SLS), were tested as a model system
nder quasistatic loading conditions (details in Section 6). Force–
isplacement data was recorded and strain near the crack tip
as measured using imaging and digital image correlation (DIC).
dditional details on DIC measurements can be found in the
M, Section D. Fig. 2 shows measured strains for four different
pecimen geometries. These measurements show the localization
f the plasticity in the pillars, and the increase in process zone
ength as pillar height increases.

Fig. 2(a–d), and the corresponding magnified versions (a′–
′), show the gradual transition in the strain field (ϵzz is the
omponent in the loading direction) as t increases from t = 0
o t > tc . These strain measurements were acquired during
teady-state crack growth for the reference specimen, Fig. 2(a),
nd immediately before the peak fracture loads for Fig. 2(b–d),
uch that the plastic regions are all fully-formed for each speci-
en. The maximum value on the strain scale is the yield strain
easured via tensile testing (see SM, Section B). In the reference
pecimen, the strain is localized near the crack tip (Fig. 2(a)).

or this material, the estimated plastic radius from the Irwin t

3

odel [27] given above is λ0 = 3.2 ± 0.7 mm, assuming plane-
tress conditions—this is consistent with the size of the plastic
one observed in Fig. 2(a), which is 3.5 ± 0.5 mm. Note that
lane stress conditions are used here, as DIC measures the strain
n the surface, despite the overall specimen being under plane
train. As the height of the pillars increases (Fig. 2(b)), i.e. t ≳ 0,
he combined effect of a relatively sharp crack and a discrete
eometry results in the localization of the peak strain in the pillar
egion, however, over relatively small volume. In Fig. 2(c), both
he pillar region and a part of the bulk specimen are affected;
owever, the pillars appear to contribute more to the plastic
issipation as t approaches tc . In Fig. 2, sy = 0, thus tc ≈ λ0 =

.2 mm. In Fig. 2(d), the plastic region is fully contained within
he pillar regions and the plastic deformation in the beams is
egligible, i.e. t > tc . Fig. 2(e) shows the DIC-measured extension
f the plastic zone λ∗p as a function of pillar height, t , with both
xes normalized by λ0. We note the gradual increase of the plastic
one extension as the pillar height is increased (for the same area
raction, Al/At ).

. Toughness of architected interfaces: Theory and experi-
ents

The CT specimens were tested (see Section 6 for details) and
he toughness [27,33], J∗, was calculated as

∗
=

K 2
IC

E
∝ F 2

max, (2)

where Ē =
E

1−ν2
, ν is the Poisson’s ratio, and KIC is the critical

tress intensity factor [34], which is proportional to the failure
oad of the specimen, Fmax. Due to the architected region in
he vicinity of the crack, J∗ is the ‘‘effective toughness’’, and
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Fig. 3. (a) Representative load–displacement curves for a reference specimen and three architected specimens. (b) Effective toughness of pillar specimens, J∗ , relative
o the toughness of a homogeneous specimen, J0 , for the given pillar aspect ratio, t/lx . For both plots, blue, red, and green markers denote arrays with sy = 0 and
sx = 1, 2, 4 mm, respectively. Orange markers denote the reference specimen. Closed versus open markers denote li = 1, 2 mm, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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is no longer an intrinsic material property. KIC was calculated
from the experimentally measured Fmax, as detailed in the SM,
Section E. Reference CT specimens (of the same dimensions and
geometry, but without pillars) were also fabricated and tested. For
the reference specimens, the intrinsic toughness of the material
is measured, J0, as small scale yielding conditions were met.
Throughout this work, the effective toughness of the architected
specimens will be considered relative to the reference value.

Representative load–displacement curves for the reference
and three architected specimens are shown in Fig. 3(a), and show
linear behavior up to a critical load, when a precracked ligament
that is before the first pillar is fractured. The peak load for all the
architected specimens was observed to occur as the first pillar
fails. As the features of the arrays are small compared to the
plastic radius (sx < λ0, lx < λ0), the load–displacement curves
resemble that of the reference specimen, with a clear peak load
and relatively smooth damage curve.

The effective toughness values of pillar arrays with sy = 0 are
given in Fig. 3(b) as a function of the pillar aspect ratio, t/lx. The
full set of experimental results may be found in the SM, Table
S1. Toughness can be tuned over a significant range, from ∼25%
to >200%, relative to the reference specimen. For a given pillar
width and spacing, toughness is enhanced by increasing pillar
height (Fig. 3). In the elastic case [13] for planar pillar geometries,
aspect ratio controlled the effective toughness of the array. In the
case of elastic–plastic failure shown here, pillar aspect ratio does
not account for all variation in toughness, as distinct magnitudes
and trends are apparent for specimens with varying pillar widths
and spacings. A new analysis, which considers the effects of
plastic dissipation in pillar fracture, is required to understand and
predict the toughness.

We provide an energy analysis of the system, restricted to
the case of geometries where t ≳ tc , and all other structural
dimensions, li, si ≤ O(λ0). As a result, the plastic zone is assumed
to be fully confined to the pillar region, simplifying the analysis.
We consider the general potential energy function, Π ,

Π =

∫
V
UedV +

∫
V
UpdV +

∫
Γ

γsdA−

∫
V
biuidV −

∫
∂V

tiuidA (3)

where Ue is the elastic strain energy density, Up is the plastic
energy density, γs is the surface energy, and

∫
V biuidV+

∫
∂V tiuidA

is the work done by external forces, body and surface, respec-

tively, where V corresponds to volume, Γ to the crack area,

4

and ∂V refers to the boundary area of V . The plastic energy
Up =

∫
ϵ
Kϵmdϵ, where K is the plastic modulus and m is the

hardening exponent, which are both material constants. For the
case considered here, with only pillar plasticity, we can write:∫
V
UpdV ≈ tNp(lxly)

∫
ϵ

Kϵmdϵ. (4)

Eq. (4) dictates that, for plastic dissipation-dominated geometries,
he resulting fracture properties depend mainly on the number of
illars inside the plastic process zone, as well as the base material
roperties expressed through K and m. In addition, as detailed in
he SM, Section F, the length of the plastic process zone λp, and
herefore the value of Np, is an implicit function of t, si, and li,
hich makes manipulating local geometry a powerful tool to tune
he toughness. Considering the first variation of Eq. (3) and setting
equal to zero (i.e., δΠ =

∂Π
∂A δA = 0), provides the condition for

crack propagation to occur, specifically:

∂

∂A

(∫
V
UedV +

∫
V
UpdV

)
+ Γ0 −

∫
∆

Pdδ = 0, (5)

here
∫
∆
Pdδ =

∂
∂A

(∫
V biuidV +

∫
∂V tiuidA

)
, and Γ0 =

∂
∂A

∫
Γ
γsdA

s the toughness in the absence of plasticity. Rearranging terms
eads to a familiar form of the condition,

∆

Pdδ −
∂

∂A

(∫
V
Ub
e dV

)
=

∂

∂A

(∫
V
Up
pdV

)
+ Γ0 ≡ Jc, (6)

where the left-hand side of the equation corresponds to the
energy release rate [35], and the right-hand side is the energy
per unit crack area required for crack advance, here denoted
as Jc , which is the effective fracture toughness of the system.
For the case where plasticity is isolated to the pillar array, the
following relation can be obtained by substituting Eq. (4) into the
expression for Jc , resulting in

Jc = tNp(lxly)
[
∂

∂A

∫
ϵ

Kϵmdϵ
]
+ Γ0, (7)

which connects the energy required to propagate the crack with
the characteristic dimensions of the pillar array. If plasticity is
the dominant form of energy dissipation, changes in the surface
energy term for varying geometries will be comparatively small
and can be neglected, so its relative contribution is taken as a
constant. Thus, comparing to the toughness of a homogeneous
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Fig. 4. Effective toughness of pillar specimens, J∗ , relative to the toughness of
homogeneous specimen, J0 , for the given specimen plastic zone area, Np(lxly),

elative to the plastic zone area of a homogeneous specimen, A0 . Blue, red, and
reen markers denote arrays with sy = 0 and sx = 1, 2, 4 mm, respectively,
hile gray markers denote arrays with sx = sy = 1 mm. Closed versus open
arkers denote li = 1, 2 mm, respectively. (For interpretation of the references

o color in this figure legend, the reader is referred to the web version of this
rticle.)

pecimen, J0, the relative toughness is

Jc
J0

= β
tNp(lxly)

V0
+

Γ0

J0
, (8)

where V0 is the plastic volume of the homogeneous specimen,
and β is the quotient of the derivatives of the pillar and ho-
mogeneous plastic integrals. Thus, we find a linear relationship
between Jc/J0 and tNp(lxly)/V0, with slope β , where Np depends
n the critical dimensions of the pillar array, li, si, and t . Since the
lastic dissipation for a given volume of material is identical for
omogeneous and architected specimens, their per-unit volume
lastic integrals will be equal, leading to β = 1.
Fig. 4 again shows the effective toughness, normalized by the

toughness of the reference configuration, J∗/J0, but now as a
function of the plastic area in the pillar region, relative to the
plastic area of a homogeneous specimen. In this figure the plastic
areas are calculated from the plastic extensions, λp, found using
the Timoshenko beam theory analysis in the SM, Section F. As
expected from the energy analysis, a linear scaling is observed,
and a linear fit with fixed β = 1 results in Γ0

J0
= −0.58 (with

R2
= 0.97). These results suggest that the measured effective

toughness scales with the plastic area rather than volume, as
predicted by Eq. (8). Calculating J∗ using Eq. (2) has consequences
that can be observed by comparing Eqs. (2) and (7). Critically,
J∗ considers the modulus of the bulk specimen expressed as
Ē, while for an architected specimen, the effective modulus is
equally controlled via the local architecture, and is proportional
to t , consistent with Eq. (6) and [32].

4. Geometrically decoupling toughness and strength

It is apparent from the results in Figs. 2–4, that increasing
pillar height can result in longer plastic extension and thus a
larger effective toughness, without the need to modify the area
fraction, Al/At , through changes in pillar width or spacing. This is
useful because only the area fraction, and not the pillar height,
controls the effective tensile strength of the pillar array. Given a
5

material with intrinsic tensile strength, σf0 , the relative effective
strength of the pillar array, σ ∗

f , under uniform tension is

σ ∗

f

σf0
=

Al

At
=

lx
lx + sx

ly
ly + sy

. (9)

This result was verified experimentally for our case, using SLS PA
12 pillar tensile specimens, with the results shown in Fig. 5(a).
Results are plotted over the measured area fraction of each spec-
imen with the point at (1, 1) corresponding to a standard tensile
measurement of a homogeneous specimen, with all pillar ar-
ray specimens necessarily having lower tensile strength due to
introduced void spaces.

Fig. 5. (a) Tensile strength results for varying area fractions, compared to the
theoretical value from Eq. (9) using the specimen’s measured area fraction (value
± std. error); (b) Effective toughness of pillar specimens, J∗ , relative to the
toughness of a homogeneous specimen, J0 , for a given strength, relative to a
homogeneous specimen. Blue, red, and green markers denote arrays with sy = 0
and sx = 1, 2, 4 mm, respectively, while gray markers denote a arrays with
sx = sy = 1 mm. Closed versus open markers denote li = 1, 2 mm, respectively.
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of this article.)

However, we observe that, for a pillar array with a given
ensile strength, the effective toughness can be enhanced by vary-
ng pillar height without any additional loss in effective tensile
trength. From a design standpoint, Fig. 5(b) outlines the effective
oughness as a function of the effective tensile strength, calcu-
ated through Eq. (9). The tensile strength is proportional to the
otal cross-sectional area of the pillar array, and is independent
f pillar height; but, for a given pillar distribution and resulting
trength, toughness can be tuned independently by varying pillar
eight. Thus, strength and toughness are decoupled through the
se of architecture, which enables improvements in toughness
ithout loss of strength. Furthermore, these results suggest that
igh aspect-ratio (i.e. very tall), clustered pillar arrays, will be the
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esign that maximizes toughness with minimal loss of strength.
ithin the configurations evaluated in this work, geometry was
sed to increase toughness by more than 2× relative to the
ulk material, with only a 33% loss in strength. At that given
trength, varying pillar height allowed for tuning the toughness
rom being approximately equal to the intrinsic value to more
han 2× greater. The only limitations to improving the toughness
or a given strength arise from size constraints on the specimen,
hich would eventually limit the size of the plastic extension, or
ractical limitations arising from a particular material/fabrication
rocess that constrains the feasible pillar geometries.

. Conclusions

We have shown that there is a critical height for pillar ar-
ays, above which plasticity is confined to the pillar region and
simple linear relationship exists between the toughness and

he plastic pillar area. Furthermore, toughness increases with
illar height due to greater plastic extension. This enhancement
n toughness is achieved without loss in relative strength at
particular area fraction. Thus, geometry provides a route to
ecouple strength from toughness, and indicates that architecture
s an important material design parameter. The effect of geometry
ound here should be fully transferable to other materials, as long
s the geometry is appropriately tailored in conjunction with the
aterial’s intrinsic properties and length scale, λ0. Finally, while
simple pillar array was chosen for this work to illustrate the
ethod, the approaches applied here can be similarly applied to
ther architected materials, with the appropriate micromechanics
pplied for the particular geometry.

. Materials and methods

Compact tension specimens were fabricated via 3-D selec-
ive laser sintering (SLS) of polyamide 12 [36–39], specifically
uraForm

®
ProX Polyamide (PA) 12 (3D Systems

®
Inc, USA),

hich is optimized for printing via SLS and has a median particle
iameter of ∼50 µm [40]. Specimens were fabricated using a 3D
ystems

®
ProXTM 500 SLS 3D Production Printer, using a blend

f 50% virgin and 50% recycled powder, and a laser power of
.6 J/cm2. Specimens were cleaned manually and by using a grit

blaster with superfine alumina media, as recommended by the
manufacturer. Tensile properties were measured and are detailed
in the SM, Section B.

SLS PA 12 was chosen due to its relatively low anisotropy
ompared to many other additive manufacturing approaches, and
ts ability to print specimens with fine scale architecture [37,38,
0]. In SLS printing, specimens are fabricated by locally sintering
uccessive layers of material. Each additional layer bonds to the
revious one during sintering and increases the specimen depth.
he fracture toughness is essentially invariant for cracks with
urfaces orthogonal to the print plane, but has been shown to be
10%–15% lower for cracks parallel to the print plane (i.e., cracks

hat propagate between individual print layers) [38]. For this
ork, specimens were printed so all crack planes were orthogonal
o the print plane.

The compact tension specimens [34,41], as shown in Fig. 1(a)
ere fabricated with width w = 45 mm, depth b = 15 mm, and a

printed precrack length a = 22 mm, (a/w ≈ 0.49, which is within
the proper bounds [41]). A small solid ligament was printed in
front of the first rectangular void space, to help ensure the crack
onset along the symmetry plane of the specimen. All pillar junc-
tions had a fillet with a radius r = 0.2 mm to reduce any effects
from stress concentrations. The specimens were tested in an MTS
Criterion Model 43 (MTS Systems Corporation, USA) fitted with

pin-mounted grips. Fracture experiments were performed under

6

displacement control at a constant rate of 2 mm/min, which
resulted in stable crack propagation and quasistatic conditions.
Load–displacement measurements were corrected for machine
compliance. Specimens were precracked with a razor, but the
critical stress intensity factor was calculated when the first pillar
failed, which corresponded, in all cases, to the maximum load the
specimen achieved. Five specimens of each geometry were tested.
There was good reproducibility, as indicated by the low standard
deviations in the results shown in Figs. 3–4. Details regarding
calculation of the critical stress intensity factor can be found in
the SM, Section E.

Before fracture testing, at least one specimen for each of the
pillar array configurations was coated with a speckle pattern
using black paint applied with an airbrush to enable digital image
correlation (DIC) of the side face. A single DIC specimen per geom-
etry was deemed sufficient due to the very good reproducibility
of the fracture testing results, as well as because of the numerous
configurations tested. During fracture testing, images were ac-
quired using a Guppy Pro F-201 camera (Allied Vision, Germany)
at 14 Hz rate (the camera and the testing machine were syn-
chronized). The recordings were processed using the DIC software
Vic2D (version 6, Correlated Solutions, USA) two-dimensional
(2D) to track the displacement field. After removing rigid body
motions, the displacement field and its derivatives (i.e. strain and
rotations) were extracted and post-processed in the open-source
image analysis software ImageJ to evaluate the plastic volume
size, as shown in Fig. 2. Additional details regarding the DIC
analysis can be found in the SM, Section D.

For strength testing of pillar arrays, custom pillar tensile
specimens were fabricated using a 3D Systems

®
sPro140TM SLS

printer, with width w = 24 mm, depth b = 3.2 mm, and
nominal pillar area fractions Al

At
=

1
6 ,

1
3 ,

1
4 ,

1
2 , and

2
3 . Pillars had

dimensions t = 1 mm and lx = 1 (lx = 2 mm for the case of
Al
At

=
2
3 ), and additional specimens were fabricated for the case

of Al
At

=
1
2 with t = 2 and 4 mm to verify that the strength is

independent of pillar height. All pillar junctions had a fillet radius
r = 0.2 mm. Specimens were tested using the same grips as the
CT specimens, under displacement control at a rate of 1 mm/min,
which roughly matched the time to failure of the CT specimens.
All specimens failed in an unstable manner, with the peak load,
F = Fmax used to calculate the failure stress. An effective failure
stress is considered, σ ∗

f =
Fmax
wb , with the results normalized by

the intrinsic failure stress of the material, σf0 . Five specimens for
each geometry were tested. An image of a representative pillar
tensile specimen is given in Fig. S1, and the results for varying
pillar height are given in the SM, Section C.
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