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a b s t r a c t

Many components of gas turbines, including the combustion liners, ducts, casings and sealing structures,
comprise metallic sheets perforated with arrays of circular cooling holes. These parts are highly prone
to fatigue failure due to the stresses induced by temperature variations during operation. Here, we
demonstrate both experimentally and numerically that the fatigue life of these porous components can
be greatly enhanced by carefully designing the pores’ shape. In particular, we show that while the fatigue
life of a metallic sheet with a square array of conventional circular cooling holes is <100k cycles, by
replacing the pores with novel orthogonal S-shaped holes the life of the structure increases up to more
than one million cycles. This is because the S-shaped pores introduce a soft mode of deformation based
on rotation of the domains between neighboring holes that significantly affect the stress distribution and
crack propagation in the structure.

© 2017 Elsevier Ltd. All rights reserved.

Gas turbines are important, widespread, and reliable devices
that fulfill a variety of power needs from driving tanks, jets and
helicopters to power generation and industrial power uses [1].
Since they operate at temperatures that exceed the melting points
of the materials typically used for their construction, a major
challenge facing turbine components is the incorporation of a
cooling functionality within the system. Film cooling has emerged
as an efficient method to reduce component temperatures and is
currently used in virtually all of today’s aircraft turbine engines
and inmany power-generation turbine engines [2]. In film cooling,
low-temperature air is fed through small circular holes to provide
a film of cool air insulating the component from the hot com-
bustion gases. While the film cooling functionality is necessary
to maintain the material integrity of the hot section components,
it also introduces stress concentration features which can drive
fatigue crack growth and failure. Several studies have considered
the shape optimization of cooling holes [3–6]. However, they have
only focused on their cooling functionality and neglected their
effect on the mechanical performance. Hence, there is a need to
identify cooling features resulting in enhanced fatigue life while
still providing the necessary cooling functionality.
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Here, we combine experiments and simulations to demonstrate
that the fatigue life of metallic periodic porous sheets can be
greatly enhanced by carefully designing the shape of the holes.
Particularly, we show that, while a metallic sheet with a square
array of conventional circular cooling holes fails before 100k cycles,
by replacing the pores with mutually orthogonal S-shaped holes
the structure is capable of carrying load upon one million cycles.
We study themechanism resulting in this remarkable behavior and
find that the S-shaped pores change both the deformation mech-
anism and the way cracks propagate. More specifically, while in
the structures with circular pores large portions of thematerial are
highly stretched, in the case of S-shapedholesmost of the structure
experiences low values of stress, since the deformation is found
to induce rotation of the domains between neighboring holes. As
a result, the cracks that are initiated at the stress concentrations
along the S-shaped pores get trapped in low stress regions and
propagate at a significantly lower rate.

We started by fabricating two stainless steel dog-bone samples
patternedwith a 5 × 5 square array of circular and S-shaped pores
with a center-to-center spacing L = 10 mm, as shown in Figs. 1(a)
and S1 in Supplementary Material. Importantly, both samples are
characterized by the same porosity, ψ = 0.05. The fatigue life
of these structures was determined experimentally by subjecting
them to cyclic uniaxial loading under strain-controlled conditions
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Fig. 1. Experimental results: (a) Dog-bone samples with circular and S-shaped pores. (b) Trapezoidal waveform used in our cyclic tests to control the applied strain. (c)
Maximum recorded applied force, Fmax , versus number of loading cycles, n, for both samples with circular and S-shaped holes. (d)–(e) Contour maps for the longitudinal
strain, εyy , at different values of n for the sample with (d) circular and (e) S-shaped pores.

using anMTS uniaxial testing machine equipped with a 20 kN load
cell. All tests were conducted using a trapezoidal waveform with
frequency of 0.25 Hz, ϵmax

applied = 0.002 and ϵmin
applied = 0 (Fig. 1(b)

- see Supplementary Material (Appendix A) for more details about
the experiments). The specimen failure was defined at the point
when a 90%drop in themaximum load (compared to the first cycle)
is recorded. Moreover, the evolution of the cracks in the samples
versus the number of loading cycles was visualized using digital
image correlation (DIC). Finally, we note that these tests, although
neglecting the additional stresses induced by the temperature gra-
dients generated by the passage of the cool air through the pores,
accurately represent the conditions experienced by gas turbine
engine components in each turn on–off cycle.

In Fig. 1(c), we report the peak force in each cycle, Fmax, versus
the number of loading cycles, n, for both samples. We find that
the sample with circular holes fails at n = 85,849 cycles (red
line), while the one with S-shaped holes does not fail up to one
million cycles (blue line). Note that this important result is not
affected by the chosen definition of specimen failure, since even
for different definitions we find that the sample with S-shaped
holes is capable of carrying load for many more cycles than the
one with circular pores (see Fig. S3 in Supplementary Material).
The plot also reveals that the peak force for the structure with S-
shaped holes is one order of magnitude lower than for that with
circular pores. While such loss in stiffness can be very detrimental
for load bearing structures, it does not affect the performance of
most components of gas turbine engines, since these act as flow

separation between the cold cooling air and the hot flame and
are not required to carry any load. More specifically, these parts
operate under strain-control conditions, since their major mode of
deformation is the thermal expansion imposed by the changes in
temperature while the engine is running. Finally, we note that we
testedmultiple samples andwe always found those with S-shaped
holes to have significantly enhanced fatigue life, indicating that the
effect of holes shape on the fatigue life is significant and robust (see
Fig. S4 in Supplementary Material).

To get a better understanding of themechanism resulting in this
very different behavior, the evolution of the cracks in the samples
versus the number of loading cycles was visualized using digital
image correlation (DIC). The contour maps for the longitudinal
strain, εyy, reported in Fig. 1(d) show that for the sample with
circular holes a crack is initiated at a hole on the left boundary
at n ≈ 20,000 and then propagates horizontally leading to the
complete failure of the sample at n = 85,849. In contrast, for the
sample with S-shaped pores few cracks that breaks the internal
ligaments are found at n = 500,000 (see Fig. 1(e)). These cracks,
however, do not coalesce so that the sample is still capable of
carrying load when the test is stopped after one million cycles.

To fully understand the experimental results, we turned to nu-
merical simulations using the commercial finite element (FE) pack-
age ABAQUS/Standard (Simulia, Providence, RI). We first looked at
the stress distribution for both structures under monotonic uni-
axial tension. To this end, we considered a unit cell with periodic
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boundary conditions and performed a static linear analysis assum-
ing a linear elastic response for the material (see Supplementary
Material (Appendix A) for more details about the simulations).
The contour maps for the von Mises stress shown in Fig. 2(a)
indicate that the two structures carry the applied deformation very
differently. Although in both systems the stress concentrates along
the boundaries of the holes, in the structure with S-shaped pores
most of the material experiences low values of stress, while in the
one with circular pores there are crosses that are highly stretched.
This significant difference arises from the fact that for the sample
with circular holes the deformationmechanism is stretching,while
in the S-shaped hole sample it is mostly rotation of the domains
defined by the pores, which also results in a negative Poisson’s
ratio. Note that identical deformation mechanism has been previ-
ously reported for a square array ofmutually orthogonal elongated
elliptical holes [7,8]. However, by replacing the elliptical holeswith
S-shaped ones the stress concentrations on the boundary of the
pores are significantly reduced (as there are no points with high
curvature values) and this postpones crack initiation (see Fig. S8 in
Supplementary Material).

Importantly, the difference in deformation mechanism signifi-
cantly affects the crack propagation in these structures. To demon-
strate this important point, we started by using the extended finite
element method (XFEM) module in ABAQUS/Standard and simu-
lated fracture in a unit cell subjected to monotonic uniaxial tensile
loading under plane stress conditions (see Supplementary Material
(Appendix A) for details). In our numerical analysis we introduced
two identical notches of initial length a0 = 0.01Lmin (Lmin denoting
the length of the ligaments separating neighboring holes - Fig. 2(b))
along the boundaries of two pores in the mid-row of each unit cell
(at the point characterized by the highest von Mises stress—see
Fig. 2(b)). We then monitored the evolution of the crack length as
a function of the applied deformation. Note that these are quasi-
static analyses and dynamic effects were not taken into account. In
Fig. 2(c) we report the evolution of the dimensionless crack length,
a/Lmin, as a function of the applied homogenized strain, ε̄yy, for
the unit cells with both circular and S-shaped pores. Interestingly,
distinctly different behaviors are observed for these two structures.
In the structure with circular pores the cracks start to grow at a
relatively early stage (i.e. at ε̄yy ≈ 3.6 × 10−4) and immediately
become unstable. As a result, they propagate very quickly through
the specimen for increasing values of the applied deformation and
the structure fails at ε̄yy ≈ 1.3×10−3. By contrast, in the structure
with S-shaped pores not only the cracks start to grow for larger
values of applied strain (i.e. at ε̄yy ≈ 6.6 × 10−4), but also their
growth rate is slower, so that full failure is reached at much larger
values of the applied deformation (i.e. at ε̄yy ≈ 5.4 × 10−3).

Next, we investigated how these differences in crack propaga-
tion affect the fatigue life of the structures. To this end, we used
Paris’ law [9], which postulates that the crack growth rate, da/dN ,
during cyclic loading is
da
dN

= A∆Km, (1)

where ∆K denotes the variation of the stress intensity factor in
each cycle (in our case ∆K = Kmax = KI |ϵmax

applied=0.002, since Kmin

= 0), and A and m are two constants which depend on material
and environmental conditions. For metallic materials, typically
m ∈ [2, 4] and A ∈ [10−12, 10−6

] [10–14]. Finally, we note that
Paris’ law has been successfully used to predict the fatigue life
of structures subjected to cyclic loading under stress-controlled
[11,12,15], strain-controlled [16,17], and thermal-controlled
[18–21] conditions.

Since Paris’ law assumes that the rate of the crack propagation
is directly linked to the changes in the stress intensity factor, we
performed FE simulations to calculate KI using the J−integral.

Fig. 2. Numerical analysis: (a) Distribution of von Mises stress (normalized by the
bulk material’s elastic modulus E) for circular (top) and S-shaped (bottom) holes
subjected to monotonic uniaxial tensile loading (in vertical direction) at ε̄yy = 1 ×

10−3 . (b) Numerical images showing how fracture propagates in the structure with
circular (top) and S-shaped (bottom) holes when subjected to monotonic uniaxial
tensile loading. The color indicates the Von Mises stress distributions (normalized
by the Young’s modulus of the bulk material E). (c) Evolution of the normalized
crack length as a function of the applied strain in the structure with circular (red
lines) and S-shaped (blue lines) holes. The dashed and dotted lines indicate the
length of the cracks propagating from the left and the right sides of the unit cell,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

More specifically,we introduced two line cracks into the FEmeshes
initiating from the boundary holes in themid-rowof a unit cell (see
Fig. 3(a)). Guided by both XFEM simulations and experiments, we
assumed that such cracks propagate horizontally and calculated
the J−integral on a closed contour around the crack tip for different
crack lengths, a. Under plane stress assumption and uniaxial load-
ing conditions, the mode I stress intensity factor was then derived
from the J−integral as K =

√
EJ [22] (see Supplementary Material

(Appendix A) for more details). Fig. 3(b) shows the stress intensity
factors as a function of a/Lmin for unit cells with circular and S-
shaped pores. The results are fully consistent with those of our
XFEM simulations reported in Fig. 2. In fact, we find that, through
the whole range of crack lengths considered in simulations, the
stress intensity factor in the structure with circular holes is higher
than that of the structures with S-shaped pores. According to
Eq. (1), this implies that the crack growth rate during cyclic loading
is higher for the structure with circular holes, which, therefore, has
a shorter fatigue life. Finally, we observe that for the structurewith
circular holes K increases monotonically with the crack length,
whereas for that with S-shaped pores K remains almost constant
through the whole range of crack lengths. As a consequence, we
expect the crack growth rate da/dN to remain constant for the
structure with S-shaped holes and to increase (and eventually to
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Fig. 3. Numerical analysis: (a) Schematic of the unit cell used to calculate the stress intensity factor, indicating the cracks and the contour path used to calculate K . Unit cells
with both circular and S-shaped holes were used in the simulations. (b) Evolution of the stress intensity factor (normalized by G0/

√
L—where G0 is the fracture toughness of

the bulk material and L is the center-to-center distance between the holes) as a function of the crack length in the structure with circular (red line) and S-shaped (blue line)
holes. (c) Contour plot showing the evolution of the number of cycles to failure, Nf , as a function of the Paris law parameters, A and m for the structure with circular (left)
and S-shaped (right) holes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

become unstable) as the cracks propagate for the system with
circular holes.

Having obtained the stress intensity factor as a function of crack
length, the number of cycles to failure, Nf , can be calculated by
integrating Eq. (1), yielding

Nf =

∫ af

ai

da
A ∆Km . (2)

where ai is the initial crack length at which fatigue crack growth
starts and af is the critical crack length atwhich instantaneous frac-
ture occurs. Note that in our calculations we assumed ai = 0.1Lmin
and af = 0.9Lmin, since the FE simulations encounter numerical
instability for either shorter or longer crack lengths. In Fig. 3(c), we
show the evolution of Nf as a function of the material parameters
A and m for both circular and S-shaped holes as obtained using
Eq. (2) and the numerical prediction of K reported in Fig. 3(b).
These contour plots clearly indicate that for any pair of material
parameters A and m (i.e. for any combination of material and
loading conditions) sampleswith S-shaped holes are characterized
by a longer fatigue life than those with circular pores. Particularly,
if we choose A = 10−12 and m = 3.1 (which have been shown
to nicely capture the fatigue life of steel structures [10]) we find
that Nf = 174,419 and 982,914 for the structures with circular
and S-shaped pores, respectively. These numerical predictions are
in good agreement with our experiments.

While in this study we focused on planar samples tested at
room temperature, we also expect enhanced fatigue life for porous

sheets with S-shaped holes formed into more complex three-
dimensional configurations. To demonstrate this point, we fab-
ricated thin cylindrical shells with radius r = 36 mm, height
h = 280 mm and wall thickness t = 1 mm and embedded a
square array of S-shaped pores with identical dimensions as those
of the planar samples (see Fig. 4(a) - see Supplementary Material
(Appendix A) for more details). The cylinders were made out of
HAYNES 230 R⃝, a nickel–chromium–tungsten–molybdenum alloy
with exceptional high temperature strength [23]. Similar to the
planar samples, all fatigue testswere conductedusing a trapezoidal
waveform with frequency of 0.25 Hz, but ϵmax

applied = 0.004 and
ϵmin
applied = 0. Moreover, since structures made of HAYNES 230 R⃝ are
typically used in high temperature environments, the experiments
are conducted at T = 600 and 800 ◦C. As shown in Fig. 4(b),
we find that the cylinders with S-shaped holes are still capable
of carrying load and maintaining their structural integrity when
the test was stopped after one million cycles. This indicates that
we have identified a robust strategy to enhance the fatigue life of
porous structures.

In summary, we have shown that the fatigue life of periodic
porous structures can be significantly enhanced by carefully de-
signing the shape of the holes. In particular, we introduced a
structure with a square array of mutually orthogonal S-shaped
pores, for which the applied loading mostly results in rotation of
the domains between the neighboring pores. Such rotations lower
the stresses in the structure, leading to low stress intensity factors
and, consequently, low crack growth rates during cyclic loading.
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Fig. 4. Experimental results for cylindrical porous structures: (a) Cylindrical sample with S-shaped holes. (b) Maximum recorded applied force, Fmax , versus number of
loading cycles, n, for cylindrical samples with S-shaped holes at T = 600 (red line) and T = 800 ◦C (green line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

The proposed structures are also characterized by low porosity,
making them suitable candidates for many components of gas
turbine engineswith cooling requirements. These componentswill
benefit from the proposed design, since it will greatly increase the
fatigue life while preserving their low-porosity and, consequently,
their cooling performance.
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3Aerospace Portfolio, National Research Council Canada, 1200 Montreal Road, Building M3,

Ottawa, Ontario, K1A 0R6, Canada.

4Rolls-Royce Deutschland Ltd. & Co. KG, Dahlewitz, Blankenfelde-Mahlow, Germany.

5Kavli Institute, Harvard University, Cambridge, Massachusetts, 02138, USA.

*Corresponding Author. Tel: +1 617 496 3084; E-mail: bertoldi@seas.harvard.edu

S1 Experiments

Fabrication The dog-bone samples were fabricated out of 1 mm thick stainless steel sheets char-

acterized by E = 193 GPa and ν = 0.33. A square array of 5 × 5 holes with a center-to-center

spacing of 10 mm was embedded in their gage section by laser-cutting. Details of the samples

geometry can be found in Fig. S1. The circular holes have radius R = 0.63 mm, while the S-

1



Figure S1: Detailed drawings of our dog-bone samples.

shaped pores have a length of 6.6 mm and a width of 2 mm (see zoom-in in Fig. S1 for the details

of S-shaped pores). Importantly, both samples are characterized by the same porosity in the gage

section, ψ = 0.05.

The cylindrical samples were fabricated out of HYNES 230 R© - a nickel-chromium-tungsten-

molybdenum alloy with exceptional high temperature strength. They have radius r = 36 mm,

height h = 280 mm and wall thickness t = 1 mm and are patterned with a square array of S-shaped

pores with identical dimensions as those of the planar samples. The porosity of the cylinders is

ψ = 0.05. Note that the cylinders were machined out of a bar and then the pores were embedded

by laser drilling.

2



Testing All experiments were performed in the Aerospace Materials Lab at the National Research

Council Canada (ON, Canada) using a MTS uniaxial mechanical tester (MTS Systems Corpo-

ration, MN, USA) equipped with a 10 kN load cell. The planar samples were attached to the

mechanical tester using two standard hydrophilic grips (see Fig. S2-a). Differently, a special fix-

ture was designed and fabricated to clamp the cylindrical specimens (see Fig. S2-b). Moreover,

for the cylindrical structures tested at elevated temperatures, a round furnace was installed around

the samples during the tests (see Fig. S2-c) and a thermal survey was conducted to make sure that

the desired temperature was reached with acceptable tolerances (±1%.).

The tests were conducted under strain-controlled conditions using a trapezoidal waveform

with frequency of 0.25 Hz (see Fig. 1b of the main text). For the planar samples we used εmax
applied =

0.002 and εmin
applied = 0, while for the cylindrical samples we used εmax

applied = 0.004 and εmin
applied = 0.

The specimen failure was defined at the point when a 90% drop in the maximum load (compared

to the first cycle) was recorded.

The evolution of the cracks in the samples versus the number of loading cycles was visualized

using digital image correlation (DIC). During the cyclic tests an AVT Dolphin F-145B camera

(Allied Vision Technologies, Stradtroda, Germany) with a resolution of 1392 x 1040 pixels was

used to capture the deformation of the samples. Quantitative estimates of the deformation in the

gage section of the sample are made using the image correlation software Vic-2D (Correlated

Solutions).
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Figure S2: Experimental setup: (a) testing of a planar dog-bone sample; (b) testing of a cylindrical sample

at high temperature; (c) a round furnace was installed around the samples during the tests to control the

temperature. In the picture on the top we show the closed furnace, while in the bottom one we show it open.
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Additional experimental results In the main text, the specimen failure was defined at the point

when a 90% drop in the maximum load (compared to the first cycle) is recorded. Such choice is

somehow arbitrary and can be changed depending on the application and the safety factors involved

in the design. However, our experimental results indicate that, regardless of the chosen definition of

specimen failure, the sample with S-shaped holes is always capable of carrying load for many more

cycles than the one with circular pores. To highlight this point, in Fig. S3 we report the evolution of

the fatigue life ratio between the S-shaped and circular hole samples (defined as NS-shaped
f /N circular

f ,

where NS-shaped
f and N circular

f indicate the number of cycles to failure for the sample with S-shaped

and circular holes, respectively) as a function of the specimen failure definition (specified as a

percentage of the drop of the maximum load).

In Fig. 1 of the main text we show experimental result for one dog-bone sample with circular

holes and one with S-shaped holes. However, we tested several samples and we always found

those with S-shape holes to have significantly enhanced fatigue life, indicating that the effect of

the holes shape on the fatigue life is significant and robust (see Fig. S4).

High temperature fatigue tests were also conducted on cylindrical structures with circular pores.

As shown in Fig. S5, the fatigue life of cylindrical samples with S-shaped holes is significantly

higher than samples with circular holes. We should note that the circular holes are patterned in

a triangular array on cylindrical structures since such arrangement is more common in turbine

engines components.

5



Figure S3: Evolution of the fatigue life ratio between the S-shaped and circular hole samples (defined as

N
S-shaped
f /N circular

f , where NS-shaped
f and N circular

f indicate the number of cycles to failure for the sample with

S-shaped and circular holes, respectively) as a function of the specimen failure definition (specified as a

percentage of the drop of the maximum load).
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Figure S4: Maximum applied force, Fmax, versus number of loading cycles, n, for multiple samples with

circular and S-shaped holes.

S2 Numerical analysis

For all numerical analysis we used the commercial Finite Element (FE) package ABAQUS (Simu-

lia, Providence, RI). Plane stress 2D elements (ABAQUS element type CPS4 for extended finite

element method (XFEM) simulations and CPS8 for static analysis) were used to discretize the

models. Moreover, the material response was captured using a linear elastic model with Young’s

modulus E = 193 GPa and Poisson’s ratio ν = 0.33. To reduce the computational cost and to

ensure the response is not affected by boundary effects, we focused on two-dimensional, infinite

periodic structures and considered unit cells with suitable periodic boundary conditions (see Fig.

S6) in all simulations. More specifically, we subjected the unit cells to a macroscopic deformation
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Figure S5: Experimental results for cylindrical structures: (a) samples with circular and S-shaped pores

both with 5% porosity (note that the circular holes are arranged on a triangular array). (b)-(c) Maximum

recorded applied force, Fmax, versus number of loading cycles, n, for both pore types at (b) T = 600◦ and

(c) T = 800◦.
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Figure S6: Unit cells used for our numerical simulations.

gradient F by imposing the following periodic boundary conditions on all cell boundaries 1, 2

uAi
α − uBi

α = (Fαβ − δαβ)(XAi
β −X

Bi
β ), i = 1, 2, ...., N (S1)

where δαβ is the Kronecker delta, uAi
α and uBi

α (α = 1, 2) are displacements of points periodically

located on the boundary of the unit cell. Moreover, N denotes the number of pairs of nodes period-

ically located on the boundary of the unit cell. Note that the components of F can be conveniently

prescribed within the finite element framework using a set of virtual nodes. For the case of uniax-

ial loading in the x2 direction considered in this study, the macroscopic deformation gradient F is

given by

F = λ11 ê1 ⊗ ê1 + (1 + ε) ê2 ⊗ ê2 + ê3 ⊗ ê3, (S2)

where ε denotes the applied strain in x2 direction, and λ11 is determined from σ11 = 0.

To simulate fracture in a unit cell subjected to monotonic uniaxial tensile, the XFEM module

3–5 in ABAQUS was used. This module allows simulation of initiation and propagation of a dis-
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crete crack along an arbitrary, solution-dependent path without the requirement of remeshing. The

material (stainless steel) was modeled as ductile with a fracture energy of G0 = 4 J/mm2. More-

over, a traction-separation cohesive behavior, which is suitable for ductile materials, was used to

simulate crack initiation and propagation in the material. In particular, we assumed that the damage

initiates when the maximum principal stress reaches σ1 = 250 MPa and it propagates based on a

power-law energy model. Finally, we note that, to facilitate the simulations, two identical notches

of initial length a0 = 0.01Lmin (Lmin denoting the length of the ligaments separating neighboring

holes) were introduced starting from the boundaries of two pores in the mid-row of each unit cell

(at the point characterized by the highest von Mises stress - see Fig. 2b of the main text).

To evaluate the fatigue life of the structures, we used Paris’ law 6, which postulates that the

crack growth rate, da/dN , during cyclic loading is

da

dN
= A∆Km, (S3)

where ∆K denotes the variation of the stress intensity factor in each cycle (in our case ∆K =

Kmax = KI |εmax
applied=0.002, since Kmin = 0), and A and m are two constants which depend on material

and environmental conditions. Since Paris’ law assumes that the rate of the crack propagation is

directly linked to the changes in the stress intensity factor, we performed static simulations using

the STANDARD module in ABAQUS (assuming linear elasticity and small strains) and calculated

KI using the J−integral. While in our XFEM analysis we did not prescribe the crack propaga-

tion path, for this set of simulations, guided by both our XFEM simulations and experiments, we

assumed that the cracks propagate horizontally. Then, we constructed models with two identical

horizontal line cracks of length a starting from the boundaries of two pores in the mid-row of each
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unit cell (at the point characterized by the highest von Mises stress). More specifically, we built 65

models with different crack lengths

a = 0.1
a

Lmin
+ j 0.8

a

64Lmin
, with j = 0, 1, 2, ...., 64. (S4)

Each model was loaded under uniaxial tension and then the J−integral on a closed contour around

the crack tip was obtained performing a contour integral analysis in ABAQUS. The mode I stress

intensity factor was then derived from the J−integral as K =
√
EJ 7. Finally, having obtained

the stress intensity factor as a function of crack length, the number of cycles to failure, Nf , was

calculated by numerically evaluating the integral

Nf =

∫ af

ai

da

A∆Km
. (S5)

where ai is the initial crack length at which fatigue crack growth starts and af is the critical crack

length at which instantaneous fracture occurs. Note that in our calculations we assumed ai =

0.1Lmin and af = 0.9Lmin, since the FE simulations encounter numerical instability for either

shorter or longer crack lengths.

Additional numerical results In the main text we focused on porous structures patterned with a

square array of circular and S-shaped holes. However, in our numerical analysis we also considered

unit cells patterned with a square array of mutually orthogonal elliptical holes. First, we simulated

the response under uniaxial monotonic loading of unit cells characterized by the same porosity,

ψ = 0.05, but patterned with an array of elliptical holes with different aspect ratio, a/b. As shown

in Fig. S7, our numerical results indicate that as the aspect ratio of the ellipses increases, the stress

pattern in the structure changes. In the unit cell with circular pores, there are crosses that are highly
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stretched. In the case of elongated elliptical holes, most of the structure experiences low values

of stress and the deformation is found to induce rotation in the domains between holes. We also

note that, as for the case of the S-shaped holes, the stress is concentrated around the tips of the

ellipses. Such localized stresses are higher for the elliptical holes than for the S-shaped pores. This

is because the S-shaped pores are designed to minimize the curvature at stress concentrated points.

Next, we focused on a unit cell with elliptical holes characterized by the same height as the

S-shaped pores. Therefore, we chose a/b = 27 and used the XFEM module in ABAQUS/Standard

to simulate fracture under monotonic uniaxial tensile loading. In Fig. S8 we compare the evolution

of the crack length as a function of the applied deformation for unit cells with circular, elliptical

and S-shaped holes (note that the results for circular and S-shaped holes are also reported in Fig.

2-c of the main text). The results show that the structures with elliptical and S-shaped holes are

characterized by qualitatively similar behaviors and that in both structures the crack propagation is

significantly slower than in that with circular holes. In fact, the reduction in the global stress values

in elliptical and S-shaped structures traps the cracks after their initiation and hence decreases the

crack growth rate. However, the high local stresses around the tips of the elliptical holes result in

a higher growth rate.

Finally, we also calculated KI as a function of the crack length for a unit cell with elliptical

holes characterized by a/b = 27. Again, the results shown in Fig. S9 indicate that the structures

with elliptical and S-shaped holes are characterized by qualitatively similar behaviors. However,

the high local stresses around the tips of the elliptical holes result in a higher values for KI . As
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Figure S7: Effect of the hole aspect ratio a/b on the deformation of the structure. Distribution of von

Mises stress (normalized by the bulk materials elastic modulus E) for elliptical holes with different values

of aspect ratio subjected to monotonic uniaxial tensile loading (in vertical direction) at ε̄yy = 1× 10−3.

such, we expect a higher crack growth rate da/dN for the structure with elliptical holes.
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Figure S8: (a) Distribution of von Mises stress (normalized by the bulk material’s elastic modulus E) for

circular, elliptical and S-shaped holes subjected to monotonic uniaxial tensile loading (in vertical direction)

at ε̄yy = 1 × 10−3. (b) Evolution of the normalized crack length as a function of the applied strain in the

structure with circular (red lines), elliptical (green lines) and S-shaped (blue lines) holes. The dashed and

dotted lines indicate the length of the cracks propagating from the left and the right sides of the unit cell,

respectively.
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Figure S9: Evolution of the stress intensity factor (normalized by G0/
√
L (where G0 is the fracture tough-

ness of the bulk material and L is the center-to-center distance between the holes) as a function of the crack

length in the structure with circular (red line), elliptical (green line) and S-shaped (blue line) holes.
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