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the designs are also fabricated via a multi-material 3D printer. Mechanical experiments and finite element
(FE) simulations are performed to further explore the mechanical performance of the new designs.
Analytical model is also developed to capture the deformation mechanisms of the fractal interlocking
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Koch fractal increased via fractal design. However, the mechanical responses of fractal interlocks are also sensitive to
3D-printing imperfections, such as the gap between the interlocked pieces and the rounded tips. When fractal com-
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eventually, the influences from imperfection can even become dominant. By considering the influences
of imperfection, the theoretical model predicts the existence of an optimal level of fractal complexity for

maximizing mechanical performance.
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1. Introduction

In nature, during years of evolution, many biological systems
develop complicated geometrical and material heterogeneity
across several length scales to achieve light weight and high me-
chanical performance [ 1-6]. Generally, hierarchical heterogeneity
can be achieved via two different mechanisms: (1) variation of
nano/micro structures at different length scale, such as bones and
sea shells [7-9] and (2) self-similarity via fractal geometry, such
as gecko feet [10,11] and biological sutures [12-14]. Fractal plays
an important role in the second category to achieve heterogeneity
across several length scales. The Koch fractal interlocking explored
in this investigation falls in the second category. It is one type of
fractal-induced self-similar mechanical interlocking, which pro-
vides one option of designing hierarchical geometric heterogeneity
in any material system.

Due to self-similarity, fractals exhibit great complexity driven
by simplicity [ 15-18]. Therefore, fractals are ubiquitous in nature,
such as the structure of Romanesco broccoli, frost crystals oc-
curring naturally on cold glass [19]. Fractals not only can model
complex forms, but also act as a bridge between regular geome-
tries to irregular ones [3,20,21]. Fractals are also widely used in
engineering area. For example, in architecture engineering, fractals
are used to design bio-inspired constructions [22-24]; in electri-
cal engineering, they are used to produce electronic circuit with
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chaotic behavior [25]; in biomedical engineering, fractals are used
to model and measure tumor and irregular distribution of collagen
fibers in biological tissue [26].

Topological interlocking plays a critical role in joining simi-
lar/dissimilar materials and structures, in both adhesive science
and engineering [27-30] and plasticity and creep of ductile met-
als [30,31]. The interlocked segments are constrained in their
movement by the neighboring ones, providing stability and allow-
ing for restricted locomotion of neighboring segments [17,32,33].
Compared with bonding via adhesive materials or mechanical
fasteners, mechanical interlocking has a similar function but is
simpler and more robust in terms of manufacturing [24,17]. Re-
cently, topological interlocking has been shown to be an effective
method to create a new class of architectured materials [8,33-
35]. For example, the interlocking mechanism of dove-tail shaped
building blocks was investigated through experimental, numerical
and theoretical models [33,36-39]; and composite mechanical
models of single waved sutures [12] and hierarchical sutures were
also developed [2,12].

Examples of hierarchical/fractal interlocks in biological systems
include sutural interlock on the carapace of red-eared turtle [40],
the cranial suture of a white-tailed deer (Fig. 1a), the sutures in
fossil ammonite [2] (Fig. 1b), the linking girdle of diatom (Fig. 1c),
and the seed coat of common millet [41]. It is known that the hier-
archical/fractal geometry is the key to achieve optimal mechanical
properties and function of these interlocks. However, it is not well
understood why the cranial suture of human being develops from a
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simple straight line to a complicated zigzag pattern during growth
from infant to adult [14,42-44], why the complexity of ammonite
suture consistently increases within several mass extinctions [ 18],
and whether there is a limitation of geometry complexity in these
biological systems.

To address these questions, recently, composite mechanical
models of biological sutures with different waveforms were ex-
tensively explored [2,12,41,46-51]. The triangular tooth geometry
was proved to be the optimized geometry to maximize strength
and efficiency in load transmission [ 12,50,51]. Also, the mechanical
properties have great sensitivity to geometric hierarchy [5,9,12,14,
46,48]. For examples, it was found that by increasing the number
of hierarchy, the overall stiffness, strength and fracture toughness
of hierarchical sutures can be tuned by orders of magnitude [41,48,
49,51].

In this investigation, the primary goal is to design Koch fractal
interlocking and explore the influences of number of hierarchy,
material properties, and geometric imperfection on the overall
mechanical properties of the designs. Design principles of fractal
interlocking will be developed, which will provide insights to
develop optimized design for joining similar/dissimilar materials
through topological interlocking.

2. Mechanical model and results
2.1. Design of Koch fractal interlocking

Fractal, named by Mandelbrot [3], as one of the youngest non-
Euclidean geometric concepts [52] which uses simple algorithms
to design complex forms. As one of the first mathematically de-
scribed fractals, Koch curve was proposed by Helge von Koch [53]
in 1904 as an example of a non-differentiable curve. It was gen-
erated via an iterated function system (IFS) with the number of
iteration defined as N. It is initiated (at zero iteration, N = 0) from a
line with length of ag. In the first iteration (N = 1), the middle ay/3
segment of the line is substituted by two segments of the same size
but are rotated up for 60° as shown in Fig. 1d and the total length
of the curve would be 4aq/3. In the similar manner, the total arc
length of Koch fractal in each order of hierarchy N can be defined
asLy = ao (4/3)V.

Thus, to satisfy the definition of Koch fractal, the smallest sec-
tion length ay of the Nth order Koch curve is related to a; and N
as:

ao
aN=37N. (1)

Then, the total arc length Ly of the Nth order Koch curve is related
toap and N as:

Ly =4Vay = ao (4/3)". (2)

Eq. (2) shows that the total arc length Ly experiences exponential
growth with N. Full differentiation of Eq. (2) gives:

oLy oLy
diy = N dag + ZNan, 3
A TS 3)
Egs. (1)-(3) yield:
4\" 4 d 4
diy = (2) dag+In ZLydN = Ly(™2 4+ In ZdN), (4)
3 3 o "3

Eq. (4) shows that the growth rate of Ly is actually proportional
to the current value of Ly, indicating the exponential growth of Ly
with N.

In applying the Koch fractal concept in practical design, imper-
fections are introduced to disturb the ideal curve. For example, in
order to avoid potential stress concentration at the tooth tips, all
tips were rounded by radius ry (shown in Fig. 1d and e). To ensure

self-similarity, ry is a function of N through ry = cay(0 < ¢ < 1).
Also, A small gap g between the two boundaries from the top and
bottom pieces was introduced, as shown in Fig. 1e. To define g,
first the Koch curve was rounded with radius r and then offset by
g and defined the top part of Koch layer. Therefore, the geometry
of the Koch fractal interlocking is determined by four independent
geometry parameters: dg, N, g, ¢ in addition to friction coefficient

e
2.2. Mechanical experiments on 3D printed specimens

Specimens of Koch fractal interlocking of N = 2, 3 and 4 and
with g = 0.2 mm, and ry = 0.07ay were designed and 3D printed
via a multi-material 3D printer (Objet Connex 260). The major parts
of the specimens were printed as VeroWhite and are shown in
Fig. 2a. In order to accurately control the gap between the top and
bottom pieces of the specimen, and facilitate the alignment of the
two pieces, a soft rubbery material (TangoBlackPlus) was initially
printed between the small gap of the specimen, so that the two
pieces are well positioned. Quasi-static mechanical experiments
were performed (with details provided in Methods section) under
uni-axial tension. For repeatability, for each N, three identical
specimens were printed and tested. The load-displacement curves
of the three designs are compared in Fig. 2b (the thickness of the
curves represents the variation from the three different tests for
each N).

Fig. 2b shows that generally, each curve has two peaks. The
first load drop after the first peak indicates the failure of the soft
adhesive layer. The effects of the layer properties on the first peak
were studied via systematic FE simulations in [54]. Then after the
layer fails, the designs gain strength via fractal-induced contact
and interlocking. After the second peak, the design starts to lose
interlocking. Also, it can be seen that when N increases, both peaks
increase. The second peak increases more dramatically with more
improvement from N = 2 to N = 3 than from 3 to 4. Fig. 2c shows
the interlocking between teeth at different levels for different Ns.

The damage of the adhesive layer dominates the behavior of the
first peak, while the fractal interlocking is the dominant mecha-
nism for the second peak. To focus on understanding the mechanics
of Koch fractal contact and interlocking, for Koch fractal interlock-
ingwith N = 2,3 and 4, 3D FE models with gaps instead of adhesive
layer were developed. Elasto-plastic material model was used for
VeroWhitePlus (details are provided in the Methods section). By
using the friction coefficient © = 0.01 in all simulations, the
FE results of the three designs captures the second peak of the
experimental curves, as shown in Fig. 3a.

The FE results of the contact areas of the three cases are also
output as functions of the overall displacement § and are compared
in Fig. 3b. The evolution of the contact area for the Koch fractal
interlocking indicates three stages in deformation: Stage I (6< g),
in this stage, no contact happens due to the small gap g; Stage Il
(g <8< &5 = 2g), only some of the flat surfaces from the
top and bottom pieces are in contact; Stage Il (§> —£ = 2g),
some slant surfaces are also in contact. For the case of N = 2, only
slant surfaces are in contact, so the force is zero in both Stages
I and II, suddenly increases to a certain number when entering
into Stage III. For the cases of N = 3 and 4, the contact area
suddenly increases to a non-zero value when entering into Stage
II, but gradually increases from Stage Il to Stage III. This is because
of the deformation of teeth. If the teeth are ideally rigid, a sudden
increase in contact area is also expected when entering Stage III.

The FE contours of von Mises stress for the three cases at two
different overall displacements (§ = 0.15 mm, and § = 0.35 mm)
are shown in Fig. 3c. It is shown that the loads concentrate around
the area of contact and when N increases, the loads are more
uniformly distributed along the fractal interface.
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Fig. 1. Examples of hierarchical interlocking in nature: (a) cranial sutures in deer’s skull, (b) ammonite suture [2] (c) diatom linking girdles [45], (d) Koch fractal design for
N =0, 1,2 and 3, and (e) some details of the Koch fractal interlocking.
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Fig. 2. (a) The joining zone of 3D-printed specimens with adhesive layer with g = 0.2 mm, ry = 0.07ay; (b) experimental force-strain/displacement response of Koch
fractal contact model with an adhesive layer (TangoBlackPlus); and (c) the failed/deformed specimens shown in different stages of contact.
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Fig. 3. (a) Comparison between FE models and experimental results. (b) contact area-displacement is shown when N = 2, 3 and 4. (c) FE contours of von Mises stress at
stages [l and Ill for N = 2, 3 and 4.
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2.3. Mechanics for Koch fractal contact/interlocking

Based on the experimental and FE results, to further quantify
the mechanical behavior of Koch fractal interlocking. Analytical
mechanical model of the Koch fractal contact/interlocking is de-
veloped in this section.

Contact between flat and slant surfaces. The load bearing capacity
of fractal interlocking for different Ns is achieved via contact along
the boundaries of the top and bottom pieces. The representative
volume element (RVE) of each N is shown in Fig. 4a. The RVEs
for different Ns have the same width w and the same amplitude
L. Since the fractal boundary is composed of flat (in blue) and slant
(in red) segments, as shown in Fig. 4b (N = 3, as an example), the
fundamental contact mechanism is the contact between two pieces
with a flat contact surface, and a slant contact surface. Specifically,
for Koch fractal contact, the slant contact surface forms a 60 degree
angle with the horizontal direction, as shown in Fig. 4b.

The geometric model and the free body diagram for the basic
contact problem with slant surface is shown in Fig. 4b, where the
length of the model is L (it is the same as the amplitude of the
Koch fractal design, as shown in Fig. 4a), the length of the slant
surface is a and the angle between the slant surface and horizontal
direction is 60 degrees. A local coordinate n — t is defined with
t-axis along the contact surface, and n-axis normal to the contact
surface. Assume the far-field compressive force is Fs, and the
contact-induced normal force on the contact surface is F,, and the
tangential force on the contact surface is F;, the equilibrium of the
top piece yields:

F; = F,, cos 60° + F; sin 60°. (5)

By defining f;, f; and f; as forces per unit length and based on the
Coulomb’s law of friction, Eq. (5) can be rewritten as:

fs=fi (1+ ntan60°). (6)

where u is the static/kinetic friction coefficient. The normal deflec-
tion §, around the contact area is related to the overall displace-
ment §; at the boundary as:

8y = 85 oS 60°. (7

Thus, by assuming linear elastic constitutive behavior, the far-field
traction-displacement relation f; — &; can be obtained via the local
normal traction-displacement relation f, — §, in the contact area
as:

fs =k, (1 4+ £ tan 60°) cos 60°5s, (8)

where k, = E{, in which L is the length of the model of a flat
segment, t is the out of plane thickness and E is the Young’s
modulus of the base material. This model was derived under the
assumption that there is no relative sliding between the slant
surfaces in contact, so that the overall load-displacement behavior
is the same as that of the bulk material of each piece.

By hierarchically applying this basic contact model for slant
surfaces with no relative sliding via the Koch geometry, a theoret-
ical model to predict the overall traction-displacement relation of
Koch interlocking can be derived. Assume the vertical force applied
at the boundaries of the Nth order Koch fractal interlock is F(N ), the
force-displacement relations of the three stages can be expressed
as:

Stagel: F(N) = 0; §<g (9)
Stage Il : F (N) = fua'y nf™); g<8<2g  (10)
Stage Il : (N) = fid'y ™ + fa/ynf™; §>2g (11)
where , njf[N Tand nE[N 1 are the number of flat and slant segments in
contact, respectively. nfC[N Iand nE[N ! will be determined hierarchi-

cally as the following. a’y is the contact length of one segment for

Koch fractal interlocking at hierarchy N. For the ideal Koch fractal
geometry (i.e.g = ry = 0), d'y = ay; for cases with non-zero g
and ry, d’y is determined by ay, g and c (details are provided in the
supporting information S2).

Determine contact area via self-reproducing mechanism. Due to
the self-similarity of Koch fractal geometry, for Koch curves with
N > 2, the geometry can be decomposed into six units with the
geometry of N = 1 rotating counter-clockwise to the horizontal
direction with six different angles (0°, 4+60°/—60°, +120°/—120°
and 180°), as shown in Fig. 5a. The six units (each color represents
one unit) are shown in Fig. 5b, named as units Spe, Sgge , S+60° S+120°,
S1goe, respectively. Due to symmetry, S, 0> and S_ggo behave the
same, and S, 1200 and S_120o behave the same. Therefore, total four
categories of units exist (Fig. 5b).

According to this categorization, Koch fractal with order N can
be decomposed into units Sgo, Seo°, S120°, S1g0°- Thus, a vector m!N
can be defined, representing the number of each unit in the Nth
order RVE is x, ¥, z and k, respectively, i.e.

[N]

X
mM = ; . (12)
k

Fig. 5b shows that from N — 1 to N hierarchy, each Sg. section will
generate two Sgo sections, and two Sgge sections, but no Sipgo and
S1goe segments; each Sggo section will generate one Sp section, two
Seoo sections, and one S, section; each Sy00 section will generate
one Sgge section, two Sqgo sections, and one S;ggo Section; and
each Sygpo section will generate two Sy sections and two Sygpe
sections in [N] order hierarchy. Thus, due to self-similarity, the
iterative relation of the number of each section at two neighboring
hierarchies can be related via a reproducing matrix R as:

2 1 0 0

IN] _ IN=1] 12 2 10
m”' = Rm , WhereR = 0 1 2 2 (13)

0 0 1 2

By taking the first row as an example, matrix R means that Spo units
in N hierarchy are generated from Sgo and Sgp- in N — 1 hierarchy,
with two from Sgo, one from Sgge and none from S00 and Sygge, as
gives the first row of R as (2, 1, 0,0).

Among all flat and slant segments, only some of them are
in contact/interlocking. We define a vector n to represent the
number of segments in contact as:

c [N]
nC

S

where, n; and ng represent the numbers of flat and slant segments
in contact, respectively.

Thus, the total number of flat and slant segments in contact can
be determined via a contact matrix C as:
0 0 1 2]

(15)

[NT _ [N] —
n!' =Cm ,whereC_|:0 1 2 2

Fig. 5c clearly explains that each Spo unit does not generate any
segments in contact under uniaxial tension; each Sgp- unit only
generates one slant segments in contact; each Syage unit generates
one flat and two slant segments in contact; and each Sygge unit
generates two flat and two slant segments in contact.

Based on Egs. (1)-(15), the effective load-displacement behav-
ior of Koch fractal interlocking with all different parameters can be
predicted. By taking the case of N = 3 as an example, the influences
of the small gap g and friction coefficient x on the overall force
(F) and displacement (8) relation are quantified via the theoretical
model. Fig. 6a shows that for the perfect model of g =r = u =0,
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Fig. 4. (a) Geometry of Koch fractal interlocking with gaps for N = 2, 3 and 4; (b) categorizing slant (red) and flat (blue) segments for N = 3 case; (black and white arrows
show slant and flat segments in contact, respectively), and the free body diagram of the top piece of a pair of slant segments in contact . (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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Fig. 5. (a) The six units (four categories represented by four colors) with N = 1 geometry Sgpo, Seoe, S120°, S180°, S—_120°, S_60°, FOtating counter-clockwise to the horizontal
direction as 0°, 60°, 120°, and 180°, respectively; (b) reproducing process of each category of units Sgo, Sepo, S120°, S1s0> in [N]th level from units in [N — 1]th level; and (c)
the number of segment in contact in each category of units. (n} and n represent the numbers of flat and slant segments in contact, respectively.)

the load-displacement curves start from (0, 0) point. For the cases
of g > 0, the curves show three stages: Stage I, § < g, the curve is
with zero stiffness; Stage II, 2g < § < g; and (3) Stage III, § > 2 g.
Fig. 6a also shows that when g increases, not only the contact of flat
and slant segments is delayed, the slopes of the force displacement
curves at stages II and III also decrease. To calculate the effective
stiffness, the slope of force-displacement curve is converted to the
slope of stress—strain curve by using initial area (w) and initial
amplitude (L) of one Koch RVE (Fig. 4a). So that stiffness E; and
Ey; of Stage II Stage III can be obtained, respectively.

To evaluate the effect of friction coefficient u, the overall load-
displacement curves for the cases of N = 3,g = 0.1 mm and
ry = 0 with different friction coefficient ©+ = 0, 0.1, 0.2 and 0.3
are plotted in Fig. 6b. It can be seen that when u increases, the
slopes at Stage Il are barely influenced, while the slopes at Stage III
slightly increases. This confirms the fact that the contact between
flat surfaces is independent of friction coefficient ©. However,
the contact of slant surfaces (Stage III) depends on p. When w
increases, contact force also increases.

The influences of N and gap g on the effective stiffness of the
two contact stages are also studied via the analytical model. Fig. 7a
shows that when g = 0, as N increases, theoretically, the effective
slope of force-displacement always increases. In this case, there

is only one recognizable stage for contact mechanism (which is a
combination of Stages Il and I1I together) because that both flat and
slant segments are in contact from the very beginning.

However, in reality, g cannot be zero. Fig. 7b shows that for the
casesof u = 0.1,g = 0.1 mm, and ry = 0.15ay (i.e. c = 0.15),
when N < 5, the initial slopes of F-§ curve increases with N; when
N increases beyond 4, the slope starts decreasing and eventually
becomes zero when N increases beyond 5. This is because that
for non-zero g values, when N increases beyond a critical value,
the contact area starts to decrease and eventually goes to zero
due to loss of contact/interlocking, as illustrated in Fig. S2 of the
supporting material S2. This effect is quantified by Eqgs. S2.1-S2.4.
For example, as shown in Fig. 7c, when g increases to 0.2 mm,
according to the geometry and these equations, when N increase
from 4 to 5, the contact area of the flat segments a; decreases, as
leads to the decrease of the slope of the load-displacement curve.
Also, when N increase from 3 to 4 and beyond, the contact area
of the slant segments as vanishes, therefore, from stage II to stage
I, no change in slope is observed for the cases of N = 4 and
beyond. It can be concluded that the gap g plays a significant role
in determining the contact behavior of Koch fractal interlocking.

The theoretical prediction results indicate that the number of
hierarchy N and the imperfection g are both very important for
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Fig. 7. Analytical prediction of the force displacement responses of Koch fractal interlocking with different orders of hierarchy N when (a)g = 0,(b)g = 0.1mm (c)g = 0.2

mm. Each shaded area corresponds with one contact/interlocking stage.

the mechanical properties of the Koch fractal interlocking. Based
on the theoretical model, the influences of N on the overall stiffness
of E;; and Ey; of the fractal interlocking at Stages Il and I1I are plotted
in Fig. 8a and c. To support the model prediction, FE results are also
shown in Fig. 8a and c. It was found that E; and Ej; are functions of
N, g, c and p. The system of Egs. (1)-(15) provides a scaling law to
predict the influences of these parameters on Ej; and Ey;.

Fig. 8a shows that the influence of g on the non-dimensionalized
effective stiffness of Stage II, EEJ for different N values, where E is
the Young’'s modulus of the base material (VeroWhitePlus). The
solid black curve indicates the stiffness of the perfect systemof g =
0 and r = 0. It provides the upper limit of the effective stiffness
for Koch contact for each N. For the perfect system, E;; = Ey;, and
they always increase with N. However, for any g > 0, and/or ¢ >
0, there is a critical value of N, for each stage, when N > N, the
top and bottom piece will lose contact and have a zero stiffness.
For example, for the cases shown in Fig. 8c, when g = 0.1 mm,
N, = 6,and wheng = 0.2 mm, N, = 5.

Fig. 8b shows an enlarged plot of Fig. 8a, when g changes from
0.01 to 0.1 mm. The figure shows that in this range, the stiffness
changes more dramatically. It also shows that in Stage II, when
g increases from 0.01 mm to 0.1 mm, N, decreases from 6 to 4.
Also, in Stage II, the theoretical predictions of Ej; are very consistent
with FE results; while in Stage III, the FE results of Ej; are lower
than the theoretical prediction. This is due to the increasing in
local deformation, such as the relative sliding between the slant
surface and the bending of the small teeth in different hierarchies,
which are not considered in the analytical model. Interestingly,
when N increases from 3 to 4, the accuracy of analytical prediction
increases. This is because that the local deformation for the case of
N = 4 is smaller than that of N = 3, as was shown in Fig. 3c.

3. Conclusion and discussion

In summary, Koch fractal contact and interlocking were de-
signed and fabricated via 3D printing. Through an integrated
theoretical-numerical-experimental approach, we conclude that
for Koch fractal interlocking, in order to reach optimal mechanical
properties under desired design objectives, the geometric param-
eters N and gap g should be wisely and judiciously chosen. In
general, for a perfect system, stiffness, strength and toughness
increases when N increases. For a certain geometric imperfection,
there is an optimal N for maximum overall stiffness.

Being consistent with the observation of fractal interlocks in
nature, we demonstrated that in general the stiffness of the inter-
locking can be effectively increased via fractal design. In general,
when the fractal complexity (it is specifically represented as num-
ber of hierarchy N in the present Koch fractal design) increases, the
stiffness of the fractal interlocking will increase significantly [2].
This is mainly attributed to the increase in contact area when
fractal complexity increases. However, the mechanical responses
of fractal interlocks are also sensitive to imperfections, such as
the gap between the interlocked pieces. When fractal complexity
increases, the mechanical properties will become more and more
sensitive to the imperfection and eventually, the negative influ-
ences from imperfection can even become dominant. Therefore, it
is expected that considering the imperfection, there is an optimal
level of fractal complexity to reach the maximum mechanical per-
formance [54]. This is again in consistent with fractal interlocking
in all different biological systems.

Due to the imperfection sensitivity of fractal design, the chal-
lenges of applying fractal design in engineering system are the
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Fig. 8. (a)Influences of gap g on non-dimensionalized effective stiffness in Stage II; (b) enlarged plot of Figure (a) when g changes from 0.01 to 0.1 mm; and (c) the influences
of gap g on non-dimensionalized effective stiffness in Stage IIl. (The solid black curves represent the ideal case of g = 0 and r = 0 which is the upper limit of effective stiffness

for Koch contact for each N.)

complexity and accuracy in manufacturing. Additive manufactur-
ing provides an opportunity to overcome these challenges and
enable potential wide application of the concept of fractal design.

4. Methods

Experiments. All specimens were fabricated via a multi-material 3D
printer (Objet Connex260). Two elastomers VeroWhitePlus (VW+,
a hard acrylic plastic) and TangoBlackPlus (TB+, soft rubbery ma-
terial) were used to fabricate the top/bottom pieces and interfacial
layer (gap), respectively.

The dimensions of the specimens of Koch fractal interlocking
are: the out of plane thickness is 4 mm, gap g = 0.2 mm, width of
fractal zone ag = 54 mm, the tooth tip radius ry = 0.07ay (i.e.c =
0.07), the width of all specimens is w = 75 mm and total height
of all specimen is H = 210 mm. Then the specimen was mounted
on the Zwick material testing machine. Quasi-static load control
experiments were performed with the uni-axial tensile loading
rate of 0.024 mm/min.

Numerical simulations. All FE models were developed in ABAQUS
/CAE V 6.13 (Simulia, USA) software. All FE simulations were per-
formed in ABAQUS/Explicit. Both 2D and 3D FE models of the three
specimens (N = 2, 3 and 4) were developed. For 2D models,
quadrilateral plane stress elements (CPS4R) with reduced integra-
tion points were used. For 3D models, eight-node brick elements
(C3D8R) with reduced integration point were used.

In all FE models, hard contact, with penalty algorithm was
defined. Friction coefficient of u = 0.01 was used. The hard phase
was modeled as elasto-perfectly plastic material with Young's
modulus E = 1700 MPa, Poisson’s ratio v = 0.33, yielding
strength of ¢ = 32 MPa and density of p = 1.1e~3 kg/mm>.
The adhesive layer is with the Young's modulus E = 2 MPa,
Poisson’s ratio v = 0.4, and ultimate strength ¢ = 0.7 MPa.
These parameters were obtained from the mechanical experiment
of the 3D printed material (details are provided in the Supporting
information S1.). More information about the mechanical models
and model parameters of the 3D printed materials can be found
in [55-58].
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