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a b s t r a c t 

Precise material architectures and interfaces can generate unusual and attractive combinations of mech- 

anisms and properties. For example, the segmentation into blocks of finite size and well-defined geome- 

tries can turn brittle ceramics into tough, deformable and impact resistant material systems. This strategy, 

while scarcely used in engineering, has been successfully used for millions of years in biological mate- 

rials such as bone, nacre or tooth enamel. In this work, the precise relationships between architecture, 

mechanics, and properties in architectured ceramic panels are explored using a combination of mechan- 

ical testing with stereo-imaging, 3D reconstruction, and finite-element/analytical modeling. In particular, 

this work shows that a fine balance of interlocking and block size generates controlled frictional sliding 

and rotation of blocks, minimizes damage to individual blocks and optimizes performance. These ceramic 

architectured panels have 1/4 to 1/2 of the strength of monolithic ceramic panels, but they can absorb 

5 to 20 times more mechanical energy, making them very attractive for applications where high surface 

hardness or high resistance to temperature must be combined with resistance to impact and toughness. 

© 2018 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Ceramics are attractive engineering materials because of their

high stiffness and strength, low density, excellent thermal stabil-

ity, and high oxidation/corrosion resistance. However, the main

weakness of ceramics is their brittleness, which remains a major

limitation despite significant research efforts ( Evans, 1990 ). Inter-

estingly, biological materials can achieve surprisingly high combi-

nations of toughness and strength ( Ritchie, 2011 ) and overcome

the brittleness of biominerals in bone ( Koester et al., 2008 ), nacre

( Barthelat and Rabiei, 2011 ), tooth enamel ( Yahyazadehfar et al.,

2014 ), or sponge spicules ( Aizenberg et al., 2005 ) ( Fig. 1 ). While

these materials all display a complex hierarchical microstructure,

meso–scale elements appear to be the most important for tough-

ness: osteons in bone, tablets in nacre, rods in enamel, and layers

in sponge spicules. As a universal construction rule, these mate-

rials are made of hard and stiff mineral building blocks bonded

by weaker interfaces ( Barthelat, 2015; Barthelat et al., 2016 ). These

finely tuned architectures can result in useful deformation/failure

mechanisms which give rise to amplifications of toughness so far

unmatched in engineering materials. For example, the staggered
∗ Corresponding authors. 
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rchitecture of nacre results in mechanisms such as progressive

ablet sliding, crack blunting/deflecting/bridging, and process zone,

echanisms which make nacre three orders of magnitude tougher

han its main constituent, aragonite ( Barthelat and Rabiei, 2011;

ackson et al., 1988; Slesarenko et al., 2017b; Wang et al., 2001 ).

hese principles are now inspiring new classes of architectured

aterials with interesting combination of properties and function-

lities ( Dyskin et al., 2001; Lin et al., 2014; Mirkhalaf and Ashrafi,

017; Mirkhalaf and Barthelat, 2015; Mirkhalaf and Barthelat, 2016;

irkhalaf et al., 2018; Rudykh et al., 2015 ). 

Geometrical interlocking can be used in architectured mate-

ials as a strain hardening mechanism to delay localization and

pread the deformation to a large volume of material ( Fig. 1 d)

 Barthelat, 2015 ). The resulting materials are called “topologically

nterlocked materials” (TIMs) ( Djumas et al., 2017; Dyskin et al.,

003a; Siegmund et al., 2016 ). The geometrical features of these

aterials are the intermediate length scales between microstruc-

ural length scales (grain size in metals) and size of the compo-

ent ( Fig. 1 e) ( Barthelat, 2015; Brechet and Embury, 2013 ). Be-

ause of this intermediate length scale, full control over the mor-

hology can be achieved using precise manufacturing techniques.

ottom-up as well as top-down procedures have been used for

he fabrication of TIMs ( Siegmund et al., 2016 ). In the bottom-

p approach, building blocks are first fabricated and then as-

embled. The blocks have been made through techniques such

https://doi.org/10.1016/j.ijsolstr.2018.08.025
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijsolstr
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Fig. 1. Architecture, weak interfaces and interlocking principles in biological materials inspire new classes of engineering materials. (a) The inner layer of sea shell is com- 

posed of aragonite tablets which are arranged in a staggered structure (adapted from ( Barthelat and Zhu, 2011 )). (b) Tooth enamel is composed of mineral rods which are 

aligned perpendicular to its surface and are separated by soft bio-polymeric interfaces (adapted from Habelitz et al., 2001 ). (c) Spicules of glass sponge skeleton is composed 

of concentric glass cylinders (adapted from Aizenberg et al., 2005 ). The borders of building blocks are shown with dashed red line in panels a–c. (d) The concept of archi- 

tectured materials: materials with designed morphologies at length scales where full control over the morphology is achievable. (e) Deformation behavior of architectured 

versus monolithic ceramics. (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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s 3D printing ( Djumas et al., 2017; Feng et al., 2015; Khandel-

al et al., 2015; Malik et al., 2017; Slesarenko et al., 2017a ), and

asting ( Krause et al., 2012; Mirkhalaf et al., 2018 ) and of vari-

ty of shapes such as regular tetrahedral ( Khandelwal et al., 2012,

014 ), osteomorphic ( Autruffe et al., 2007; Dyskin et al., 2003b;

avan et al., 2017 ), regular cubes ( Dugue et al., 2013; Estrin et al.,

004 ), buckyballs ( Dyskin et al., 2003a ), jigsaw ( Mirkhalaf et al.,

014 ), or puzzle-like shapes ( Haldar et al., 2017; Mirkhalaf and

arthelat, 2017 ). These blocks are then assembled through pre-

ise methods: manual assembly ( Krause et al., 2012 ), robotic pick

nd place ( Mather et al., 2012 ), template assisted parallel assem-

ly ( Mather, 2007 ), self-assembly ( Mirkhalaf et al., 2015; Siegmund

t al., 2016 ), or by embedded wires ( Siegmund et al., 2013 ). In the

op-down approach, the interfaces are carved within the bulk of

aterial, in effect producing a well-controlled architecture. We re-

ently demonstrated that top-down laser engraving can be used to

evelop three-dimensional architectures within glass which result

n improved resistance to in-plane ( Mirkhalaf and Barthelat, 2015;
irkhalaf et al., 2014 ) or out-of-plane loads ( Mirkhalaf et al., 2016 )

nd in different loading conditions: quasi-static ( Mirkhalaf and

arthelat, 2015 ) as well as impact ( Mirkhalaf et al., 2016 ). TIMs can

ossess other interesting properties such as quasi-ductile behav-

or ( Dyskin et al., 2003a,b; Khandelwal et al., 2012; Schaare et al.,

008 ), localized damage ( Dyskin et al., 2003b ), and the ability to

e reconstructed ( Mather et al., 2012 ). 

Different materials such as polymers, metals/alloys, ceram-

cs/glasses, and ice have been used for construction of TIMs

 Siegmund et al., 2016 ). Application of TIMs for ceramics and

lasses is particularly promising because topological interlocking

nd weak interfaces introduce toughening mechanisms such as

rack blunting and frictional sliding into these materials, mech-

nisms which can address the inherent brittleness of these ma-

erials. In this study, we develop a simple and versatile cut-

ing/assembly technique to fabricate topologically interlocked ce-

amic panels. Novel structure-property relations in these panels are

evealed using experiments under stereo-imaging, 3D reconstruc-
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Fig. 2. Overview of the design of interlocked panels. (a) Individual building blocks are obtained from truncating a tetrahedron. (b) Geometry of the building blocks, showing 

the locking angle θ . (c) how a block is constrained or “topologically interlocked” by its neighbors, e. g. in a 5 × 5 architectured panel developed in this study, and how the 

blocks move under loading. The truncated blocks at the edges are used to impose in-plane confinement required for interlocking. 
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tion, finite element analysis (FEA) and analytical modeling. The re-

sulting ceramic panels are found to be 5 to 20 times more impact

resistant than their monolithic counterparts. 

2. Design and fabrication of architectured ceramic panels 

The architectured ceramic panels we explored in this study

were assembled from truncated tetrahedral blocks ( Fig. 2 ). In con-

trast to the fixed geometry of platonic tetrahedral blocks used pre-

viously in topologically interlocked panels ( Dyskin et al., 2003a;

Feng et al., 2015 ), our truncated version is based on a non-platonic

tetrahedron with more freedom to finely tune the geometry and

therefore optimize the mechanical performance ( Mirkhalaf et al.,

2016 ). Moreover, the truncated version has a larger contact area.

For example, a truncated tetrahedron with θ = 5 ° ( Fig. 2 b) has a

contact area with its neighbors which is 54% greater than when

regular tetrahedra of the same height are used. The truncated ver-

sion also has planar top and bottom surfaces, which facilitate as-

sembly and enhances the mechanical durability of the surfaces.

The geometry of the blocks obtained by truncating a non-regular

tetrahedron at the median plane (a square, Fig. 2 a) and at a plane

at a distance h from that median plane. The resulting block has

six faces, with the two facing surfaces tilted inward and the other

two surfaces tilted outward by the same “interlocking angle” θ
( Brocato and Mondardini, 2012 ) ( Fig. 2 b). The top and bottom sur-

faces are parallel. The lower face of the building block is an l × l

square, while the top face is a rectangle of dimensions l + 2 h tan θ
by l − 2 h tan θ . The geometry of the building blocks is therefore

fully characterized by the three independent parameters h, l, and

θ . In an assembly of these blocks, the three-dimensional displace-

ment and rotation of each of the blocks is constrained by its four

neighbors ( Fig. 2 c). This basic assembly procedure can be repeated

in the x-y plane to make large arrays of blocks which are inter-

locked and can keep their position without the need for any ad-

hesive or other fastening, provided that the edge of the panel is

constrained by a rigid frame which serves as “external ligament”

for the assembly ( Fig. 2 c). 
When the panel is subjected to a quasi-static transverse force

or an impact), the relative sliding and rotation of the blocks gener-

tes overall large deformations, while individual blocks do not de-

orm significantly ( Fig. 2 c). Since these relative motions entail fric-

ional sliding, the panel should also absorb much more mechan-

cal energy than a monolithic panel made of the same material.

he objective is to use these deformation mechanisms to produce

he force-displacement response shown in Fig. 1 e, where the archi-

ecture and controlled deformations at the interfaces of the blocks

enerate new mechanisms, large deformations and energy absorp-

ion in an otherwise all brittle material. 

To produce our panels, individual blocks were cut from a high-

ensity (porosity < 2% vol., Mcmaster Carr. IL, US) unfired alumina

ilicate plate with thickness h = 3.18 mm. The plate was fixed onto

 wedged platform with adjustable angle θ , and were then cut

sing a precision diamond saw (Struers, OH, US, Fig. 3 a), which

ielded uniform blocks with smooth surfaces, which were then

ssembled manually. Individual blocks were fed manually on a

mooth inclined plate, using a right-angled corner as a template

 Fig. 3 b). The blocks slid into place against the template and then

gainst each other, so that there were no gaps between the blocks

n the final assembly. The peripheral blocks were cut so that the

ides of the panel presented vertical surfaces, a requirement for

 proper constraint. The panels were then tape-transferred to an

luminum frame equipped with power screws which were ad-

usted to confine the panels with no pre-compression applied.

nce the blocks were in place in that frame, the tape was re-

oved. In this study we changed the architecture of the panels, but

e maintained their overall dimensions: sides L × L = 50 × 50 mm 

2 ,

hickness h = 3.18 mm (corresponding to the thickness of individual

locks). We explored the effect of interlocking angle with θ = 0 °,
.5 °, 5 °, 7.5 °, 10 °, and number of blocks with N × N = 3 × 3, 5 × 5

nd 7 × 7 ( Fig. 3 c). Since the size of the panel was kept constant,

he corresponding lateral size of the blocks were l = 12.50 mm,

.33 mm and 6.25 mm for 3 × 3, 5 × 5 and 7 × 7 arrays of blocks

espectively. In addition to the architectured panels, monolithic ce-

amics plates with identical lateral dimensions and thickness were

abricated and tested for comparison. 
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Fig. 3. Fabrication of architectured ceramic panels. (a) The cutting set up for the fabrication of architectured ceramics. (b) Schematic of the assembly set-up. (c) Architectured 

ceramic panels with different interlocking angles ( θ = 0 °, 2.5 °, 5 °, 7.5 °, 10 °) and number of blocks (3 × 3, 5 × 5 and 7 × 7 arrays of blocks). 

3

 

l  

p  

p  

A  

v  

c  

d  

r  

c  

o  

p  

s  

g  

o

 

f  

m  

s  

u  

b  

a  

i  

t  

c  

a  

c  

t  

l  

t  

l  

t  

c  

a  

(

 

c  

v  

p  

a  

b  

r  
. Quasi-static response 

We first examined the mechanical response of the panels when

oaded by a transverse point force in quasi-static conditions. The

anels were kept within a frame ( Fig. 4 a), but no in-plane com-

ression was applied on the panel at the beginning of the tests.

 pin with a spherical tip (tip radius = 5 mm) was used to trans-

ersely load the panels in the middle of the center block (i.e. at

oordinates ( x,y,z ) = (0,0,0) on Fig. 4 a). The pin was driven along - z

irection at a rate of 10 μm/s while force and displacement were

ecorded (Admet Dual column loading stage, MN, USA). A pair of

ameras (Fastec IL5, CA, USA) was used to capture stereo-images

f the surface of the panel during loading. The top surface of the

anels was speckled using sprays of black and white paints for

tereo image correlation. The panels were illuminated by two halo-

en lamps placed at two different angles to minimize the shadows

f the indenter on the panel. 

A representative force-deflection behavior is shown in Fig. 4 b

or a 7 × 7-block panel with θ = 5 °, with the response from the

onolithic plate for comparison. The monolithic ceramic plate

howed a linear elastic response until brittle and catastrophic fail-

re at a force ∼200 N (deflection ∼0.2 mm). Failure was dominated
y flexural cracks that emanated from the loading point and prop-

gated rapidly to the edges of the panel ( Fig. 4 c). There was no

ndication of conical cracks at the puncture site, which indicated

hat the fracture of the panel was governed by flexural stresses. In

ontrast, the architectured panels showed a bell-shaped response

ssociated with a progressive, “graceful” type of failure. The ar-

hitectured panels failed by a progressive "push-out" of the cen-

er block by the loading pin, while the rest of the panel remained

argely intact ( Fig. 4 c). The architectured panel failed at a deflec-

ion of ∼4 mm (20 times the maximum deflection of the mono-

ithic plate). We did not observe any flexural cracks in the archi-

ectured panels. Segmenting the panels into building blocks de-

reases the span over which the flexural stresses are developed,

nd therefore increase the force required to induce flexural cracks

 Chintapalli et al., 2014 ). 

We used stereo-imaging and three-dimensional digital image

orrelation (VIC 3D, Correlated Solutions, SC, US) to determine the

ertical displacement field (along the z axis, Fig. 4 d) and the dis-

lacements and rotations of individual blocks ( Fig. 4 e–h). Using

n algorithm that determined the intersection of the tetrahedral

locks, we also constructed 3D contact maps ( Fig. 4 g) where the

ed regions represent the volume of intersection (intersect vol-
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Fig. 4. Overview of testing of the panels in quasi-static loading. (a) Schematic of the set-up for the quasi-static tests. (b) Comparison between the force-deflection curves 

of the monolithic and the architectured (7 × 7 sample with θ = 2.5 °) ceramic panels. (c) Images of post-mortem monolithic and architectured ceramics (7 × 7 sample with 

θ = 5 °). (d) 3D reconstructed top surface of the architectured ceramic at various stages of loading showing the displacement map of the blocks in z direction. (d) Three- 

dimensional digital image correlation results for the vertical displacement field at various stages of loading. (e) Vertical displacement, and (f) rotation of the blocks at 

various stages of loading. (g) The contact maps between the blocks. (h) The sliding distance between the blocks. (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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ume) between neighboring blocks. 3D contact maps revealed how

the load was transferred between blocks, and since the deforma-

tion of individual blocks was minimal, the intersect volumes are

very thin and look like surfaces. 3D reconstruction data was also

used to compute the displacement jump at the interfaces between

contacting blocks (revealed from the contact maps, Fig. 4 g), which

can be interpreted as the sliding distance between blocks ( Fig. 4 f).

This in-depth analysis of the experiments revealed new insights on

deformation and failure mechanisms, patterns of contact between

blocks and total sliding distances for different designs. 

Fig. 5 a shows the range of mechanical responses measured from

panels with fifteen combinations of interlocking angle and num-

ber of blocks. For each combination, one sample is prepared and

tested. While these force-deflection curves all had a bell shape

curve, the maximum displacement, forces and finer features of the

curves varied significantly. These differences translated into varia-
ions in stiffness, maximum force and energy absorption (areas un-

er the curves up to complete failure). Fig. 5 b–d show how these

hree properties vary with design parameters. The stiffness of the

anels increases with interlocking angle because of increased me-

hanical interaction between the blocks. The strength and energy

bsorption increase up to an optimum interlocking angle of θ = 5 ̊,

fter which they decrease because of brittle damages to the ma-

erial. This localized surface damage translated into sharp drops in

he force-deflection curves, which decreased interlocking and pre-

ented further improvement of strength and energy absorption. Fi-

ally, the results show that all properties are higher with smaller

umber of blocks (i.e. larger block). 

These properties and performance of the architectured panels

an be explained and optimized by considering how individual

locks interact, slide and rotate on one another. Fig. 6 a shows the

orce-deflection curves for designs with 5 ° interlocking angle, to-
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Fig. 5. The behavior of the architectured ceramics in quasi-static loading. (a) The force-deflection response for panels with different number of blocks (3 × 3, 5 × 5, and 7 × 7) 

and with different interlocking angles ( θ = 0 °, 2.5 °, 5 °, 7.5 °, 10 °). (b) Stiffness, (c) maximum force, and (d) energy absorption of the panels as functions of interlocking angle 

and number of blocks. 

g  

b  

h  

t  

t  

d  

m  

t  

b  

I  

o  

t  

b  

t  

a  

c

 

t  
ether with the total sliding area and the average rotation of the

locks. The total sliding area is the area over which all the blocks

ave slid on one another, which we measured using the sliding dis-

ance map ( Fig. 4 h). The average rotation is computed from the ro-

ation of individual blocks, also measured from the stereo-imaging

ata. Taken together, this data reveals two distinct stages of defor-

ation for the panels. In stage I, the force increases with deflec-

ion. Sudden drops may occur from surface damage between the

locks, but the force continues to increase throughout this stage.
n this stage, the total sliding distance and the average rotation

f the blocks both increase linearly with deflection (this deforma-

ion mode is shown on Fig. 6 b). The sliding and rotation of the

locks results in a progressive decrease of contact areas between

he blocks, but this effect is compensated for by an increasing

mount of interlocking between the blocks so that the force in-

reases with displacement. 

The deformation mode transitions from stage I to stage II when

he loss of contact area prevails. In stage II sliding only occurs at
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Fig. 6. The structure-property relations in architectured panels. (a) The comparison between the force-deflection curves, total sliding area and average rotation for the panels 

with the same θ and different N . (d) Schematic of the deformation of the panel during loading. (c, d) The correlation between the total sliding area and energy absorption 

for different N and θ . 
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the interfaces of the center block. This sliding is still significant,

but increases at a slower pace compared to stage I. While the cen-

ter block is being pushed out and the deformation localizes, the

force decreases, and the rest of the panel partially recovers its de-

formation. The values of residual displacement of the blocks for

all the panels studied here were usually less than 1 mm (less than

1/3 of the thickness) which shows that the panels partially re-

tained their shape after being punctured. The average rotation of

the blocks reached a maximum of 4–5 °, and then decreased in

stage II ( Fig. 6 a,b). 

Fig. 6 c shows that the energy progressively absorbed by the

panel increases linearly with the total sliding area. Remarkably,

the rate of increase is not dependant on the number (size) of the

blocks. The energy absorbed was however ultimately higher for

panels with fewer blocks (larger size) because the sliding area was

higher. Finally, Fig. 6 d shows the cumulated energy dissipated as a

function of the total sliding area, but this time for different inter-

locking angles. Designs with θ = 0 ° show a constant increase of en-

ergy dissipated, but at lower slope compared to the other designs

due to the lack of interlocking between the blocks (low strength,
apid transition from stage I to II). At high angles ( θ = 10 °) the rate

f energy dissipation is initially the highest of all designs. However,

he rate rapidly decreases and drops to zero. In these cases, the

nterlocking stresses are too high, which leads to excessive block

amage and again precipitates deformation stage II. Therefore, the

evel of linearity on this type of data can be used as a measure

f damage to individual blocks. The intermediate design ( θ = 5 °)
ppears to be the best. The rate of energy absorption is relatively

igh, and is sustained throughout the experiment so the total en-

rgy dissipation becomes eventually higher than the θ = 10 ° case. 

Compared to a monolithic plate, the architectured panels are

bout four times less stiff, two times weaker in terms of max-

mum force, but their energy absorption is up to eight times

igher. The area under the force-deflection curve for the architec-

ured panels represent energy dissipated by friction between the

locks. For monolithic ceramic however, much of the energy cal-

ulated from the area under the force-deflection curve is dissi-

ated through dynamic effects, a well-documented phenomenon

n fracture of brittle materials ( Barinov, 1993 ). To measure the ac-

ual energy dissipated in the monolithic ceramic, we measured
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Fig. 7. The kinematics of the panel. (a) A 3 × 3 samples showing the naming convention for the blocks. (b) An illustration showing how the load is transferred to the 

neighboring block. (c-f) The free body diagrams of the blocks 2–4. The forces are shown on the block cross-sections. N 2 , N 3 , N 4 and N 5 are the normal force between blocks 

[2 and 3], [3 and 4], [3 and peripheral block], and [4 and peripheral block] respectively. 
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he fracture toughness of alumina silicate following ASTM E 1820

 International, 2011 ) and found values of J C = 35 J/m 

2 . We then

easured the total crack surface area in the monolithic ceramic,

nd multiplied it by the fracture toughness of the material to find

10 mJ, the actual energy dissipated in the material through for-

ation of new surfaces. Considering this actual value of energy

issipation, the architectured ceramics display a ∼17-fold improve-

ent in energy absorption in quasi-static loading. 

. Simple analytical model based on kinematics 

The source of energy dissipation in architectured panels is slid-

ng and friction at the interfaces. We developed a simple analytical

odel to compute the amount of frictional energy dissipation in

 3 × 3-block panel. First, free body diagrams of the blocks were

onstructed ( Fig. 7 ). 3D reconstruction showed the non-contacting
nterfaces, for which the force was set to zero. For example, the

iddle block (block number 1) was in contact only with its neigh-

ors along y direction, and therefore the forces in the interfaces

long x direction were set to zero ( Fig. 7 c). The behavior of the

nterfaces was modeled using coulomb friction. The kinetic coeffi-

ient of friction f of alumina-silicate on alumina-silicate was exper-

mentally measured following ASTM D1894 ( ASTM, 1894 ), and was

ound to be f = 0.23 (five samples were tested). 

From the equilibrium of the middle block along the z direction,

he normal force at the interfaces is N 1 = 

F 
2( sin (θ )+ f cos (θ ) ) 

where

 is the out-of-plane force exerted on the middle block, θ is the

nterlocking angle, N 1 is the normal force between blocks 1 and

. The frictional force at this interface is therefore fN 1 . Likewise,

sing the free-body diagram of the other blocks ( Fig. 7 d–f), the

ormal and frictional force applied through each of the interfaces

ere obtained as a function of applied load. The 3D reconstruction
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data was then used to compute the sliding distances at the inter-

faces. By integration of the component of frictional force along the

direction of sliding over the sliding distance for each of the inter-

faces, the total frictional energy dissipation was computed and was

found to be 125 mJ for the 3 × 3 sample with θ = 2.5 °. This value of

energy dissipation is ∼ 30% less that the area under the force de-

flection curve (172 mJ). We attributed this difference to the elastic

energy stored in the panel. The panel tended to laterally expand

under loading because of tapered shape of the blocks. As the lat-

eral expansion was confined, in-plane compression was developed

within the material. Part of this in-plane compression and in turn

elastic energy was retained within the panel after the test was fin-

ished because the bocks jammed into each other. 

5. Finite element modeling of the quasi-static behavior 

3D reconstruction of the panels showed that the degradation

of energy absorption with number of blocks is rooted in the de-

crease in total sliding area. To explore the effects of number (size)

of block in more detail, we performed FEA of the panels. The ge-

ometries of 3 × 3, 5 × 5, and 7 × 7 panels with interlocking angle

θ = 2.5 ° were constructed using Matlab (R 2016b, MA, US) and

meshed/solved in ANSYS (2016 V16, PA, US), Fig. 8 . The blocks were

modeled as an isotropic linear elastic material. The elastic modulus

of the material was obtained from three-point bending tests (four

samples) and was found to be E = 18.7 GPa (a result consistent with

previous studies ( Amrane et al., 2011 )). The Poisson’s ratio was as-

sumed to be 0.2 which is typical of ceramics ( Asmani et al., 2001 ).

Coulomb friction model was used at the interfaces (friction coeffi-

cient f = 0.23). The surfaces of the specimens for the friction coef-

ficient measurement were prepared using the same cutting condi-

tions which were used for the actual building blocks. 

The geometry of a panel with θ = 2.5 ° and N × N = 5 × 5 is

shown on Fig. 8 a. Because of the symmetries along the x and

y axes, a quarter of the panel is modeled ( Fig. 8 b). Ten node

quadratic elements were used to mesh the building blocks. The

peripheral blocks were constrained in all directions. The symme-

tries were imposed along the yz and xz planes: the nodes on the

yz plane ( x = 0) were constrained along the x direction ( u x = 0) and

the nodes on the xz plane ( y = 0) were constrained along the y di-

rection ( u y = 0). An out-of-plane displacement was applied on the

node located at center of the panel ([ x,y,z ] = [0,0,0]) and the reac-

tion force F was captured as the middle block was pushed out of

the panel. The mesh was refined until the force-deflection curve

did not change with further mesh refinement. The converged re-

sults are plotted on Fig. 8 c. The force is normalized by the elas-

tic modulus of the material E and the length of the panel squared

L 2 . The displacement is normalized by the thickness of the panel

h . The vertical displacement filed u z at six snapshots during load-

ing (points A–F) and for panels with different number of blocks is

shown on Fig. 8 d. The results show similar trends as observed in

the experiments, particularly, the panel resistance to deformation

decreases with number of blocks ( Fig. 8 c). 

We observed that the force F is almost proportional to the con-

tact surface area between the middle block and its neighbors. To

understand the reasons behind this proportionality, we looked at

the distribution of the total contact stress at the interface between

the middle block and its neighbor along y direction; i.e. the neigh-

bor to which it interlocks ( Fig. 8 e). The force F is equilibrated by

the contact forces at these interfaces. The mesh at these interfaces

was refined until no change in the contour of contact stresses was

observed. Fig. 8 e shows that at the same displacement, the total

contact stress at these interfaces are almost the same for different

number of blocks. Since the contact surface area is larger for larger

blocks, the resistance force also increases almost proportionally to

the contact surfaces area. To explain why the contact stresses are
ery similar for different number of blocks, we used the Winkler

lastic foundation method which correlate the contact stress be-

ween two elastic bodies to their interference ( Johnson and John-

on, 1987 ). We assumed that the blocks do not rotate, and only

he middle block moves under loading. At a certain deflection, the

nterference δ is the same for different number of blocks. This in-

erference is accommodated by elastic deformation of half of the

pan L /2 ( Fig. 8 f). The strains and in turn stresses are therefore the

ame for different number of blocks. 

Although the contact surface area and therefore the material

esistance to deformation are higher for larger blocks (lower N ),

he flexural stress at the bottom of the indented block can be also

igher in larger blocks because of their larger span. In this study,

e did not observe flexural cracks in the architectured panels and

herefore the optimum performance was obtained with the largest

locks (i. e. lowest number of blocks N × N = 3 × 3). However, the

exural stresses in the panels should also be considered as a lim-

ting factor in the design of similar materials. FEA was useful in

erms of exploring the effects of number of blocks. The predicted

alues of modulus and maximum force were however 1.5–3 times,

nd 14–15 times more than the experimental values respectively.

he energy absorption predicted from the FEA models was also 9–

3 times higher than the experimental and analytical results. We

ttributed these differences to presence of small gaps between the

locks resulted from statistical variations in the shape of blocks,

n effect which has been previously found to significantly affect

he mechanical performance in similar materials ( Barthelat and

hu, 2011 ). Moreover, our FEA model does not capture the brittle

amages to the blocks which can significantly reduce the maxi-

um force in the experiments. In the analytical model, the inter-

ace tractions were computed directly from the experimental force

nd therefore the computed tractions include the effects of gaps

nd brittle damages to the blocks. The energy absorption values

redicted by the analytical model were therefore close to experi-

ents and less than FEA predictions. 

We also used FEA to study the behavior of TIM subjected to off-

entered point forces. 5 × 5 arrays of blocks with interlocking angle

= 2.5 ° were subjected by to a point force applied at six different

ites located at the center of six different blocks ( Fig 9 a). These six

ases cover all possible sites for a 5 × 5 array because of symme-

ries. All other boundary conditions, element type/size, and mate-

ials properties were kept the same as the previous simulations.

n all six cases, we observed that sliding mainly occurred at the

ndented block, the rest of the panel remaining largely intact. As

 result, the force-deflection curves were very similar for all cases

 Fig. 9 b). Point forces applied away from the center of the panel

esulted in slight increase of stiffness and maximum force and a

light decrease in maximum deflection. In this study, we focused

n the panels with odd number of blocks to compare different

anels loaded in the center of the center block in the panel. How-

ver, very large blocks would break under flexural stress, in a way

hich converges towards the response of the monolithic panel. 

. Impact response 

We finally assessed the resistance to impact of our architec-

ure panels ( Fig. 10 ). We focused on blocks with interlocking angle

= 5 ° which gave the optimum results in quasi-static conditions.

 × 3, 5 × 5, and 7 × 7 panels were tested (one sample per panel).

e held the panels in the same frame as the one used for the

uasi-static tests, and a 1030 g impactor (Instron CEAST, MA, US)

ith the same tip geometry as the quasi-static test was dropped

t a speed of 0.75 m/s, which is representative of an intermedi-

te impact speed ( Fig. 10 a). The impact was instrumented, and the

orce history was recorded by a 3 kN piezoelectric load cell embed-

ed in the impactor. We also captured high-speed stereo-images of
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Fig. 8. Finite element model of the panel. (a) A 5 × 5 assembly of the blocks with interlocking angle θ = 2.5 ° (b) A quarter of the assembly is modeled because of the 

symmetries along the x and y axes. The boundary conditions are also shown. (c) Normalized force-normalized deflection behavior of the panels with the same interlocking 

angle θ = 2.5 ° but different number of blocks. (d) The out-of-plane displacement of the blocks at various stages of loading and for panels with different number of blocks. 

(e) The total contact stress at the interface. (f) Deformation diagram showing the interference between the blocks. 
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Fig. 9. Effects of puncture location on the behavior of the panel. (a) 5 × 5 assembly of the blocks with interlocking angle θ = 2.5 ° showing the six sites for the point force; 

(b) normalized force-normalized deflection curves of the panels loaded at the 6 representative puncture sites. 

Fig. 10. Impact testing of architectured panels. (a) The schematic of the impact test apparatus. (b) The post-mortem samples: architectured and monolithic. (c) The force- 

displacement behavior of the architectured ceramics compared to monolithic ceramic. (d) The displacement field in z direction at six stages loading. (e) the 3D reconstructed 

panels showing the values of sliding at the interfaces. 
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the samples with the same setup as the quasi-static test, at a rate

of about 10 0 0 frames/second. Monolithic ceramic panels were also

impacted for reference. Fig. 10 c shows the force-deflection curve of

a 5 × 5-block panel with θ = 5 °. Like quasi-static tests, the mono-

lithic and architectured ceramic panels showed major differences

in terms of performance and failure modes ( Fig. 10 b–d). Under

impact loading, the monolithic ceramic panel elastically deformed

until several flexural cracks initiated at the impact site and propa-

gated to the edges. The panel broke at a deflection of ∼0.2 mm and

at a force of ∼235 N which is ∼14% higher than the values obtained
n the quasi-static tests. The difference in the maximum force is

mall and may be explained by the sub-critical crack growth in

uasi-static loading, a well-studied phenomenon in the brittle ma-

erials ( Johnson and Paris, 1968; Ravichandran and Subhash, 1995 ).

he drop of force for the monolithic plate was also more pro-

ressive in dynamic condition, because the inertia of the broken

ieces generated a resisting force ( Harrigan et al., 1999 ). The ar-

hitectured panels deformed and failed in a way which was simi-

ar to the quasi-static tests: the force-displacement curve had the

ame bell-shape characteristics ( Fig. 10 c), and 3D reconstruction
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Fig. 11. The effect of number of blocks on the impact behavior. The force- 

displacement curves of panels with θ = 5 ° and with different number of blocks 

(3 × 3, 5 × 5, and 7 × 7). 
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Fig. 12. Material performance chart that summarizes the maximum force and the 

energy absorption for monolithic and architectured panels, in quasi-static and im- 

pact conditions. 
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evealed similar deformation/failure mechanisms ( Fig. 10 d and e).

hile the panels’ stiffness was almost unaffected by the loading

ate, their strength and particularly energy absorption increased in

mpact loading. For example, with the 5 × 5-block panel ( Fig. 10 ),

he strength and energy absorption are 22% and 51% higher in im-

act compared to quasi-static conditions. The increase of strength

as again attributed to the sub-critical crack growth in quasi-static

oading; i. e. the surface damage of the blocks was delayed in im-

act. 

The analysis of the stereo images provided insights into the mi-

romechanics of deformation of the blocks and panels, which in

urn were used to explain the rate effects. To study inertia effects,

e obtained the average velocity of each block in out-of-plane di-

ection at the time of impact using the 3D reconstructed data. We

rst observed that the center block quickly reached the velocity of

mpactor ( V 0 = 0.75 m/s) upon impact. At each time in the experi-

ent, we also found that the velocity of the blocks decreased al-

ost linearly from the center block to the peripheral blocks which

emained stationary. Having the mass of each block ( ∼0.6 g for a

 × 5-block panel), the total kinetic energy of the panel was found

o be ∼6 mJ. The inertia effects alone therefore could not ex-

lain the difference between the energy absorption of the panels

n quasi-static and impact tests (the difference is ∼ 85 mJ for a

 × 5-block panel with θ = 5 °). We also noticed differences in the

ay panels deformed and failed between impact and quasi-static

oading. To quantify these differences, we measured the total slid-

ng area and the average rotation of the individual blocks during

oading ( Fig. 10 c). We found that the total sliding area was sig-

ificantly larger in impact loading, while average rotation of in-

ividual blocks was slightly lower. We attributed these effects to

 decreased dynamic coefficient of friction at higher rate (a well-

ocumented rate effect in ceramics Di Toro et al., 2011; Johannes

t al., 1973 ). The reduced coefficient of friction results in lower fric-

ional stresses which prevented or delayed surface damage on the

locks, promoting effective energy dissipation. Attenuation of the

lastic waves by the periodic structure of the material might also

ontribute to the improved energy absorption of the panels in im-

act loading ( Davies et al., 2014 ). 

Finally, we found that the mechanical performance degraded

ith the number of blocks ( Fig. 11 ), just like in the quasi-static

ests. Increasing the number of blocks from 3 × 3 to 5 × 5 resulted

n 3%, 33%, and 18% decrease in stiffness, strength, and energy

bsorption. Increasing it further to 7 × 7 resulted in 5%, 17% and
4% further decrease in these properties respectively. These trends

ere again attributed to the lower total sliding area and lower con-

act surface area between the middle block and its neighbors when

locks are smaller. The impact resistance of the panels with differ-

nt number of blocks and θ = 5 ° was 2.5 to 3.5 times higher than

he monolithic ceramic in energy terms. However, considering the

ctual energy absorbed in the monolithic panels by formation of

racks ( ∼13 mJ), the impact resistance of architectured panels was

3–20 times higher than monolithic ones. 

. Summary and outlook 

Structural materials with attractive combinations of strength

nd toughness together with other functionalities such as multi-

it capability, damage sensing and self-repair have been a long-

tanding objective in materials research. Introducing a “mesoscale”

rchitecture in materials is a promising strategy to achieve these

erformances and features, a strategy which has been success-

ully used in nature for millions of years in materials like nacre or

one. In this work, we demonstrate how segmenting a monolithic

eramic plate into interlocking blocks can completely change its

echanisms of deformation and fracture, and can lead to pseudo

uctility, energy absorption, impact resistance and damage toler-

nce in an otherwise all brittle ceramic. Moreover, our fabrication

trategy is simple, versatile and scalable. 

A summary of the mechanical performance of the architectured

anels is shown on a material performance chart ( Fig. 12 ): The

trength of the architectured panel is 1/4 to 1/2 of the strength

f the monolithic panel. This is a common characteristics of archi-

ectured systems, because introducing frictional interfaces in the

ystems tends to decrease stiffness and strength (A lower stiffness

ay actually be an advantage for flexible protection Martini et al.,

017 ). More significantly, we found that the energy absorption of

he architectured panels is 5 to 20 times greater than the mono-

ithic material. This remarkable improvement makes the panel

amage resistant, which can be critical for applications where ki-

etic energy from impacts must be absorbed, and where energy

bsorption is more important than strength and stiffness. Here

e demonstrate that architectured panels can achieve very high
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impact resistance, without sacrificing the surface hardness and

durability of the ceramic material. For the first time, we report

the three-dimensional reconstruction of architectured panels from

stereo-imaging which leads to unique insights into the deforma-

tion mechanisms in these materials. An initial stage (I) consists

of simultaneous sliding and rotation of the blocks. In this stage

the loss of contact area is offset by geometric hardening and pro-

gressive interlocking. The system then transitions into a stage (II)

where most of the deflection is absorbed by the pushing out of

the center block. In terms of optimizing performance, the transi-

tion from mode I to II must be delayed as much as possible. This

transition is triggered by a geometric instability when the inter-

locking angle is too low (case θ = 0 °) or by damage of the blocks

and associated loss of load bearing capability when the interlock-

ing is too high (case θ = 10 °). Here we found that θ = 5 ° was the

optimum interlocking angle. 

That transition can also be delayed by lowering the coeffi-

cient of friction (which was achieved in the impact regime), which

translated into a delayed I → II transition, more uniformly dis-

tributed nonlinear deformation, extended stage II and much larger

energy absorption. FEA simulations can be helpful in future to

study these rate effects in more depth. Interestingly, we recently

came to a similar conclusion for jigsaw-like interlocked structure,

where we found that lower coefficients of friction delay undesir-

able fracture from frictional contact stresses, which in turn leads

to better designs in terms of energy absorption ( Malik et al., 2017 ).

Finally, we found that increasing the number of blocks (i.e. using

smaller blocks) degrade all the properties ( Fig. 12 ) partially due to

decrease in the sliding area. Also, finite element analyses revealed

that the contact pressure at the interface only depends on the in-

terlocking angle and is not dependant on the size of the blocks.

Larger blocks, with greater contact area with neighboring blocks,

offer more resistance to sliding and more energy absorption. All

the panels we tested in this study failed by push-out of the central

block, while the rest of the material was left slightly deformed but

largely intact. This segmentation strategy can therefore lead to sys-

tems which are damage tolerant with “multi-hit” capabilities. Indi-

vidual blocks never failed by flexural fracture, but it is conceivable

that this failure mode can occur if the blocks are too large, just

like flexural failure prevails in monolithic panels. Flexural failure

must be avoided because it shuts off all energy dissipative mech-

anisms, and this particular failure mode is therefore likely to be a

limiting factor for the size of the blocks. The panels proposed here

can find applications in armored protection or for thermal barrier

systems ( Amrane et al., 2011 ). This work finally demonstrates how

the concept of material architecture can be used to precisely pro-

gram the mechanics and performance of materials. More gener-

ally this type of system behave in ways that contradict standard

paradigms in materials: larger size features (larger blocks) lead to

stronger materials, but larger blocks also mean that the separation

of length scales between microstructure and component size, a re-

quirement for property homogenization, is not possible ( Ostoja-

Starzewski, 2006 ). Finally, there is an infinite number of possi-

ble architectures to make materials and structures ( Dyskin et al.,

2001 ). Varying the shapes and arrangement of the building blocks

in two and three dimensions, exploring different loading configu-

rations (distributed loads, forces with a tangential component…),

and considering different interface properties (e. g. a soft poly-

meric interface) to create new mechanisms and properties repre-

sents a rich landscape which is yet to explore. 
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