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Tough double-bouligand architected
concrete enabled by robotic additive
manufacturing

Arjun Prihar1, Shashank Gupta1, Hadi S. Esmaeeli1 & Reza Moini 1

Nature has developed numerous designmotifs by arrangingmodest materials
into complex architectures. The damage-tolerant, double-bouligand archi-
tecture found in the coelacanth fish scale is comprised of collagen fibrils
helically arranged in a bilayer manner. Here, we exploit the toughening
mechanismsof double-bouliganddesigns by engineering architected concrete
using a large-scale two-component robotic additive manufacturing process.
The process enables intricate fabrication of the architected concrete compo-
nents at large-scale. The double-bouligand designs are benchmarked against
bouligand and conventional rectilinear counterparts and monolithic casts. In
contrast to cast concrete, double-bouligand design demonstrates a non-brittle
response and a rising R-curve, due to a hypothesized bilayer crack shielding
mechanism. In addition, interlocking behind and crack deflection ahead of the
crack tip in bilayer double-bouligand architected concrete elicits a 63%
increase in fracture toughness compared to cast counterparts.

In this work, we demonstrate a bio-inspired approach to the design of
crack-resistant double-helical architected concrete materials through
the use of advanced additive manufacturing processes and the
exploitation of layered heterogeneity. Natural materials provide
abundant examples of oftenmutually exclusivemechanical properties
such as strength and fracture toughness by exploiting modest mate-
rials and weak interfaces arranged in purposeful architectures1–8.
Compared to the design motifs of natural materials9–11, construction
materials such as masonry, stone, ceramics, and concrete are typically
monolithic and suffer from a brittle failure response under tension12.
Concrete, in particular, is the most commonly used human-made
material, and yet it exhibits low fracture toughness and tensile
strength13, thus severely limiting its application.

Here, we propose engineering the tougheningmechanisms found
in the double-helical (double-bouligand) architecture, compared with
helical (bouligand) architecture, in the design of concrete materials to
overcome the often-mutual exclusivity between fracture toughness
and tensile strength14–17. In particular, the double-helical architected
concrete is proposed and benchmarked against helical architected
concrete, rectilinear architected, andmonolithic cast counterparts.We
exploit the fabrication freedom and resolutions offered by a robotic

additive manufacturing technique that is thus far underutilized in
order to achieve intricate architected concrete with advanced perfor-
mance characteristics. In contrast to the rectilinear design approach
commonly seen in additively manufactured concrete structures thus
far18–24, an architected design approach can stimulate mechanically
advantageous mechanical responses that are otherwise unattainable
using conventionally cast counterparts.

Though previous works take advantage of bouligand architectures
in cementitious materials15,17,25–27 to increase flexural strength26, impact
resistance (energy)28, and work of failure (energy)29, there has been no
attempt to explicitly enhance fracture toughness (resistance to frac-
ture) in bouligand architected materials. Here, the toughening
mechanisms triggered by double-bouligand and bouligand30 archi-
tectures, specifically crack shielding and crack twisting, are investigated
in large-scale additively manufactured concrete materials. Particularly,
the toughening mechanisms offered by the proposed double-helical
structures were studied in comparison to helical and conventional
rectilinearly manufactured, and monolithic cast counterparts.

Themajority of concrete robotic additivemanufacturing research
focuses on the extrusion process and the material formulation to
overcome the limits in build height31 or overhang angle32 of printed,
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self-supporting structures33,34. Moreover, the designs of additively
manufacturedmaterials have primarily relied on rectilinear or lamellar
designs of materials24,34,35, and consequently underutilizing the fabri-
cation freedom offered by this technology. More specifically, thus far,
no research has been conducted that harnesses concrete additive
manufacturing technology to improve fracture toughness. In this
work, we hypothesize that engineering the spatial arrangement of the
concrete in a double-bouligand architecture can enable favorable
mechanical properties that are otherwise only achieved through long-
attempted efforts in optimizing the concrete material composition,
such as through the addition of fibers in cast or additively manu-
factured counterparts (e.g., steel, PVA)26,36,37.

With the advent of modern processing technologies (e.g., robotic
additive manufacturing), the (meso) architecture of the material can
be directly defined and, in turn, determine the material’s properties
and performances as illustrated in Fig. 1a. The structure of cement-
based materials can be viewed by its microstructure as well as its
(meso) architecture. The microstructure is the morphology and dis-
tribution of various phases38 and the architecture can be defined as the
purposeful arrangement of the bulk meso-scale materials to trigger
specific mechanical responses1. This gives rise to architected cemen-
titious materials in which the internal arrangement of the material is
purposefully defined, designed, and controlled through a layer-wise
additive scalable manufacturing process15 that engenders improved
mechanical properties (Fig. 1b).

The research on layer-wised additively manufactured concrete
mainly focuses on mitigating the presence of weak interfaces that
form between printed layers and result in anisotropic material
properties39–42. In contrast, herewe focus on exploitingweak interfaces
to harness toughening mechanisms inspired by the double-helical
architecture of the coelacanth fish scale (Fig. 2a–d) as compared with
the helical architecture of the mantis shrimp dactyl club (Fig. 2e–h).
The microstructure of these biological materials comprises modest
constituentmaterials, such as collagen and chitin, yet are arranged in a
manner to stimulate crack deflection and crack twisting toughening
responses under load30,43.

The double-bouligand architecture found in the scales of the
coelacanth fish (Fig. 2a–c) is comprised of collagen fibril bundles
arranged in parallel sheets43,44. However, each sheet is coupled with a
second layer of fibrils oriented perpendicular to the sheet below it to
formanorthogonal, bilayer unit43. This unit is then repeated in a helical
pattern (Fig. 2d). The pitch angle, γ, in the double-bouligand is then
defined by the relative rotation between each bilayer unit. As a result,

cracks alternate between deflection along a fibril interface and
advancement through a layer of fibrils oriented perpendicular to the
fracture plane43.This arrangement encourages crack deflection to
prevent a brittle failure45. In the design of additively manufactured
concrete in this study, the concrete filaments and porous interface
emulate the collagenfibril bundle arrangement and the proteinmatrix,
respectively.

The bouligand architecture found in the endocuticle of themantis
shrimp (Fig. 2e) dactyl club (Fig. 2f, g) is similar to the double-
bouligand architecture, in that it is comprised of chitin fibrils arranged
in parallel sheets joined by a protein matrix11,30,46. These sheets are
stacked atop each other in a helical pattern defined by a pitch angle, γ,
as the relative rotation between two sheets (Fig. 2h). The primary
toughening mechanism is the twisting of impinging cracks pre-
ferentially through the weak, protein matrix interface between chitin
fibrils. This twisting increases the fractured surface area, thereby
increasing energy dissipation30.

Robotic additive manufacturing offers control over the material
architecture and, subsequently, the mechanical properties that are
otherwise challenging to achievewith the current conventional casting
methods used in construction. The recent growth of additive
technologies47 has led to a proliferation of single-material (commonly
classified as 1-component or 1-K) gantry-based or robotic-based con-
crete additive manufacturing processes45,48 (Supplementary Note 1,
Supplementary Fig. 1). In contrast, a 2-component (2-K) extrusion
system49 (Fig. 3) exploited here, can facilitate more precise control of
materials composition and mechanical properties through the sec-
ondary mixing of a set-accelerant at the nozzle (Supplementary
Note 2). The early studies on the 2-K process merely examine
mechanical properties such as compressive strength, explore mold-
free applications with fiber-reinforced concrete, or study the proces-
sing and rheological aspects of material extrusion and deposition50–53.
However, the 2-K robotic system has not yet been utilized to fabricate
the purposeful and intricate design of material architectures.

We propose the use of a 2-K platform with advanced sensing and
monitoring capabilities that can help engineer complex, structural-
scale architected materials studied in this work (Fig. 3). We highlight
the utility of the 2-K process to enhance the geometric fidelity of
relatively complex design motifs at scale including columns (Fig. 3j),
non-planer shells, and helical forms (Supplementary Fig. 2, Supple-
mentary Videos 1–10).

Furthermore, aside from the optimization of geometries for load-
bearing capacity24,49,54, limited research has presented a digital
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Fig. 1 | Engineering material properties through the design of meso-scale
architecture. a Conceptual material science tetrahedron representing the inter-
relationships between the material’s processing, structure (microstructure and

meso architecture), properties, andperformance, andb Schematic of the enhanced
mechanical response of architected materials conceptualized compared to
monolithic counterparts.
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workflow for developing toolpaths to fabricate architectedmaterials. A
robust toolpath algorithm is necessary in order to facilitate the
adoption of architected designs. The development approach for the
toolpath algorithm developed in this study is further detailed in Sup-
plementary Note 5.

In this work, we examine the toughening mechanisms of double-
bouligand designs of architected concrete fabricated using a two-

component robotic additivemanufacturingprocess. In contrast to cast
or additively manufactured rectilinear concrete, the double-bouligand
design demonstrates enhanced fracture toughness and a rising
R-curve. We hypothesize that bilayer crack shielding, in addition to
interlocking behind and crack deflection ahead of the crack tip, in
double-bouligand architected concrete elicits a significant increase in
fracture toughness compared to cast counterparts.
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Fig. 3 | Schematic of two-component (2-K) robotic additive manufacturing
process. a ABB IRB 6700 (2.85m reach, 150 kg payload) positioned on a 5.7-meter
track, b 2-K concrete pump with in-situ charging of feedstock, c Accelerant reser-
voir and dosing system, d 2-K agitation chamber featuring concrete and accelerant
inlets, e Nozzle end-effector, f Workobject with visualized toolpath, g ABB IRC5

controller, h IPC system enabling digital control of concrete and accelerant pump
flow rates, as well as nozzle chamber servo motor, i Monitoring real-time tem-
perature and pressure sensor read-outs, j design opportunities to fabricate com-
plex materials and structures such as an architected beam and a hollow column
(that can act as lost formwork) using the 2-K process.
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Fig. 2 | Two bio-inspired motifs used in development of architected concrete.
a Image of the Latimeria Chalumnae, commonly known as the Coelacanth fish (By
courtesy of Encyclopædia Britannica, Inc., copyright 2021; used with permission.),
b Coelacanth scales, c Schematic cross-sectional view of fish scale, d Schematic
representation of the collagen fibril bundles comprising the fish scales with a pitch
angle, γ (inter-fibril arrangement not shown for clarity); e Image of the

Odontodactylus Scyllarus, commonly known as the mantis shrimp (Credit: Adobe
Stock: stock.adobe.com), f Dactyl club of mantis shrimp (Credit: Adobe Stock:
stock.adobe.com), g Schematic cross-sectional view of dactyl club, h Schematic
representation of chitin fibril arrangement in the endocuticle of the dactyl club
with a pitch angle, γ.
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Results and discussion
The mechanical response and fracture properties of the proposed
architected concrete, fabricatedwith double-bouligand and bouligand
architectures, were characterized and compared to lamellar archi-
tectures and conventionally cast counterparts. The flexural strength

and fracture toughness were characterized using unnotched and not-
ched (Supplementary Fig. 7) specimens, respectively.

With regards to the flexural strength, along with a distinct dif-
ferenceobserved in specimen stiffness (Fig. 4a), a statistically different
modulus of rupture (MOR) was also recorded across the architected
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Fig. 4 |Mechanical response and fracture properties of four designs ofmaterial
architectures compared to monolithic cast: parallel lamellar, perpendicular
lamellar, bouligand, and double-bouligand. a, b Load-displacement plot and
average modulus of rupture of unnotched specimens, c Load-displacement plot of
notched specimens,dR-Curves (fracture toughness vs. crack extension) of notched

specimens, with dashed lines denoting the highest fracture toughness for all design
cases, and e, f Average toughness, KJc, and average work-of-fracture (WOF) of
notched specimens. Data is shown asmean ± SD. * depicts p <0.05 which indicates
the statistically significant difference between the samples (at the ends of the solid
line below a *). p-value is obtained from F-test and T-test.
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and cast specimens (Fig. 4b). Evidently, the architected concrete
materials exhibit statistically lower flexural strength than the cast
counterparts of the same composition. It must be noted that the
perpendicular lamellar architecture, with the interfaces oriented
across the width of the specimen, had the lowest stiffness and statis-
tically lowest flexural strength compared to all other specimens, as
shown in Fig. 4a. Conversely, the parallel lamellar architecture, with
interfaces oriented across the length, demonstrated the highest stiff-
ness and statistically highest flexural strength compared to cast and
architected materials. The stiffness of the double-bouligand and bou-
ligand architected specimens resides between the two lamellar cases.
Thus, we hypothesized that the stiffness of the architected material
was dependent on the orientation of the interfaces. Most importantly,
the double-bouligand architecture demonstrated a slight softening at
the end of the load drop. We hypothesize that as the crack propagates
through interfaces, it forms a twisted fracture plane governed by the
pitch angle of the architecture. This twisted fracture plane is postu-
lated to have generated interlocking between the two fractured sur-
faces of the specimen, thus resulting in additional load-bearing
capacity past the peak load.

Fracture response
The load-displacement plots of the notched specimens are shown in
Fig. 4c. The notched specimens of the parallel lamellar, double-bouli-
gand, bouligand, and cast reference all had statistically similar peak
loads. While the cast and the parallel lamellar architecture demon-
strated a brittle response, the architected, double-bouligand and

bouligand specimens remarkably presented a distinct post-peak soft-
ening response at the tail of the load-displacement response. The
softening observed in the double-bouligand specimens occurred at
11.7 ± 6.7 % of the peak load, and the softening observed in the bouli-
gand specimens occurred at 18.9 ± 9.8 % of the peak load.

This softening response in double-bouligand and bouligand spe-
cimens is indicative of tougheningmechanisms that act to increase the
resistance to fracture (i.e., fracture toughness). Using the relationship
between crack extension and compliance presented in Eq. (9),
R-curves are computed to present fracture resistance as a function of
crack length (Fig. 4d). An increasing resistance to crack growth is
commonly associated with extrinsic toughening mechanisms occur-
ring behind the crack3 that act to reduce the stress intensity at the
crack tip55.

Both bio-inspired architectures demonstrated a rising, bilinear
R-curve (Fig. 4d) occurring at approximately halfway through the
specimens.Wehypothesized that the three tougheningmechanismsof
crack twisting, crack shielding, and interlocking elicit the rising
R-curves of the double-bouligand and bouligand architected concrete.

In the double-bouligand architecture, an initial increase in the
R-curve (Fig. 4d) was observed at a specimen depth of approximately
25mm (Fig. 5a), corresponding to a small load drop ahead of the peak
load. This initial toughening was attributed to the bilayer of filaments
ahead of the crack tip. Specifically, the filaments in this layer were
oriented parallel to the X–Z plane (Supplementary Fig. 7), thereby
acting to toughen the material ahead of the crack tip. The second rise
in the double-bouligand R-curve occurred at a specimen depth of

(a) Double-Bouligand Architecture (c) Parallel (׀׀) Lamellar Architecture

(e) Cast Reference Specimen

(d) Perpendicular (⊥) Lamellar Architecturei. Schema�c Double-
Bouligand Fractured 
Plane

(b) Bouligand Architecture

i. Schema�c Bouligand     
Fractured Plane

100 mm 100 mm

100 mm

100 mm

100 mm

Fig. 5 | Fractured specimens and fractured planes of architected vs. cast con-
crete in single-edge notch bend (SENB) test. a Double-bouligand architecture,
and (i) idealized fractured plane, b Bouligand architecture, (ii) Idealized fractured

plane c Parallel lamellar architecture, d Perpendicular lamellar architecture, and
e Monolithic reference cast specimens.

Article https://doi.org/10.1038/s41467-024-51640-y

Nature Communications |         (2024) 15:7498 5

www.nature.com/naturecommunications


approximately 120mm. In both the bouligand and double-bouligand
specimens, the prominent increase in slope of the respective R-curves
was attributed to the mechanical interlocking of the fracture surfaces
behind the crack tip.

The crack in the bouligand architecture was highly twisted and
extended halfway through the specimen, to a depth of approximately
105mm measured from the bottom (Fig. 5b). This commensurately
marks the depth at which the secondary increase in the slope of the
R-curve began (Fig. 4d).

The fracture responses of the double-bouligand and bouligand
architectures were distinctly different from the cast and parallel
lamellar architectures which exhibited no rise in their R-curve (i.e., a
baseline crack initiation fracture toughness). This outstanding fracture
behavior clearly indicated that the underlying toughening mechan-
isms,mimicking those found in the coelacanth fish andmantis shrimp,
demand a greater amount of energy to propagate a crack. The cast and
parallel lamellar architected specimens only exhibited an initial frac-
ture toughness, as shown by the dashed line in Fig. 4d, and conse-
quently, a brittle fracture. Conversely, the rising R-curve of the bio-
inspired architectures suggested that approximately half of the bio-
inspired architected specimens remained intact at the onset of
toughening.

The toughness of the architected specimens taken from the
R-curves was plotted for comparison with the cast reference case
(Fig. 4e). The critical stress intensity factor, KIc, or fracture toughness
at the onset of cracking, was found to be statistically similar for the
parallel lamellar, bouligand, and cast reference cases. The KIc of the
double-bouligand case is statistically lower than the parallel case but
statistically similar to the bouligand and the cast reference cases. The
KIc, however, captured only the initial fracture phenomena prior to
crack propagation that follows, whereas the fracture toughness, KJc,
calculated using Eq. (7), captured the additional increase in fracture
toughness as the crack extended. The double-bouligand and bouli-
gand architecture demonstrated significantly higher fracture tough-
ness than the cast specimen. Moreover, the double-bouligand
architecture represented a statistically similar fracture toughness as
the bouligand architecture. Thus, the two bio-inspired concrete spe-
cimens demonstrated a higher fracture toughness and a stable crack
growth as compared to the cast counterpart, owing to the design of
the material’s architecture.

The post-peak softening in both the double-bouligand and
bouligand specimens was calculated using Eq. (10) considering the
entire area under the load-displacement curves of the notched spe-
cimens (Fig. 4c). Notably, the significantly higher WOF of the double-
bouligand and bouligand architectures (Fig. 4f) indicated the greater
amount of energy necessary to propagate a single crack through the
bio-inspired architected materials as compared to the perpendicular
lamellar architecture, by virtue of the crack path deviating from an
otherwise straight fracture plane. Note that the notch tip is located in
the filaments in the bottommost layer (which is oriented perpendi-
cular to the x-axis as shown in Supplementary Fig. 7b, d) for both the
lamellar and the two bio-inspired cases. This increase in WOF is
particularly evident by comparing respectively, the tortuous and
twisted fracture surfaces of double-bouligand and bouligand speci-
mens (Fig. 5a, b) to the entirely flat fracture surfaces of the lamellar
(Fig. 5c, d) and cast specimens (Fig. 5e).

Analysis of fractured plane
The double-bouligand specimens (Fig. 5a) exhibited visible crack
deflection along the alternating interfaces and through the bilayer
filaments up to the first five layers, corresponding to a total theoretical
fractured plane rotation of 30° (Fig. 5a–i). Moreover, due to the bilayer
arrangement along the twistedplane, therewasgenerally greater crack
tortuosity in the fractured surface. This tortuosity is commonly
observed in materials having frequent transitions between harder and

softer phases56, which in the double-bouligand architecture are the
filament and interface, respectively. Though the total rotation of the
fractured surface is less prominent than in the bouligand specimen,
the increased tortuosity along the fractured surface contributed to an
interlocking effect behind the crack tip which prevented a brittle fail-
ure. Therefore, we hypothesized that the presence of the bilayer in the
double-bouligand architecture both behind and ahead the crack tip
contributed to the higher energy required for fracture compared to
the cast specimens. To reiterate, the presence of the bilayer ahead of
the crack tip in double-bouligand architecturemaybe hypothesized to
have given rise to the initial increase in the R-curve as an intrinsic
mechanism (Fig. 4d) generating a crack shieldingmechanism. In short,
the predominate toughening mechanism of the double-bouligand
architecture can be postulated as the crack deflection (along the
interface and through the filament), and crack shielding due to the
presence of the bilayer, which behind the crack tip can manifest as
frictional interlocking due to the tortuosity along the moderately
twisted fractured plane.

For the bouligand specimens (Fig. 5b), the crack path also
deflected along the interface between filaments for the first seven
layers following the first, notched layer. This corresponded to a total
theoretical crack twist angle, f , of the fractured plane measured from
thenotch tip by 70° asdefinedby a pitch angle, γ, of 10° (Fig. 5b–i). The
secondary increase in the slope of the bouligand R-curve (Fig. 4d) at a
depth of 105mm suggested that the crack deflection, may have trig-
gered crack shielding behind the crack tip in the form of mechanical
interlocking along the twisted, fractured surface. Therefore, it can be
postulated that the crack twisting and interlocking mechanisms were
associated with the toughening behavior in the load-displacement
response of notched bouligand specimens.

The R-curve slope of the bouligand specimen beginning
approximately halfway through the sample is higher than the double-
bouligand architecture due to a greater twisting of the fractured plane
which gives rise to more prominent mechanical interlocking. It is
hypothesized that greater crack twisting in the benchmark bouligand
architecture increases interlocking and leads to more effective
toughening. This interlocking is only achieved in architected speci-
mens and was not observed in cast counterparts. In addition, it is
observed that a certain degree of crack twistingwas required for either
of the two architected materials before any interlocking mechanism
could engage. This is deduced from the initially rapid crack extension,
illustrated by a nearly flat R-curve slope in bouligand architecture and
the flat middle region of the R-curve slope in the double-bouligand
architecture.

Theoretical analysis of critical energy release rate
Deflecting a crack away from the direction of applied load inMode-I
is a challenging task in brittle and quasi-brittle cementitious
materials57. Crack twisting, also considered as the summation of
several incremental crack deflections, requires the crack tip to
undergo a localized in-plane shear (Mode-II)58. It is well-understood
that fracture under shear (Mode-II) is a more energy intensive than
the initial fracture under tension (Mode-I) as commonly reported in
cementitious materials57. Presence of shear failure thus increases
the critical energy release rate, Gc, that defines the fracture
toughness of the specimen.

In thiswork, a twisted fracture pathwasobserved in thebouligand
architecture (Supplementary Note 3 and Supplementary Fig. 3a). The
increase in the critical energy release rate,Gc, due to crack twisting can
be analytically illustrated for a fracture path following along a defined
pitch angle, γ. The analytical solution was based on linear elastic
fracture mechanics (LEFM) and hence is limited in capturing the
tougheningmechanisms that occur ahead of the crack tip in the quasi-
brittle concrete. Nonetheless, LEFM provides insight into the tough-
ening mechanisms of helically designed concrete.
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In the bouligand architected concrete studied here, the twist
angle,ϕ, can be computed as the summation of pitch angles, γ, at each
3D-printed layer. The kink angle, α, can be computed as the angle
between the z-axis and theprojectionof the z-axis onto theoriginal Z-X
plane (Supplementary Fig. 3b)59. In this manner, the twist angle, f
reaches 90° at a depth of 117mmthough the bouligand specimen (with
fifteen layers and γ = 10°), which is the maximum possible rotation of
the fractured plane (Supplementary Fig. 3c). At this given maximum
rotation of 90° (Supplementary Fig. 3d), the resulting critical energy
release rate along the depth of the specimen, Gc, in comparison to the
critical energy release rate of the material itself, Gm

c , if realized can
increase by more than a factor of 1259. This total ideal rotation, how-
ever, is not entirely realized in the bouligand concrete specimen.
Instead, the partial twisting that occurs in the first eight layers would
increase the critical energy release rate of the fracture, thereby
increasing the reported fracture toughness by 63% and 88% in the
double-bouligand and bouligand specimens, respectively, compared
to the cast counterpart.

In the case of weaker interfaces, Gc=G
m
c would be lower (Supple-

mentary Fig. 3d) for a given pitch angle, indicating reduced crack
twisting and Mode-II contribution. This lower ratio can then be com-
pensated for by increasing the pitch angle in the design tomaintain the
interaction of a pre-existing crack with the weaker interface.

Role of the weak interface and toughening mechanisms
Using micro-CT, we hypothesize the macroscopic pores (Supplemen-
taryNote 4, Supplementary Fig. 4) in the horizontal interfaces between
the filaments in the additively manufactured architected specimens
promoted the predominant toughening mechanisms, specifically
crack deflection in double-helical concrete and crack twisting in helical
concrete, by providing preferential crack pathways. In addition, a
higher degree of porosity observed in the vertical interface between
printed filaments, shown in Supplementary Fig. 4c, f, may further
promote crack propagation in double-twisted and twisted arrange-
ments along the filament interfaces.

Concrete, as with most cementitious composites, is known to
have low tensile strength and fracture toughness (Fig. 6)13. However,
engineering toughening mechanisms into concrete, by using the
double-bouligand and bouligand architectures, has led to

improvements in the fracture toughness as compared to cast coun-
terparts. This enhancement is benchmarked using an Ashby Plot
against reference cementitious mortars as well as other classes of
materials including non-technical ceramics, polymers, and glas-
ses (Fig. 6).

In contrast to engineered composites, nature has developed a
plethora of tough and strong biological composites through the
architected arrangement ofmodest materials. The architected themes
in biological materials rely on the presence of weak interfaces to incite
the underlying mechanisms that give rise to enhanced toughness4.
However, engineering the toughening mechanisms into construction
materials such as concrete requires an understanding of both fracture
and advanced manufacturing processes. The weak interfaces and
internal heterogeneities in additively manufactured concrete are
widely studied16,60–62, such as those discussed in Supplementary Fig. 4,
but not commonly exploited. This presents a perfect opportunity to
harness the processing-induced flaws in favor of material with crack-
resistant characteristics.

The tensile strength of concrete poses a significant limitation in
thedesign of concrete structures. This holds true even for structures in
which the principal stresses are primarily compressive, as localized
tensile stresses can result in cracking, which leads to spalling and
deterioration13, and in extreme cases, progressive collapse63. These
mechanisms of damage are exacerbated in additively manufactured
concrete, due to the presence of weak interfaces between filaments.
Improving concrete’s susceptibility to cracking can be addressed by
increasing its resistance to fracture, first and foremost inMode-I64. The
purposeful design of concrete via large-scale additive manufacturing
technology can provide a pathway to address the poor fracture
toughness under tension (Mode-I) in conventional concrete. This
approach may allow design strategies for unreinforced concrete
structures that could rely on fracture resistance under tension. By
enhancing the tolerance to cracking, adopting purposeful archi-
tectures can help increase the service life of concrete and other quasi-
brittle infrastructure materials.

In short, the non-brittle performanceof the double-bouligand and
bouligand architected materials are engineered in this work. Crack
deflection, shielding, and twisting enabled by purposeful designs and
robotic additive manufacturing, provide an alternative to con-
ventionally cast counterparts as well as rectilinear additively manu-
factured concrete inwhich the improved fracture properties cannot be
achieved. This fosters an approach towards the design of non-brittle
construction material without necessarily requiring the addition of
fibers or reinforcement.

In conventional concrete design, cracked concrete sections are
not taken into account for reinforced concrete structures, owing to
their inherent lack of fracture resistance. In this work, we address the
long-standing limitation of concrete’s tensile properties, which govern
the design of concrete structures. The increase in fracture resistance in
Mode-I translates to a potential for relying on concrete’s tensile
capacity, which goes beyond our conventional understanding of how
concrete is typically designed and constructed solely in compression.
By developing design schemes that inherently improve fracture
toughness, we aimed to enhance concrete’s resistance to cracking,
which can also lead to improved long-term performance where cracks
can be initiated due to physical or chemical degradation. This study
highlights the difference between conventional brittle fracture in cast
concrete and the progressive resistance to cracking in the proposed
architected materials. Given the growing global interest in digital
fabrication and advanced manufacturing technologies at a large scale,
the development of opportunistic approaches to the design of mate-
rials and structures can help overcome the limitations of the
mechanical properties of concrete. This study investigates the fracture
toughness of architected materials at a component level. The investi-
gation of fracture toughness and the role of internal flaws at larger

PET

PC

Borosilicate
glass

Soda-lime
glass

PS

Non-technical
ceramics

Polymers

Glass

10

100

1 10 100

PP

Silica glass

Glass ceramics

Granite

Brick

Stone

Cement paste

Strength (MPa)

Fr
ac

tu
re

To
ug

hn
es

s(
M

Pa
.m

m
1/

2 )

Mortar

Boul.

PE

D. Boul.
Cast

Fig. 6 | Ashby Plot demonstrating the fracture toughness vs. strength of
polymers66,67, glass,66,67 non-technical ceramics66,68, cement paste69,70, and cemen-
titious mortar55,71–73 benchmarked against the cast materials and the double-
bouligand and bouligand architected counterparts studied in this work.

Article https://doi.org/10.1038/s41467-024-51640-y

Nature Communications |         (2024) 15:7498 7

www.nature.com/naturecommunications


scales are equally important and should not be discounted in the
ongoing effort to build larger additively manufactured structures.
Future studies can focus on engineering the interfacial properties
using two-component extrusion through specific interfacial chemistry.
This approach can also allow for the experimental engineering of
interfacial properties relative to filament properties, in a gradient
fashion, enabling the tailoring of local interfacial characteristics to
enhance global properties. Recently developed frameworks have
shown great utility in examining broader material, interfacial, and
geometric domains, such as coupled phase-field and cohesive zone
modeling frameworks.65 A numerical approach to these investigations
can enhance the experimental method to advance our understanding
of engineering the fracture response in brittle and quasi-brittle layered
or architected materials.

Methods
Algorithms for architecture-specific toolpath generation
A conventional toolpath algorithm slices a user-defined geometry at
uniform increments to form elevation contours that are then auto-
matically filled with a generic infill pattern. Architecture-specific tool-
paths work in reverse, by beginning with a purposeful arrangement of
extruded filaments to accurately emulate a desired architecture. The
desired arrangement forms a base architected unit (e.g., a line, poly-
line, curve, or series of points),which alongwith the user-defined input
geometry, the filament dimensions, and the printing speed, are
necessary input parameters for the Grasshopper toolpath algorithm
developed here (Supplementary Fig. 5a). The base architected unit
(Supplementary Fig. 5b) is defined here as a continuous polyline. It is
then arrayed in the desired fashion (e.g., helically) in all cartesian
directions to generate an infill volume (Supplementary Fig. 5c). The
user-defined input geometry, represented as a surface, mesh, or
boundary representation (BRep) is then used to split and cull the
extraneous arrayed volume (Supplementary Fig. 5d). Endpoints from
the remaining polylines are extracted and sorted in series. As with the
conventional slicing algorithm, the start and end of the polyline are
fitted with an entry and exit point from which the end-effector will
begin and end the toolpath (Supplementary Fig. 5e). The final polyline
is again discretized into points of which the cartesian coordinates
(Supplementary Fig. 5f–i) are used to define the Targets of the Move
instructions in RAPID code. Additional detail about architecture-
specific approach to toolpath generation can be found in Supple-
mentary Note 5 and Supplementary Fig. 5 in contrast to conventional
toolpath generation (Supplementary Note 6 and Supplemen-
tary Fig. 6).

Fabrication of architected concrete
The architecture-specific toolpath algorithm was used to design con-
crete specimens with both bouligand and double-bouligand archi-
tectures (Supplementary Fig. 7a, Supplementary Videos 1–4). The
specimens haddimensions of 130 × 200× 700mmand a pitch angle of
γ = 10° for both bouligand and double-bouligand architectures (Sup-
plementary Fig. 7b). The pitch angle was chosen based on the pre-
liminary results on optimal angles found for similar tests on smaller
240 × 60× 60mm concrete specimens using a smaller robot arm. The
specimens were fabricated with the 2-K process (Supplementary
Fig. 7c). The fabricated samples (Supplementary Fig. 7d) were notched
for the single-edge notch bend test and otherwise remained unnot-
ched for the three-point bend test. For both bio-inspired cases, the
filaments in the bottommost layer were oriented perpendicular to the
x-axis (Supplementary Fig. 7b, d). Two additional lamellar archi-
tectures, denoted as Parallel ( ׀׀ ) and Perpendicular (⊥) relative to the
specimen length along the x-axis, were fabricated to characterize the
fracture toughness of the filament and interface, respectively. The
extruded concrete filaments were approximately 27mm wide and
13mm tall. Conventionally cast specimens of equal dimensions were

fabricated to serve as a reference case. The beams were then covered
with plastic and maintained an average relative humidity of 81 ± 5% for
7 days of curing until tested.

Material composition and processing parameters
The concrete mixture was comprised of 869.9 kg/m3 of fine aggre-
gates, 588.8 kg/m3 of CEM I 52.5 R cement, 231.5 kg/m3 of water, and
11.5 kg/m3 of BASF MasterRoc SA 167 alkali free set accelerator. The
concrete was extruded at a rate of 2.0 L/min and dosedwith accelerant
at a rate of 0.012 L/min. Thus, a water-to-cement ratio of 0.39, a fine
aggregate-to-cement ratio of 1.47, and an accelerant dosage of 0.02%
per mass of cement were used. The fine aggregate particle size dis-
tribution followed the upper bound of ASTM C33 limits with a max-
imum particle size of 4mm and the smallest particle size of 0.2mm.
The nozzle speed was maintained at 60mm/s ± 5mm/s during the 2-K
fabrication process. The concrete pressure inside the nozzle mixing
chamber ranged from 50± 10 kPa and the temperature exiting the
nozzle ranged from 35 °C ± 1 °C. These parameters were held constant
during the fabrication of each specimen to maintain material con-
sistency in each and across fabrication sessions. Each session com-
prising the fabrication of 8 architected elements took approximately
90minutes, leading to a production rate of roughly 0.012m³/hour
(Supplementary Note 2).

Characterization of mechanical and fracture properties and
statistical analysis
Load-displacement plots of unnotched and notched specimens using a
mechanical testing unit are demonstrated in Fig. 3a, c, respectively. The
instantaneous load and displacement were measured at a frequency of
10Hz. Various mechanical properties were calculated based on the
measured load and crosshead displacement, including the modulus of
rupture (MOR), fracture toughness KJc, and the work-of-fracture
(WOF), as illustrated in Fig. 3b, e, f, respectively. The notch tip in the
notched specimen was positioned in the filaments in the bottommost
layer (which is oriented perpendicular to the x-axis as shown in Sup-
plementary Fig. 7b, d) for both the lamellar and the two bio-inspired
cases (Supplementary Note 7). For all measurements of mechanical
properties, the plotted error bars represent the standard deviation in
the specimen data. The statistical significance of the sample was cal-
culated based on two-tailed t-tests, by first testing the statistical simi-
larity of variance using an f-test and then testing the statistical
significance between the sample means. A significance level of 0.05 for
the computed p-values was used to determine the significant differ-
ences in the results. Six samples for double-bouligand, six samples of
bouligand, four samples of cast, and two samples of perpendicular and
parallel cases were tested for the calculation of fracture toughness (R-
curve, WOF, KJc). Four samples for double-bouligand, four samples of
bouligand, four samples of cast, and two samples of perpendicular and
parallel cases were tested for the calculation ofMOR. The calculation of
the modulus of rupture, fracture toughness, and work-of-fracture are
further discussed in Supplementary Note 8.

Characterization of material’s fresh and hardened properties
All early-age andmature properties are summarized in Supplementary
Note 9. Early-age properties of the concrete mixture upon extrusion
are reported in Supplementary Fig. 8. Isothermal calorimetry was used
to characterize hydration and the use of accelerant. Cone penetration
tests were conducted to evaluate rheological property (yield stress).
Fresh density immediately after extrusion was also measured. Mature
properties of the same concrete mixture (i.e., cast in molds using the
same extrusion process) were also reported in Supplementary Fig. 8
including 7-day compressive strength, 7-day Young’s Modulus (tested
at a rate of 0.6mm/min following ASTMC39 standards), and hardened
density. Additional details on each experiment can be found in Sup-
plementary Note 9.
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Data availability
Source data are provided with this paper. Relevant raw data is also
provided with this paper. The data generated in this study has been
deposited in Data Commons (https://doi.org/10.34770/7d7m-db31)
including raw and processed data.

References
1. Wegst, U. G. K., Bai, H., Saiz, E., Tomsia, A. P. & Ritchie, R. O.

Bioinspired structural materials. Nat. Mater. 14, 23–36 (2015).
2. Launey,M. E.&Ritchie, R.O.On the fracture toughnessof advanced

materials. Adv. Mater. 21, 2103–2110 (2009).
3. Ritchie, R. O. The conflicts between strength and toughness. Nat.

Mater. 10, 817–822 (2011).
4. Barthelat, F., Yin, Z. & Buehler, M. J. Structure and mechanics of

interfaces in biological materials. Nat. Rev. Mater. 1, (2016).
5. Chen, P. Y., McKittrick, J. & Meyers, M. A. Biological materials:

functional adaptations andbioinspireddesigns.Prog.Mater. Sci.57,
1492–1704 (2012).

6. Naleway, S. E., Porter,M.M.,McKittrick, J. &Meyers,M. A. Structural
design elements in biological materials: application to bioinspira-
tion. Adv. Mater. 27, 5455–5476 (2015).

7. Meyers, M. A., Mckittrick, J. & Chen, P. Y. Structural biological
materials: critical mechanics-materials connections. Science.
339, (2013).

8. Shin, Y. A. et al. Nanotwin-governed toughening mechanism in
hierarchically structured biological materials. Nat. Commun.
7, (2016).

9. Wang,W. et al. Damage-tolerantmaterial designmotif derived from
asymmetrical rotation. Nat. Commun. 13, 1–9 (2022).

10. Hamza, S., Slimane, N., Azari, Z. & Pluvinage, G. Structural and
mechanical properties of the coral and nacre and the potentiality of
their use as bone substitutes. Appl Surf. Sci. 264, 485–491 (2013).

11. Weaver, J. C. et al. The stomatopod dactyl club: a formidable
damage-tolerant biological hammer. Science. 336,
1275–1280 (2012).

12. Verstrynge, E., et al, Experimental Study of Failure Mechanisms in
Brittle Construction Materials by Means of X-Ray Microfocus Com-
puted Tomography, in: 9th International Conference on Fracture
Mechanics of Concrete and Concrete Structures, International
Association for Fracture Mechanics of Concrete and Concrete
Structures, 2016.

13. Cotterell, B., Mai, Y.W. Fracture Mechanics of Cementitious Mate-
rials, Chapman & Hall, Glasgow, 1996.

14. Soltan, D. G. & Li, V. C. Nacre-inspired composite design approa-
ches for large-scale cementitious members and structures. Cem.
Concr. Compos. 88, 172–186 (2018).

15. Moini, M., Olek, J., Youngblood, J. P., Magee, B. & Zavattieri, P. D.
Additivemanufacturing and performance of architectured cement-
based materials. Adv. Mater. 30, 1–11 (2018).

16. M. Moini, Buildability and Mechanical Performance of Architected
Cement-BasedMaterials Using a Direct-Ink-Writing Process, Purdue
University, 2020.

17. Pham, L., Lu, G. & Tran, P. Influences of printing pattern on
mechanical performance of three-dimensional-printed fiber-
reinforced concrete. 3D Print. Addit. Manuf. 9, 46–63 (2022).

18. Wangler, T., Roussel, N., Bos, F. P., Salet, T. A. M. & Flatt, R. J. Digital
concrete: a review. Cem. Concr. Res. 123, (2019).

19. Wangler, T. et al. Digital concrete: opportunities and challenges.
RILEM Tech. Lett. 1, 67 (2016).

20. Menna, C. et al. Opportunities and challenges for structural engi-
neering of digitally fabricated concrete. Cem. Concr. Res. 133,
106079 (2020).

21. Flatt, R. J. &Wangler, T. On sustainability anddigital fabricationwith
concrete. Cem. Concr. Res. 158, 106837 (2022).

22. Zhang, K. et al. Aerial additive manufacturing with multiple auton-
omous robots. Nature. 609, 709–717 (2022).

23. du Plessis, A. et al. Biomimicry for 3D concrete printing: a review
and perspective. Addit. Manuf. 38, 101823 (2021).

24. Breseghello, L. & Naboni, R. Toolpath-based design for 3D concrete
printing of carbon-efficient architectural structures. Addit. Manuf.
56, (2022).

25. Nguyen-Van, V., Panda, B., Zhang, G., Nguyen-Xuan, H. & Tran, P.
Digital design computing and modelling for 3-D concrete printing.
Autom. Constr. 123, 103529 (2021).

26. Nguyen-Van, V. et al. Modelling of 3D-printed bio-inspired Bouli-
gand cementitious structures reinforced with steel fibres. Eng.
Struct. 274, (2023).

27. Pham, L., Tran, P. & Sanjayan, J. Steel fibres reinforced 3D printed
concrete: Influence of fibre sizes on mechanical performance.
Constr. Build Mater. 250, (2020).

28. Liu, J., Li, S., Fox, K. & Tran, P. 3D concrete printing of bioinspired
Bouligand structure: a studyon impact resistance.Addit.Manuf.50,
102544 (2022).

29. Ma, S. et al. Preparation and mechanical performance of SiCw/
geopolymer composites through direct ink writing. J. Am. Ceram.
Soc. 105, 3555–3567 (2022).

30. Suksangpanya,N., Yaraghi, N. A., Kisailus, D. &Zavattieri, P. Twisting
cracks in Bouligand structures. J. Mech. Behav. Biomed. Mater. 76,
38–57 (2017).

31. Muthukrishnan, S., Ramakrishnan, S. &Sanjayan, J. Technologies for
improving buildability in 3D concrete printing. Cem. Concr. Com-
pos. 122, (2021).

32. Nguyen-Van, V., Li, S., Liu, J., Nguyen, K. & Tran, P. Modelling of 3D
concrete printing process: a perspective onmaterial and structural
simulations. Addit. Manuf. 61, 103333 (2023).

33. Anton, A. et al, Concrete Choreography: Prefabrication of 3D-
Printed Columns ETH Library, ETH Zürich Research Collection
0–4 (2020).

34. Carneau, P., Mesnil, R., Roussel, N. & Baverel, O. Additive manu-
facturing of cantilever - From masonry to concrete 3D printing.
Autom. Constr. 116, 103184 (2020).

35. Weng, Y. et al. Extracting BIM information for lattice toolpath
planning in digital concrete printingwith developeddynamo script:
a case study. J. Comput. Civ. Eng. 35, (2021).

36. Li, V. C. &Wu, H. C. Conditions for pseudo strain-hardening in fiber
reinforced brittle matrix composites. Appl. Mech. Rev 45, (1992).

37. Yu, K., McGee, W., Ng, T. Y., Zhu, H. & Li, V. C. 3D-printable engi-
neered cementitious composites (3DP-ECC): fresh and hardened
properties. Cem. Concr. Res. 143, (2021).

38. Stutzman, P. Scanning electron microscopy imaging of hydraulic
cementmicrostructure.Cem.Concr. Compos. 26, 957–966 (2004).

39. Das, A., Sanchez, A.M.A., Wangler, T., Flatt, R.J. Freeze-Thaw Per-
formance of 3D Printed Concrete: Influence of Interfaces, in: RILEM
Bookseries, Springer Science and Business Media B.V., 2022: pp.
200–205.

40. Geng, Z. et al. Layer-interface properties in 3D printed concrete:
dual hierarchical structure and micromechanical characterization.
Cem. Concr. Res. 138, 106220 (2020).

41. Taleb, M. et al, Multi-scale mechanical characterization of the
interface in 3D printed concrete. Mater. Struct. 56, (2023).

42. Xiao, J., Chen, Z., Ding, T. & Zou, S. Bendingbehaviour of steel cable
reinforced3Dprinted concrete in thedirection perpendicular to the
interfaces. Cem. Concr. Compos. 125, (2022).

43. Quan, H., Yang,W., Schaible, E., Ritchie, R. O. &Meyers, M. A. Novel
defensemechanisms in the armor of the scales of the “Living Fossil”
Coelacanth fish. Adv. Funct. Mater. 28, (2018).

44. Sherman, V. R., Quan, H., Yang, W., Ritchie, R. O. & Meyers, M. A. A
comparative study of piscine defense: The scales of Arapaima

Article https://doi.org/10.1038/s41467-024-51640-y

Nature Communications |         (2024) 15:7498 9

https://doi.org/10.34770/7d7m-db31
www.nature.com/naturecommunications


gigas, Latimeria chalumnae and Atractosteus spatula. J. Mech.
Behav. Biomed. Mater. 73, 104316 (2017).

45. Bos, F. P. et al. The realities of additively manufactured concrete
structures in practice. Cem. Concr. Res. 156, (2022).

46. Yaraghi, N. A. et al. A sinusoidally architected helicoidal bio-
composite. Adv. Mater. 28, 6835–6844 (2016).

47. Ma, G. et al. Technology readiness: a global snapshot of 3D con-
crete printing and the frontiers for development. Cem. Concr. Res.
156, 106774 (2022).

48. Salet, T. A. M., Ahmed, Z. Y., Bos, F. P. & Laagland, H. L. M. Design of
a 3D printed concrete bridge by testing. Virtual Phys. Prototyp. 13,
222–236 (2018).

49. Bi, M. et al. Continuous contour-zigzag hybrid toolpath for
large format additive manufacturing. Addit. Manuf. 55,
102822 (2022).

50. Tao, Y. et al. Mechanical and microstructural properties of 3D
printable concrete in the context of the twin-pipe pumping strat-
egy. Cem. Concr. Compos. 125, (2022).

51. Gosselin, C. et al. Large-scale 3D printing of ultra-high performance
concrete – a new processing route for architects and builders.
Mater. Des. 100, 102–109 (2016).

52. Boscaro, F. et al. Eco-Friendly, Set-on-Demand Digital Concrete. 3D
Print. Addit. Manuf. 9, 3–11 (2022).

53. Reiter, L., Wangler, T., Anton, A. & Flatt, R. J. Setting on demand for
digital concrete – principles, measurements, chemistry, validation.
Cem. Concr. Res. 132, 106047 (2020).

54. Craveiro, F., Nazarian, S., Bartolo, H., Bartolo, P. J. & Pinto Duarte, J.
An automated system for 3D printing functionally graded concrete-
based materials. Addit. Manuf. 33, 101146 (2020).

55. Lange, D. A., Jennings, H. M. & Shah, S. P. Relationship between
fracture surface roughness and fracture behavior of cement paste
and mortar. J. Am. Ceram. Soc. 76, 589–597 (1993).

56. Ritchie, R. O. Mechanisms of fatigue crack propagation in metals,
ceramics and composites: role of crack tip shielding. Mater. Sci.
Eng., A 103, 15–28 (1988).

57. Bazant, Z. P. & Pfeiffer, P. A. Shear fracture tests of concrete.Mater.
Struct. 19, 111–121 (1986).

58. Foote, R. M. L., Mai, Y.-W. & Cotterell, B. Crack growth resistance
curves in strain-softening materials. J. Mech. Phys. Solids 34,
593–607 (1986).

59. Zaheri, A. et al. Revealing the mechanics of helicoidal composites
through additive manufacturing and beetle developmental stage
analysis. Adv. Funct. Mater. 28, (2018).

60. Moini,M.,Olek, J.,Magee, B., Zavattieri, P. &Youngblood, J. Additive
manufacturing andcharacterization of architecturedcement-based
materials via X-ray micro-computed tomography, in: RILEM Book-
series, Springer Netherlands, 2019: pp. 176–189.

61. Gupta, S. et al. Fracture and transport analysis of heterogeneous
3D-Printed lamellar cementitious materials. Cem. Concr. Compos,
140, (2023).

62. Moini, R. et al. Quantitative microstructural investigation of 3D-
printed and cast cement pastes using micro-computed tomo-
graphy and image analysis. Cem. Concr. Res. 147, (2021).

63. FernandezRuiz,M.,Mirzaei, Y. &Muttoni, A. Post-punchingbehavior
of flat slabs. ACI Struct. J. 110, 801–812 (2013).

64. Li, V. C. Engineered Cementitious Composites (ECC): Bendable
Concrete for Sustainable and Resilient Infrastructure.
(Springer, 2019).

65. Najmeddine, A., Gupta, S. & Moini, R. Coupled large deformation
phase-field andcohesive zonemodel for crack propagation in hard-
soft multi-materials, Available from https://ssrn.com/abstract=
4783033 (2024).

66. Gao, X. et al. High-entropy alloys: a reviewofmechanical properties
and deformation mechanisms at cryogenic temperatures. J. Mater.
Sci. 57, 6573–6606 (2022).

67. Liu, D. et al. Exceptional fracture toughness of CrCoNi-based
medium-and high-entropy alloys at 20 kelvin. Science. 378,
978–983 (1979).

68. Nouri, A., Shirvan, A. R., Li, Y. & Wen, C. Biodegradable metallic
suture anchors: A review. Smart Mater. Manuf. 1, 100005 (2023).

69. Higgins, D. D. & Bailey, J. E. Fracture measurements on cement
paste. J. Mater. Sci. 11, 1995–2003 (1976).

70. Karakouzian,M. et al. Mechanical characteristics of cement paste in
the presence of carbon nanotubes and silica oxide nanoparticles:
An experimental study. Materials. 14, 1347 (2021).

71. Gjørv, O. E., Sørensen, S. I. & Arnesen, A. Notch sensitivity and
fracture toughness of concrete. Cem. Concr. Res. 7,
333–344 (1977).

72. Safiuddin, M., Abdel-Sayed, G. & Hearn, N. Flexural and impact
behaviors of mortar composite including carbon fibers. Materials.
15, 1657 (2022).

73. Ward, R. J. & Li, V. C. Dependence of flexural behaviour of fibre
reinforced mortar on material fracture resistance and beam size.
Constr. Build Mater. 5, 151–161 (1991).

Acknowledgements
The authors would like to thank the Civil, Mechanical, Manufacturing
Innovation (CMMI) Division of the National Science Foundation (NSF) for
the support of the robotic manufacturing aspects of this research
through the Advanced Manufacturing Program (No. 2217985) and the
partial support of the bio-inspired aspects through Engineering for Civil
Infrastructure Program (No. 2129566, Collaborative). The authors would
like to thank Dr. Aimane Najmeddine, Mahsa Rabiei, Dana Daneshvar,
and Dr. Lara Tomholt for participating in the robotic experiments in the
revision or the collective discussion of the findings.

Author contributions
H.S. and R.M. identified and conceptualized the idea, formalized the
research questions, R.M. and H.S. designed the experiments and led the
robotic additive manufacturing experiments, A.P. designed the robotic
manufacturing toolpath in Grasshopper, S.G. led the extrusion, sensing,
monitoring, and tuning processing parameters during robotic manu-
facturing, and conducted the image and data analysis, A.P., S.G., H.S.,
and R.M. participated in the fabrication and mechanics experiments,
A.P., S.G., andR.M. prepared the initialmanuscript, S.G. andR.M. carried
out the revisions and additional mechanics experiments and edited the
manuscript. All authors contributed to the discussions.

Competing interests
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-51640-y.

Correspondence and requests for materials should be addressed to
Reza Moini.

Peer review information Nature Communications thanks Freek Bos,
Harald Kloft and Eleni Tsangouri for their contribution to the peer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-024-51640-y

Nature Communications |         (2024) 15:7498 10

https://ssrn.com/abstract=4783033
https://ssrn.com/abstract=4783033
https://doi.org/10.1038/s41467-024-51640-y
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-51640-y

Nature Communications |         (2024) 15:7498 11

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Tough double-bouligand architected concrete enabled by robotic additive manufacturing
	Results and discussion
	Fracture response
	Analysis of fractured plane
	Theoretical analysis of critical energy release rate
	Role of the weak interface and toughening mechanisms

	Methods
	Algorithms for architecture-specific toolpath generation
	Fabrication of architected concrete
	Material composition and processing parameters
	Characterization of mechanical and fracture properties and statistical analysis
	Characterization of material’s fresh and hardened properties

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




