
Materials and Design 168 (2019) 107650

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Learning from nature: Use material architecture to break the
performance tradeoffs
Zian Jia a, Yang Yu a,b, Lifeng Wang a,⁎
a Department of Mechanical Engineering, State University of New York at Stony Brook, Stony Brook, NY 11794, USA
b Department of Mechanics, School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• “Strong and tough”, “strong and compli-
ant”, “stiff and dissipative”, and “flexible
and responsive” architected materials
are designed, breaking the performance
tradeoffs in bulk materials.

• The dynamic performances of five
bioinspired microstructures are com-
pared.

• Quantitative material indices are pro-
posed to characterize the material’s
overall performance.

• Combining hierarchical designs with
hybrid designs results in better impact
resistance.
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In material science, the enhancement of a specific material performance is often accompanied by undermining
another material property, notoriously known as the performance tradeoffs, such as that between strength and
toughness, stiffness and energy dissipation, and flexibility and fast response. Free combinations of material prop-
erties that go beyond these performance tradeoffs are highly desirable in areas as diverse as civil engineering, soft
robotics, armor designs, and reconfigurable metamaterials. Learning from nature, we 3D print architectedmate-
rialswith bio-inspiredmicrostructures that successfully surpass the aboveperformance tradeoffs. The integration
ofmicrostructural elements onmultiple length scales (hierarchical designs) and on one specific length scale (hy-
brid designs) are further discussed and compared. Through experimental and theoretical analysis, we reveal that
the performance enhancements stem from the material architecture's significant manipulation over the defor-
mation field, crack location, and crack pattern. This study on the relationship between material microstructure
andmaterial performancewill aid architectedmaterial designwith ideal combinations ofmechanical properties.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

From artificial tissues [1], soft robotics [2], and wearable electronics
[3] to armors [4], spacecrafts [5], and constructions [6], many systems
require materials with certain property combinations of stiffness/
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flexibility, strength, toughness, energy dissipation, and fast response.
While somematerial properties, like stiffness and strength, can be read-
ily improved together, many other properties (such as strength and
toughness [7], flexibility and strength [8], stiffness and energy dissipa-
tion [9–11], and flexibility and fast response [12]) are mutually exclu-
sive. This is known as the material performance tradeoffs, which limits
the creation of novel materials with desirable performance profiles
and stays as a major obstacle for filling the “holes” in the material prop-
erty space [13].

In the efforts of pushing the material properties beyond the perfor-
mance tradeoffs, twomain strategies have been adopted. The traditional
approach creates monolithic bulk materials by modifying the atomic or
molecular compositions at the sub-nanometer scale largely depends on
trials and errors and thus inefficient [13]. Recently, the architected ma-
terial approach – control of the material microstructure – has attracted
increasing attention [14–17], facilitated by novel material fabrication
technologies like self-assembly [18–21] and 3D printing [22–27]. Learn-
ing from nature, architected materials have been successfully adopted
to break the tradeoff between strength and toughness [7,28]. For exam-
ple, strong andductilemetals are generated by alternatively distributing
coarse grain layers and ultrafine grain layers at the micrometer scale
[29], similar to the layered structure in sea sponges [30]. Tough ceramics
are designed by staggering ceramic plates in a “brick andmortar” archi-
tecture [31–33] mimicking nacre [34,35]. While the tradeoffs between
strength and toughness are well understood, other tradeoffs between
compliance and strength, stiffness and dissipation, and flexibility and
response rate remain largely unexplored [9–11]. On the other hand, re-
cent progress in flexible armors, deployable devices, and soft robotics,
have posed new requirements on properties like dissipation, flexibility,
and response rate under dynamic loading conditions [36,37]. Thereby,
aside from breaking the performance tradeoffs between two properties,
we also aim to produce architectedmaterialswith balanced (or simulta-
neous enhanced) multiple dynamic properties, as depicted in Fig. 1.

Biomaterials provide great inspirations for designing architected
materials [33,38,39]. Their design strategy has been revealed as building
intricate architectures from relatively simple structural elements
[40–42]. Using 3D printing, various bioinspired microstructural ele-
ments have been reproduced and studied, including nacre inspired
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Fig. 1. The material performance tradeoffs. (a) Material properties that are typically exclusive. (
(i) staggered plate microstructure [31,32], (ii) alternating coarse grain and fine grain microstru
robotics, wearable devices, and reconfigurable metamaterials present new requirements on m
sipation, and fast response.
staggered structure [43–46], sea shell inspired cross-lamellar structure
[47], bone osteon inspired cylindrical network structure [48,49], and
stomatopod inspired rotating plywood structure [50,51]. A systematic
comparison between different microstructures is not yet available.
Moreover, most previous studies report the properties under static
loading conditions [1,22,44,52].

Furthermore, different structural elements are assembled into hier-
archical structures and/or gradient structures to obtain better material
performances. The first strategy is hierarchy, which replaces micro-
structure with higher order sub-microstructures spanning multiple
length scales [52]. Examples include bones [53–55], sea sponges [30],
and collagen fibers [56]. The material gradient strategy, by contrast, in-
tegrates differentmicrostructures at one specific length scale. This strat-
egy is ubiquitous in biological protection systems like brains [57],
abalone shells [34], fish scales [34,58], and stomatopod clubs [59]. Com-
pared to the broad interest in 3D printing hierarchical materials
[52,60–65], 3D printing hybrid materials have attracted less attention
[66–68].

In this study, the dynamic performance of layered, brick andmortar,
concentric hexagon, cross-lamellar, and rotating plywood microstruc-
tures are first compared. How these microstructures overcome the per-
formance tradeoffs are discussed. Furthermore, more intricate
architectures are produced by integrating these microstructural ele-
ments. The hierarchical design, hybrid design, and the combination of
hierarchy and hybrid design are investigated. The resultant material
property space is visualized in Ashby plots, highlighting the role of ma-
terial architecture in breaking the performance tradeoffs.

2. Methods

2.1. Microstructure design

The basis structural elements studied here are the layered, brick and
mortar, concentric hexagon, cross-lamellar, and rotating plywood mi-
crostructures, mimicking that of sea sponge, nacre, bone osteon, conch
shell, and stomatopod dactyl club, respectively. The geometries are pre-
sented in Fig. 2, and themodelingdetails are provided in Supplementary
Material. Although not all-inclusive, these microstructures represent
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the constituent structural elements in biomaterials. For example, the hi-
erarchical architecture of bone is an assembly of these microstructures
at different length scales (Fig. S2, Supplementary Material). Using
these basis elements, the architected beams are then constructed
1) using one specific bioinspiredmicrostructural element, 2) integrating
several microstructural elements over multiple length scales (the hier-
archical design), and 3) integrating microstructural elements at a spe-
cific length scale (the hybrid design). The soft phase volume fraction
of all microstructures is controlled to be 0.25 (consistent with [47],
representing a relative high mineralization level), except that of the
bone osteon inspired structure is 0.50 (representing a moderate level
of mineralization [48,70,71]). Note that the geometric parameters of
the brick and mortar microstructure are designed such that
microcracking take place under impact. Specifically, the concentricmul-
tilayer structure is an important feature of bones osteons, which can
also be found in biomaterials like tree annual rings, sea sponges, and
bamboos. Focusing on the concentrically layered feature, we propose
concentric hexagonal units to occupy thewhole plane. For readers inter-
ested in the circular shape design of bone osteon, reference [49] can be
referred to. The geometric parameters of the concentric hexagonal mi-
crostructure are calculated such that crack deflection around the hexa-
gons takes place [72]. All geometric sizes are provided in Table S1,
Supplementary Material.

2.2. Dynamic three-point bending tests

The specimens used in the dynamic tests are 18×88×8mm3 beams
printed using a commercial Objet Connex260 3D printer (Stratasys Cor-
poration). The printer prints multi-material simultaneously and has a
print precision of 30 μm in the layer direction and 43 μm (600DPI) in
the other two directions. The two base materials are a soft rubbery ma-
terial (Tango Plus) and a hard-glassy polymer (VeroWhite, flexural
strain of failure ≈0.03 at an impact velocity of 4 m/s). The dynamic
tests are performed using a modified split Hopkinson pressure bar
(SHPB) systemwith impact velocity in the range of 2–12m/s. In this ve-
locity range, the glassy polymer breaks catastrophically with ignorable
plastic deformations while the rubbery polymer stays flexible, similar
to the mechanical performances of bio-minerals and biopolymers. The
bending span is 72mm (span to depth ratio= 4, ensuring small end ef-
fect in themiddle) and the impactor mass is 335.26 g. The impact dura-
tion is recorded by a high-speed videoing system (Photron SA1.1) with
15,000 frames per second, from which the displacement and velocity
history of the impactor are obtained. The strain fields are calculated by
digital image correlation (DIC) using the commercial software VIC-2D
(Correlated Solution Inc.).

2.3. Dynamic performance characterization

The flexural stiffness, energy dissipation, and response time are cal-
culated at a relatively small incident velocity (3 m/s) before damage
takes place. The energy dissipation ratio is estimated as the fraction of
kinetic energy loss after impact, 1 − (Vres/Vini)2, where Vini and Vres are
the initial and residual velocity of the impactor. Note the energy dissipa-
tion ratio is proportional to the loss tangent typically used for viscoelas-
tic characterization (Supplementary Material Section 4). The response
time (τ) is evaluated as the time required for the beam to push the im-
pactor back at certain incident energy. The shorter the response time,
the faster the response. Therefore, the response rate is proportional to
1/τ.

The critical values related to failure, i.e., critical velocity, critical
strength, and critical energy, are obtained by gradually increasing the
impact velocities until the breakage of the specimen (Fig. 3a). The criti-
cal energy absorption (Eab=mVini

2/2−mVres
2/2,m is themass of the im-

pactor) and the critical failure force are used as indicators for the
toughness and strength. A schematic of how these parameters are ob-
tained is shown in Fig. S3, Supplementary Material.

3. Results and discussion

3.1. Comparison between different structural elements

The dynamic performance of themicrostructural elements is charac-
terized first. Fig. 3b–e plot, respectively, the dissipation ratio, response
time, critical velocity, and critical failure energy of different structural
elements. Compared to the constituents, moderate performance im-
provements and distinct performance profiles are observed. For in-
stance, the layered microstructure shows the highest dissipation and
the highest critical energy, but relatively long response time and low
stiffness. The strain field obtained by digital image correlation (DIC) re-
veals that its high flexibility and energy absorption originates from ex-
tensive shear deformations (Fig. S8). Theoretical analysis
(Supplementary Material, Section S4) confirms the competition be-
tween tensile deformation and shear deformation in architected mate-
rials, which shows that shear dominant deformations typically lead to
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higher dissipation. The analysis also reveals that response time is pro-
portional to 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffið1−ηÞp
. Thereby, a dissipation ratio (η) close to 1

leads to a long response time, which explains the slow response of the
layered specimen. Moreover, the layered specimens with Vsoft = 0.25
and Vsoft = 0.5 show similar performances, suggesting that the micro-
structure plays a dominant role.

Compared to the layered microstructure, the rotating plywood and
cross-lamellar microstructure are stiffer and more responsive. The crit-
ical failure energy of the cross-lamellar structure improves 50% com-
pared to the hard phase, consistent with previous drop tower results
(85%) [47]. Unexpectedly, the 3D printed rotating plywood specimens
show no improvement in critical failure energy (Fig. 3e), different
from the results reported in stomatopod dactyl clubs [59]. The explana-
tion is as follows. In the stomatopod, the rotating plywood structure is
located in the middle layer of the club working synergistically with its
curvy shape. Thus, the rotating plywood region is largely in compres-
sion and serves the function of arresting cracks rather than preventing
crack initiation. Based on such observation, we assume that the rotating
plywood structure is a good crack propagation arrester, but a poor crack
initiation stopper. To verify this, we performed an additional compact
tension (CT) fracture test of the rotating plywood microstructure
(Fig. 4). The crack resistance curve (R curve) is calculated referring to
the ASTM standard E1820. Interestingly, a “J” shaped R curve is ob-
tained, presenting a relatively low fracture resistance at crack initiation
(2.5 KJ/m2). But the energy required to extend the crack increases
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Fig. 4. CT fracture test of the rotating plywood microstructure. (a) Experimentally
measured force vs displacement curve. (b) The “J” shaped crack resistance curve.
rapidly, which reaches 15 KJ/m2 at a crack length of 12 mm. Such a “J”
shaped R curvemakes the rotating plywood structure a perfect crack ar-
rester. However, the low crack initiation toughness makes it prone to
crack initiation and premature cracking, which is observed in our dy-
namic three-point bending tests (Fig. S8). Nevertheless, the crack ar-
resting ability together with merits like high stiffness and low
dissipation makes it preferable in biomaterials such as teeth, teleost
scales, beetle cuticle, and the center layer of stomatopod dactyl club
[59,73–75]. In biomaterials, the arrested microcracks help to avoid cat-
astrophic damage, which can be self-healed at favorable environment
conditions [76].

The concentric hexagonal structure and the brick and mortar
structure show a better-balanced performance, having no significant
shortcomings. As a result, they are relatively robust microstructures,
which rationalize their ubiquity in nature. More specifically, the
bone osteon inspired (or nacre inspired) structure is 140% (165%)
more dissipative, 270% (116%) more flexible, and 200% (319%)
tougher than the hard phase. Compared to the soft phase, the bone
osteon inspired (or nacre inspired) structure is 15 (20) time stiffer,
10 (10) times stronger, 2.5 (3.3) times tougher, and response 1000
(1000) times faster, with less than 20% (11%) reduction in the energy
dissipation. Further strain field observations reveal that both struc-
tures possess highly localized strains and distributed microcracking
(Fig. S9, more information in [77]). The results indicate that the abil-
ity to accommodate deformations into the soft phase at high strain
levels without catastrophic damage is important for balanced perfor-
mances. The underlying physics of the balanced dynamic perfor-
mance can be understood as following: 1) the localized strain
magnifies deformation in the soft phase, which contributes to higher
dissipation, 2) the localized strain lead to higher stress levels, which
contributes to higher strength and faster response, and 3) the
delocalized microcracks prevent catastrophic damage and facilitate
a larger fracture process zone, which contributes to better tough-
ness. Such mechanisms are extensions to the statement that an en-
ergy dissipation mechanism with locally high stress is crucial for
overcoming the conflict between strength and toughness [7].

3.2. Radar plot visualization and overall performance evaluation

To give a better visualization of various material properties,
Fig. 5a plots the performance profiles in a radar plot similar to previ-
ous studies [48,78,79]. Each material property is normalized by the
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maximum value of the bioinspired structure element. For instance,
the cross-lamellar structure shows the maximum strength (among
all bioinspired structures), its strength is used for normalization. In
addition, because the dissipation ratio is itself dimensionless, it is
plotted directly. The results show that compliant and strong, stiff
and dissipative, strong and dissipative, and flexible and responsive
performances are achieved by the layer, brick and mortar, cross-
lamellar, and concentric hexagonal microstructure, respectively. Im-
portantly, the bone osteon inspired concentric hexagon structure
shows a good performance balance.

In order to further give a quantitative characterization of the
material's overall performance including multiple properties, material
indices similar to that proposed by Ashby [80] is adopted. For instance,
the overall performance can be straightforwardly represented by the
enclosed polygon area in the radar plot. Analogy to this, a comprehen-
sive parameter is proposed by multiplying the normalized flexibility
(1/K), dissipation ratio (η), strength (σf), toughness (Eab), and response
rate (1/τ) as follows

P ¼ η
η0

τ0
τ

σ f

σ f0

K0

K
Eab
Eab0

; ð1Þ

where K is the flexural stiffness and τ is the response time. The subscript
0 denotes thematerial property of the hard phase. The proposed param-
eter P is suitable for applications like soft actuators and wearable elec-
tronics, where flexibility and fast response are of great importance. By
contrast, in structural components and skeleton designs, stiffer,
stronger, tougher, andmore ductile materials are preferred. In such sce-
narios, another performance parameter can be proposed as

P� ¼ K
K0

σ f

σ f0

Eab
Eab0

η
η0

Δmax

Δ max0
ð2Þ

whereΔmax is themaximumdisplacement at failure. The values of P and
P* for different structures are presented in Fig. 5b and c, respectively. Re-
sults show that the layermicrostructure element exhibits the best over-
all performance. The maximum improvement of P and P* reached 405%
and 664%, respectively.

In addition, for given applications,more specificmaterial indices should
be used. For example, in a vibrational beam design for minimum flexural
excitation, the material index can be derived as ηK1/2/ρ [80], with ρ
denoting the effective density. In which case, themicrostructure that max-
imizes ηK1/2/ρ, the cross-lamellar microstructure, should be selected.

3.3. Hierarchical design

So far, we've characterized five bioinspired structural elements and
proposed an approach to select between these elements. The perfor-
mance, however, can be further improved by integrating the basic ele-
ments into more intricate material architectures. To demonstrate the
role of hierarchy, we design a hierarchical microstructure, mimicking
the staggered structure of collagen fibrils [70]. The modeling of the mi-
crostructure is shown in Fig. 6. The volume fraction of the hierarchical
concentric hexagonal design is controlled to be the same as the regular
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concentric hexagonal microstructure (Vsoft =0.5). The dynamic perfor-
mance is then evaluated from three orthogonal directions as depicted in
Fig. 6b. Compared to the regular concentric hexagonal structure, the
proposed hierarchical design shows simultaneously improved failure
force and fracture energy in all impact directions (Fig. 6c). The maxi-
mum improvement reaches 60% in failure force and 100% in fracture en-
ergy. Previous theories have proven that simultaneously improved
strength and toughness are not available in self-similar hierarchies
[56,70,81]. As a supplementary, our results show that proper (necessar-
ily different) microstructures at different hierarchical levels are essen-
tial to achieving simultaneously improved strength and toughness.
Our DIC results further reveal that the enhanced dissipation, strength,
and toughness originates from more extensively distributed
microdamage and an inclined “flexural shear crack” penetrating more
soft phase materials (Fig. S9, Supplementary Material).

3.4. Hybrid design

Although hierarchy improves strength and toughness simulta-
neously, high levels of hierarchy poses significant challenges for
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wider design space without laying too strict constraints on fabrication.
The hybrid design – assembly of microstructures at a specific length
scale, may provide one alternative solution to hierarchy. Fig. 7a shows
a schematic of hybrid designs, usually accompanied by material
gradients.

To this end, we design and investigate gradient hybrid microstruc-
tures. The specimens are simplified to have three layers. Fig. 7a presents
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matopod and abalone shell, where the first hard layer provides stiffness
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a crack arrester, and the third layer uses a microcrackingmechanism to
dissipate as much impact energy as possible. Design 3 and Design 4 are
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because of the size limit incurred by our 3D printer, each layer does not
have enough unit cells in a homogeneous point of view. Nevertheless,
they serve the goal of demonstrating the potential of hybridmicrostruc-
tural design.

Fig. 7b and c present the dynamic performance of the hybrid designs
in comparison with the bioinspired structural elements. The hybrid de-
signs demonstrate impressive performance enhancements. For exam-
ple, Design 1 improves stiffness (85%), strength (32%), and response
rate (53%) significantly compared to the bone osteon microstructure,
while the dissipation and flexibility stay about the same. All the proper-
ties of design 4 are enhanced compared to the layered microstructure.
To quantitatively compare between different architecture design strate-
gies, Fig. 7c plots the overall performance evaluated by P and P*. Results
demonstrate the hybrid designs as a promising replacement for hierar-
chical designs. The overall performance P of hybrid Design 4 is about 3
times of the hierarchical design, and P* is about 2 times of the hierarchi-
cal design.

Aside from the performance improvements, more controls on the
strain field and fracture pattern are achieved with hybrid designs. For
instance, the deformations can be localized into a single layer or a com-
bination of several layers. As a result, the location of crack initiation and
the pattern of crack propagation can be controlled (Fig. 8). Rich and in-
teresting cracking patterns, such as crack initialized by microcracking
(Fig. 8b), crack propagate with crack branching (Fig. 8e), and crack
slowed down by crack blunting (Fig. 8d) are observed. For instance, De-
sign 4 shows an interestingly crack path – the crack initiates from the
center at layer 2, which then penetrates layer 3, and finally propagates
towards layer 1 with crack branching (Fig. 8e). Such a complex cracking
pattern brings a dynamic critical failure energy improvement of 640%, 8
(d) Design 3

(c) Design 2 

(e) Design 4

(b ) Design 1

iii

(a) Hard phase

iii

iii

iii

iii

Catastrophic Fragmen

123

material

Fig. 8. Fracture pattern control enabled by the hybrid architectures. (a) A homogeneous beam
initializes by microcracking in the third layer and propagates towards the first layer. (c) Crack
center. (d) Crack propagates from layer 3 towards layer 1, with significant crack blunting brid
and then branches and propagates towards layer 1. Scale bars: 10 mm.
times larger than the best improvement previously reported in 3D
printed architectedmaterials (85%) [47]. It should be noted that the pre-
vious study uses a different test set up (drop tower), the comparison
here is demonstrated as a qualitative reference. Moreover, compared
to the catastrophic fragmentation of the hard material (Fig. 8a), the hy-
brid designs fail progressively (Fig. 8b–d). The progressive damages are
more controllable which are facilitated for two reasons: first, the im-
proved crack arresting ability of bioinspired microstructures; second,
the kinetic energy is released at the layer interfaces with mismatched
effective modulus [77]. The strain field distributions are shown in
Fig. S10 and more discussions of the toughening mechanisms can be
found in Ref [77].

3.5. Combining hierarchical design with hybrid design

The above results show that hybrid design is a simple yet effective
approach to enhance the material's dynamic performance. Note that
the improvements in the hierarchical design are not as significant as
the hybrid design because the specimens are created with only two
levels of hierarchy. Yet, more significant improvements can be
envisionedwith higher hierarchy levels. On the other hand, in situations
when the maximum hierarchy level is limited by the fabrication tech-
niques, one applicable solution is to combine low order hierarchical de-
sign with the hybrid design. An example is demonstrated in Fig. 9,
where themiddle layer of hybrid design 1 is replacedwith its hierarchi-
cal counterpart proposed in Section 3.3. We found that while the origi-
nal hybrid specimen cannot stop the crack at an impact velocity of
6.30 m/s, the hierarchical hybrid design successfully captures the
crack at an impact velocity of 6.51 m/s (breaks at 6.88 m/s). The
iviii

iviii

iii

iii

iii

t

composed by the hard phase exhibit catastrophic damage and fragmentation. (b) Crack
initialize in layer 3, then initialize in layer 1, both subsequently propagates towards the
ging at layer 2. (e) Crack initialize in the center layer, which propagates towards layer 3,



(a)

(b)

Vini= 6.30 m/s

Vini= 6.51 m/s

Fig. 9. Combining hierarchical designwith hybrid design. (a) The crack penetrates the hybrid beam (with regular concentric hexagonal in themiddle layer) at Vini =6.3 m/s. (b) Crack is
captured by the same hybrid beam design (with a hierarchical concentric hexagonal counterpart in the middle layer) at Vini = 6.51 m/s. Scale bars: 10 mm.
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specimen's critical failure energy improves by more than 20% with only
one unit cell thickness of the concentric hexagonal layer. This improve-
ment arises from the enhanced failure force and fracture energy of the
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hierarchical structure as discussed in Section 3.3. These results suggest
that combining hierarchical design with hybrid design offers one way
of producing materials with better impact resistance.
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3.6. Breaking the performance tradeoffs

To demonstrate the break of performance tradeoffs, the property
space is visualized in Ashby plots in comparisonwith the rule ofmixture
results. Four conflicting requirements are considered here: 1) compliant
and strong, 2) strong and tough, 3) stiff and dissipative, and 4) flexible
and responsive. Fig. 10 shows that compared to the rule of mixture,
proper architecture designs can improve the strength at a specific stiff-
ness/compliance, improve the toughness at a specific strength, tune en-
ergy dissipation at a certain stiffness, and reduce the response time at
certain flexibility. Thereby, the performance tradeoffs are surpassed,
expanding the property space towards that beyond the constituents.
More specifically, architected material that is as compliant as the soft
phase but as strong as the hard phase is achieved (Fig. 10a). Architected
materials that's 5% stronger and 7 times tougher than the hard phase is
also obtained (Fig. 10b). Architected material that approach the high
flexibility of the soft phase and high response rate of the hard phase is
achieved (Fig. 10d). Note that the length scale of our specimens is in
the μm tomm range. Aside from the nanoscale crack tolerance, the rela-
tionship between material structure and material property are largely
scale free [56,70]. Thereby, studying the structure – property relation-
ships at a length scalemore operablewould facilitate the understanding
of material architecture at smaller length scales.

4. Conclusion

In summary, we have designed and fabricated specimens with mi-
crostructures mimicking nature's design motif and demonstrated that
material architecture can be used to break the performance tradeoffs.
The strength and toughness conflict has been largely tackled in previous
studies, here, we further produce architected materials that break the
performance tradeoffs between compliance and strength, stiffness and
dissipation, and fast response and flexibility. Moreover, we show that
ideal dynamic performance profiles with balanced stiffness/flexibility,
strength, toughness, energy dissipation, and fast response are achiev-
able by designingmaterialmicrostructure. Combining the strain field vi-
sualization and theoretical analysis, wefind the underlyingmechanisms
of balanced dynamic performance as follows.

(1) Flexibility and dissipation are promoted by large shear deforma-
tions in the soft phase.

(2) Strength and toughness arise from large local deformations
(achieving a high stress level), cracks stopped at alternating
soft and hard material, and enlarged fracture process zones
(achieving large energy absorption).

(3) Fast response is facilitated by effective stress transfer between
the soft and hard phase, together with a small to moderate en-
ergy dissipation ratio.

Moreover, material indices are proposed as quantitative parameters
in the selection of material architecture. Overall performance parame-
ters are proposed for structural components, as well as for applications
like soft actuators and wearable electronics. Here, we focus on struc-
tures at the desktop scale with 3D printing, the proposed design strate-
gies can be extended to different materials and length scales. Our study
provides new opportunities to produce architectedmaterials with ideal
property combinations,which are of great interest for applications in ar-
mors, aerospace, wearable devices, and soft robotics.
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