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Modeling and additive manufacturing of bio-
inspired composites with tunable fracture
mechanical properties

Leon S. Dimas and Markus J. Buehler*

Flaws, imperfections and cracks are ubiquitous in material systems and are commonly the catalysts of

catastrophic material failure. As stresses and strains tend to concentrate around cracks and imperfections,

structures tend to fail far before large regions of material have ever been subjected to significant loading.

Therefore, a major challenge in material design is to engineer systems that perform on par with pristine

structures despite the presence of imperfections. In this work we integrate knowledge of biological systems

with computational modeling and state of the art additive manufacturing to synthesize advanced composites

with tunable fracture mechanical properties. Supported by extensive mesoscale computer simulations, we

demonstrate the design and manufacturing of composites that exhibit deformation mechanisms

characteristic of pristine systems, featuring flaw-tolerant properties. We analyze the results by directly

comparing strain fields for the synthesized composites, obtained through digital image correlation (DIC), and

the computationally tested composites. Moreover, we plot Ashby diagrams for the range of simulated and

experimental composites. Our findings show good agreement between simulation and experiment,

confirming that the proposed mechanisms have a significant potential for vastly improving the fracture

response of composite materials. We elucidate the role of stiffness ratio variations of composite constituents

as an important feature in determining the composite properties. Moreover, our work validates the predictive

ability of our models, presenting them as useful tools for guiding further material design. This work enables

the tailored design and manufacturing of composites assembled from inferior building blocks, that obtain

optimal combinations of stiffness and toughness.
1. Introduction

Composites are an integral part of today's engineering world
with applications in industries ranging from electrical to aero-
space to automotive engineering. Due to their wide range of
applications, considerable research effort has been devoted to
elucidating the methods by which materials are combined to
create optimal composites.1–5 A signicant portion of the work
has focused on understanding the mechanisms by which
composites can achieve great combinations of toughness and
strength, as synthetic materials oen fail in this regard.6,7 In
this effort, the study of biological systems has been especially
fruitful. Experimental, computational and theoretical work has
all been devoted to understanding and predicting the mecha-
nisms of deformation and failure of natural composites.8–15

These fundamental studies have decoded many of the basic
mechanisms that form the basis of the superior mechanical
performance of biocomposites.16–20 In certain cases this decod-
ing has also led to the realization of physical artifacts of
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bioinspired composites displaying mechanical properties
similar to their biological predecessors.21–25

Biological composites typically have very distinct struc-
tural features at a wide range of length scales, spanning from
just a few nanometers to the macroscopic scale.8,12,15,20,26–30

Replicating these precise nanoscopic and mesoscopic geom-
etries has been a particularly challenging aspect of the
manufacturing of biomimetic composites. Several successful
attempts have been made at creating composites with
impressive fracture mechanical properties. However typically
the manufacturing processes are either very expensive, time
consuming or both and are not suited for industrial scale
implementation.22,31,32 Recently, additive manufacturing has
showed the promise to be an effective technique to synthesize
material systems at a range of length scales with complex
topologies.33–36 Some of the more recent advances in additive
manufacturing technology include 3D printers capable of
rapidly printing macroscopic composites with mesoscopic
features consisting of materials with widely disparate
mechanical properties. Although the resolution and the
material selection of these machines can still be signicantly
improved, they already suggest the promise of creating
advanced functional bioinspired composites.23
This journal is © The Royal Society of Chemistry 2014



Fig. 1 (a) The model geometry with boundary conditions. (b) Three
representative constitutive relations for the matrix phase of the
composite in the computational work. In all systems the stiffest
response represents the platelets. (c) Three constitutive relations for
the matrix phase in the experimental study. Again, in all systems the
stiffest response represents the platelet phase. Representative dog-
bone specimens forming the basis of the constitutive relations are also
shown.
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In this work we aim to investigate the efficacy of a natural
design mechanism proposed in an earlier work.37 Based on the
computational investigation of a bone-like topology (Fig. 1) we
proposed that we could fundamentally alter the deformation
and fracture mechanism of the composite by tuning the inter-
actions between the platelet and matrix phase. Moreover, we
showed that by tuning these interactions in a conservative way
we could create composites displaying both signicant stiffness
and fracture resistance. In this study we revisit these compu-
tational investigations and use them to qualitatively predict the
response of 3D printed physical artifacts of the computationally
conceived systems. We tune the interactions between the matrix
and platelet phase in a bone-like topology and synthesize bio-
inspired composites that exhibit aw insensitive deformation
characteristics. Moreover, despite the limitations of the mate-
rials available for the 3D printing procedure (i.e. using inferior
building blocks) we create composites that contain both stiff-
ness and fracture resistance. Building on the work presented in
ref. 23 we take a further step to validate our de novo approach to
the design and synthesis of bioinspired composites. The study
outlines the efficacy of 3D printing as a means of rapidly
manufacturing complex functional composites designed and
optimized through computer simulation.
2. Materials and methods
2.1 Experimental

The procedure of manufacturing, preparing and testing of the
fracture specimens follows the procedure outlined in a previous
study.23 The specimens tested in this study are manufactured in
the Precision Compliant Systems Lab (PCSL) at MIT on a Stratasys
Connex500multi-material 3D printer.We are able tomanufacture
composites with a variety of constituent materials in a single
This journal is © The Royal Society of Chemistry 2014
print. We use the two base materials VeroWhitePlus, a stiff
proprietary acrylic monomer/oligomer mixture with a photo-
initiator, and TangoBlackPlus, a so proprietary urethane acrylate
oligomer with a photoinitiator, with highly contrasting material
properties (Fig. 1). These materials will henceforth be referred to
as material A and material B respectively. The out-of-plane
thickness of all manufactured specimens is 3.125 mm and the in-
plane thickness of the so phase in all composites is 250 mm. In
all manufactured specimens the stiffer material A is used for the
platelets in the bone-like topology (Fig. 1). We vary the constituent
material for the matrix phase of the system and create nine
different composites with an increasing stiffness ratio, r, where
r ¼ Ep/Em. Ep and Em represent the modulus of the platelets and
matrix respectively. The materials cure almost immediately upon
printing and the adhesion between different material phases is
therefore close to perfect, i.e. the adhesion is as strong as the
weakest phase. A representative selection of the constitutive
behavior of the nine different materials used to represent the
matrix is shown in Fig. 1. The stiffness ratio r varies over several
orders of magnitude from unity, the bulk system consisting
entirely of material A, to nearly one thousand, the matrix is
composed entirely of material B. The seven systems with inter-
mediate stiffness ratios are constructed by amix of material A and
B for the matrix phase. The mixing ratios are preprogrammed in
the printer and cannot be changed in the current setup.

The material properties of the individual constituent mate-
rials are found by tensile testing of dogbone specimens. A subset
of the dogbone samples is shown in Fig. 1. A representative
composite specimen used for the fracture testing is shown in
Fig. 2. Both mechanical tests are performed in an Instron 5582
Universal Testing Machine with an Instron 100 kN static load
cell. We apply displacement boundary conditions and load the
samples at a rate of 0.5 mm s�1 and 0.1 mm s�1 for the fracture
specimens and dogbone specimens, respectively. The applied
strain rate is bounded from above by our desire to approach static
loading conditions and from below by practicality consider-
ations. The compliant samples are very extensible and we wanted
to ensure that the testing would nish in a reasonable amount of
time. In both cases, the samples were clamped in place with
serrated hardened steel grip faces attached to steel vice action
grips. The load capacity of the grips is 100 kN and the spring
stiffness of the entire testing device far exceeds the stiffness of
our specimens. As shown in Fig. 2 aluminum strips were attached
to the fracture specimens for optimal gripping. The aluminum
strips were attached with Loctite E-90FL epoxy. This was not
necessary for the dogbone samples as they are much smaller and
thus transmit a signicantly smaller force.

As in our earlier study the fracture specimens are notched
with a 1/320 0 thick carbide slitting slaw with a 60� included angle
and all cracks originate from the crack tip. Both the dogbone
specimens and the fracture specimens are loaded until
complete failure with their complete force extension behavior
recorded. It is clear that the experimental procedure here does
not emulate ASTM, as this was never a motivation driving the
experimental design. Our goal was to design an experimental
approach that is close to our computational approach and
that is suited for investigating deformation and fracture
Soft Matter, 2014, 10, 4436–4442 | 4437



Fig. 2 (a) The sample geometry with aluminum strips glued on either
side. The red box indicates the area on which DIC was performed. (b)
Schematic of the experimental design. (c) Three representative stress
vs. strain responses for the computational composites. The diagram
indicates the large range of composite behavior obtained through
tuning the interactions between the constituent phases. The response
ranges from a stiff brittle behavior through a stiff, strong and tough
behavior to a compliant and tough behavior. (d) Three representative
stress vs. strain responses for themanufactured composites. Again, the
diagram indicates the large range of composite behaviors obtained.
However, due to the relative strength of material A the composites do
not obtain superior strength. Nonetheless, they do outperform the
bulk materials in terms of toughness modulus, see also Fig. 5.

Soft Matter Paper
mechanisms. The approach described and used here serves this
purpose. We present this data in normalized stress–strain
diagrams. The stresses are normalized by the peak stress of
material A and the strains are normalized by the corresponding
value of strain. We do this to simplify the comparison with our
computational investigations. As the point of interest in this
study is the comparison, absolute values of mechanical prop-
erties are of no particular interest.

We analyze strain elds in order to investigate the domi-
nating deformation mechanisms in the composites. These
prove helpful in understanding the mechanisms by which the
topology of the specimen and the material properties of its
constituents affect the composites mechanical performance.
The experimental strain elds are obtained through digital
image correlation (DIC). Speckle patterns are spray-painted on
all samples with a range of grey tones to assist the DIC and we
use the commercial soware VIC-2D correlated solutions to
analyze the images.
2.2 Computational

The computational results presented in this paper are based on
the investigations presented in our previous work.37,38 We study
a mesoscopic system consisting of a compliant and stiffer phase
arranged in a ‘bone-like’ topology (Fig. 1). The system is
modeled as an assembly of springs and beads. The beads
represent a coarse-graining of matter and the springs represent
4438 | Soft Matter, 2014, 10, 4436–4442
the bonds between particles. This type of model has been
extensively used in independent research efforts and has been
shown to be appropriate for mesoscopic systems.39–41 The bulk
constitutive relations for the two phases of the studied
computational composite are given in Fig. 1, presented side by
side with the constitutive relations of the experimental mate-
rials. We make no attempt at precisely replicating the experi-
mental materials in our computational model. There are several
reasons for this. Most importantly is the observed scatter in the
experimental results. This high degree of variability surely does
not warrant a precise parameterization of the computational
springs. A more sophisticated modeling technique involving
uncertainty propagation would be required to justify this.
Furthermore, as was also discussed in ref. 37 there is likely a
mixing of the constituent materials at the interfaces which can
have a dramatic effect on the effective stiffness ratios. A simple
calculation using Voigt's rule of mixtures showed that with a
mere 3–4% mixing in the composite with the largest stiffness
mismatch the stiffness ratio could shi by orders of magnitude.
Accurately characterizing and modeling this interfacial mixing
could become complex and does not seem sensible in the scope
of this study. Indeed, it is the mechanisms we are most inter-
ested in and simple computational models are regarded to be of
a signicant value. Correspondingly we cannot expect our
model to give accurate quantitative predictions for the response
of the experimental system. Rather, we expect our model to
capture the deformation and fracture mechanisms exhibited in
the manufactured specimens. Therefore, as detailed in ref. 37
our model is designed to do exactly that.
2.3 Measured quantities to extract mechanical properties

Four measured quantities form the basis of the analysis pre-
sented in the following sections; the strain, the stress s, the
Young's modulus E and the toughness modulus T. We distin-
guish between a local strain 3ij and a macroscopic tensile strain
3. The local strain tensor is calculated by means of the Zim-
merman virial deformation measure42 and this forms the basis
for the strain elds presented in the computational investiga-
tions. The macroscopic tensile strain is calculated as an engi-
neering strain by considering the change in length of the
specimen. We use the virial stress as the stress measure43 and
the Young's modulus is calculated as the ratio of the uniaxial
tensile stress to the uniaxial tensile strain.

Finally we characterize fracture resistance through the
toughness modulus. The toughness modulus is dened as the
area under the stress strain curve and can be interpreted as a
metric of the required energy to fracture a system. The tough-
ness modulus is a convenient measure of fracture resistance
and it is a quantity typically used to describe the fracture
resistance of biomaterials.44
3. Results
3.1 Stress vs. strain response

In Fig. 2 we display the stress strain response of both the
computationally (Fig. 2b) and experimentally (Fig. 2c) tested
This journal is © The Royal Society of Chemistry 2014



Fig. 3 (a–c) Strain fields for the three representative composites as
predicted by simulation. Panel (a) displays the bulk system, the stiffness
ratio is unity, panel (b) displays an intermediate stiffness ratio system
and panel (c) displays the simulated composite with the largest stiff-
ness ratio. (d–f) Strain fields as obtained by DIC for three representative
synthesized composites. Similarly as for the simulated specimens,
panel (d) displays the bulk system, panel (e) displays an intermediate
stiffness ratio system and panel (f) displays the synthesized composite
with the largest stiffness ratio. All strain fields for the simulated
composites are plotted with the same color code and all experimen-
tally tested composites are plotted with the same color code, see
legend. Amongst themselves the strain fields from simulation and
experiment are thus respectively quantitatively comparable.
Comparisons between strain fields from simulation and experiment
can only be made qualitatively. In both the computational and
synthesized systems the increasing stiffness ratio leads to a delocal-
ization of strains from the crack tip and a localization of strains in the
distributed softer matrix phase. The inclusion of the softer matrix
alleviates the loading on the crack tip; the crack tip is no longer the
only critical flaw. Moreover, for both the simulated and synthesized
systems in the intermediate stiffness ratio composite, the interactions
between the constituent phases are fine tuned in amatter that allows a
closer to uniform distribution of strain throughout the composite. The
composites approach a flaw tolerant behavior and exhibit both
significant stiffness and fracture resistance.
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specimens. The stress strain curves represent the response of
notched specimens. Both diagrams indicate a wide variation of
composite behavior as the constitutive behavior of the matrix is
tuned. The composites transition in behavior from very stiff and
brittle to a complaint ductile response. For the composites with
matrices of intermediate modulus ratios r, the stress vs. strain
curves are indicative of a more robust mechanical response,
with considerable stiffness and toughness modulus.

For the computationally tested specimens the stress strain
response clearly indicates a superior mechanical performance for
those composites with an intermediate stiffness ratio. This is not
the case for the experimentally tested specimens. There are two
plausible explanations for this which are motivated by Fig. 1. The
constitutive relation for the platelets (material A), which is
modeled as linearly elastic and perfectly brittle, is neither linearly
elastic nor perfectly brittle. Rather, a considerable plastic regime
can be identied in the stress strain curve. Correspondingly the
stiff phase in the experimental setup is not as ‘inferior’ as in the
computational investigation. Rather, the material B is the inferior
constituent. In the computational investigation the constitutive
relations of the matrix phase are parameterized to have the same
toughnessmodulus as the platelet phase. In the original work this
was argued to be a conservative estimate in the context of
biomaterials.37 However, as is also observed in Fig. 1, this is not
the case for the acrylic materials used in this additive
manufacturing process. The increased extensibility of the more
compliant material B does not correspond to the massively infe-
rior stiffness. The performance of the composites is constrained
by the limited selection of materials available for printing.
Nonetheless, it is instructive to analyze the deformation and
fracture mechanisms of the respective experimental and compu-
tational composites. The fundamental nature of the design
mechanism explored here is cemented by the observation that the
proposed mechanisms persist in experiment.

To keep the following discussion concise and to the point we
will be presenting data for three manufactured and computa-
tional specimens respectively; the bulk specimen, the
composite with the most extreme stiffness ratio and a
composite with an intermediate stiffness ratio. The stiffness
ratio of the experimental intermediate stiffness ratio specimen
is�100 and�4 for the corresponding computational specimen.
3.2 Deformation and fracture mechanisms

We start by comparing and analyzing the deformation mecha-
nisms as encapsulated by the strain elds plotted in Fig. 3.
Fig. 2a indicates the portion of the samples analyzed by DIC.
The region of analysis was obtained by balancing the require-
ment of a high resolution for optimal correlation and that of a
large area for a more complete comparison. The region behind
the crack tip was omitted from analysis as discontinuities tend
to disrupt the process of DIC. Fig. 3 shows three representative
strain elds from both the computational as well as the exper-
imental investigation. In both cases we display the strain eld
for the homogeneous specimen, a specimen with an interme-
diate stiffness ratio and that with the largest stiffness ratio. The
images clearly suggest that the deformation mechanisms active
This journal is © The Royal Society of Chemistry 2014
in the computational system and the experimental system are
very similar. In both cases, the homogeneous system exhibits a
characteristic strain concentration around the crack tip and
relatively low strains in regions far from the crack tip. Consid-
ering the other extreme, an almost opposite deformation
mechanism is observed. Rather than a single strain concen-
tration around the crack tip, strain is concentrated around the
distributed vertical portions of the so matrix (non-optimal
resolution in the experimentally obtained DIC images shows
these local regions of high strain as continuous lines of higher
strain). As predicted in earlier studies and by the computational
work presented here, the low stiffness regions further from the
crack tip serve as additional weak areas apt for strain localiza-
tion. This distributed localization translates to delocalized
deformation enabled by a ‘distribution-of-weakness’ mecha-
nism active in the composites.

In the case of the composite with an intermediate stiffness
ratio the agreement between the computational and experi-
mental study is also quite remarkable. The stiffness ratio in the
two systems is not the same and it is clear that the exact
Soft Matter, 2014, 10, 4436–4442 | 4439



Fig. 4 Experimental results of fracture mechanisms for different
stiffness ratios. (a, c and e) Snapshots displaying fracture propagation in
a composite with intermediate stiffness ratio. Upon initial crack arrest
the fracture propagates catastrophically through the platelets. (b, d,
and f) Snapshots displaying fracture propagation in the composite with
the largest stiffness ratio. Due to the extreme compliance and
extensibility of the matrix phase the fracture travels almost exclusively
through the softer phase. The presented images clearly indicate how
the fracture path is strongly influenced by the stiffness ratio between
the platelet and matrix phase.
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distribution of strain is not identical in the two cases. Never-
theless, the mechanism is the same. Again, the ‘distribution-of-
weakness’ effect leads to high tensile strains in the vertical
portions of the so phase. However, the intermediate stiffness
ratio case distinguishes itself from the more extreme composite
in that the stiff platelets also carry a signicant portion of strain.
The constituents of this composite exhibit a cooperativity far
exceeding that observed in the other composites. As predicted
by our computational investigation, it indeed seems possible to
ne-tune the interactions between the individual constituents
to achieve a near uniform distribution of strain in a cracked
specimen. This mechanism has been proposed earlier,17,37,45,46

but to the best of the authors' knowledge it has never before
been demonstrated in a synthetic composite.

Fig. 4 shows snapshots of the fracture path in the two
synthesized composites analyzed in Fig. 3 with r > 1. Fig. 4(a, c
and e) shows that our computational studies correctly predict
the intermediate stiffness ratio systems to exhibit initial
evidence of crack arrest upon which further deformation causes
critical crack propagation.37 As the strain in the stiffer phase is
so large in this composite, the crack naturally also propagates
through the platelets. Correspondingly the crack propagation
exhibits a more brittle nature. However, prior to catastrophic
failure the composite does dissipate considerable energy
through the mechanism of initial crack arrest (see also Fig. 2).
In Fig. 4(b, d and f) we present the crack propagation in the
synthesized composite with largest stiffness ratio. It is clear that
the increased compliance of the matrix phase has fundamen-
tally shied the nature of the crack propagation. Rather than
propagating through the platelets, the crack now travels almost
exclusively through the so matrix and the response of the
composite has transitioned to a ductile one. It is noted that the
results presented here for the large stiffness ratio sample are
very similar to those presented in a previous study.23

The observations noted in the previous section highlight the
signicance of the accurately predicted deformation and frac-
ture mechanisms. The consistency of these mechanisms
between simulation and experiment, despite the disparate
constitutive relations of the constituent phases, underlines the
generality of the design mechanisms employed to construct
these composites.
3.3 Ashby plot analysis

Finally, an Ashby plot showing the relationship between
toughness modulus and stiffness for both the computationally
and experimentally tested composites is depicted in Fig. 5. First,
we note that the results presented for the experimentally tested
specimens here are not in agreement with the data presented in
an earlier study.23 The reason for this is that the materials used
in this study are not the same as those used earlier. Since the
last experiments the manufacturers have changed the chemistry
of material A making it signicantly stronger. Evidently, the
same is not the case for material B. Nonetheless, the displayed
Ashby plots exhibit similar trends. First, they show that both the
computationally and experimentally tested composites span a
large and advantageous portion of the Ashby area. This
4440 | Soft Matter, 2014, 10, 4436–4442
observation supports the hypothesis driving the study; that it is
indeed possible to create a wide range of composites (and high
performing composites) by simply tuning the constitutive rela-
tions of a matrix phase. Considering the typical performance of
engineered composites this is an encouraging observation. The
diagrams quite clearly portray that tuning the interactions of
the composite constituent phases through controlling the
stiffness ratio does fundamentally alter the fracture mechanical
properties of the composite. Moreover, despite the superiority
of material A, tailoring the composite interactions through the
introduction of an inferior, more compliant matrix phase is
capable of creating superior composites. Intuitively this might
be a quite surprising nding; the introduction of a weaker
material leads to a stronger composite. However, considering
Fig. 3 and 4 it is quite clear that this is the case. The weaker
phase shis the nature of load transfer in the composite to a
more advantageous one. Our simulations correctly predict that
it is indeed an intermediate stiffness ratio that produces
composites with optimal mechanical performance.
This journal is © The Royal Society of Chemistry 2014



Fig. 5 (a) Ashby plot indicating the correlation between toughness
modulus T and Young's modulus E for simulated composites. (b) Ashby
plot indicating the correlation between toughness modulus T and
Young's modulus E for experimentally tested composites. In agreement
with the response predicted by our simulations the design mechanism
succeeds to create synthetic composites with significant stiffness and
superior fracture resistance, as measured by the toughness modulus.
Moreover, in agreement with simulation the top performers of the
synthesized composites are thosewith an intermediate stiffness ratio. For
the particular constituent materials used here they in fact display a
significantly greater toughness modulus than the most compliant
composites. The optimal performers in both cases are circled. The fitted
curves are fifth-degree polynomials fitted by minimizing the sum of
residual square error and a non-zero regularization term.
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4. Conclusions

Guided by computational investigations we have synthesized
bioinspired composites that exhibit fracture mechanical charac-
teristics superior to their constituents. By studying natural
systems we abstracted key properties of biomaterials contributing
to their impressive mechanical performance. Through computer
simulations we elucidated key design mechanisms and based on
these design mechanisms we synthesized composites with micro-
features through additive manufacturing. Specically we pre-
dicted that given an appropriate topological arrangement, the
interaction between a stiff and so phase in a composite could be
tuned to create material systems that would exhibit signicant
stiffness combined with superior toughness. Moreover, we pre-
dicted the interactions could be tailored to manufacture
composites with superior aw tolerance. Despite limitations in
the range of materials available for printing, our experimental
investigations conrmed our computational predictions. Impor-
tantly, we manufactured macroscale composites modeled aer
microscopic features of biological systems that exhibited defor-
mation and fracture mechanisms akin to biomaterials. Future
work could focus on improving the quantitative predictive power
of our models.
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