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Tough Composites Inspired by Mineralized Natural 
Materials: Computation, 3D printing, and Testing
 Composites play an important role as structural materials in a range of 
engineering fi elds due to their potential to combine the best mechanical 
properties of their constituents. In biology, composites are ubiquitous and 
exhibit fascinating and precise architectures at fi ne length scales; bone, 
hexactinellid sponges and nacreous abalone shells are prime examples. Here, 
typical biological composite topologies are emulated with multi-material 3D 
printing at micrometer resolution. From base materials that are brittle and 
exhibit catastrophic failure, synthetic composites are created with superior 
fracture mechanical properties exhibiting deformation and fracture mecha-
nisms reminiscent of mineralized biological composites. This complemen-
tary computational model predictions of fracture mechanisms and trends in 
mechanical properties are in good agreement with the experimental fi ndings. 
The reported fi ndings confi rm that specifi c topological arrangements of soft 
and stiff phases as a design mechanism enhances the mechanical behavior 
in composites. This study demonstrates 3D printing as a means to create 
fracture resistant composites. Moreover, these results indicate that one can 
use computer models to design composite materials to exhibit tailored frac-
ture properties and then use 3D printing to synthesize materials with such 
mechanical performance. 
  1. Introduction 

 In nature, and particularly among the class of mineralized 
materials, it is common to fi nd composites that combine 
simple constituents with primitive mechanical characteristics 
in complex architectures to form composite structures with 
fracture mechanical properties far exceeding that of their 
building blocks. Understandably, these materials have attracted 
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a great deal of interest and are well 
studied by the materials science research 
community. [  1–12  ]  Computational modeling 
and theoretical analysis have also been 
essential tools in the effort of elucidating 
the design principles of these complex 
structures. [  13–17  ]  

 In addition to research efforts devoted 
to further understanding the fundaments 
of strength of these mineralized com-
posites, there is an obvious interest in 
developing methods with the potential 
of synthesizing composites with equally 
impressive mechanical characteristics. 
Techniques such as self-assembly and 
layer-by-layer (LBL) templating have 
been popular in this regard. The accom-
plishments to date are nothing short of 
remarkable. [  18–23  ]  While both techniques 
are very powerful and have the potential 
for a precise control of structural features 
at very fi ne length-scales, to the best of 
the authors’ knowledge, to date neither 
of the methods provides an outlook for 
large-scale cost-effective manufacturing of 
complex topologies, in particular at larger 
hierarchical length-scales. 
 Three-dimensional (3D) printing has as of late been gaining 

much attention due to its many possible applications in a wide 
range of industries; indeed exploring the areas of applicability 
of the technique is still an active area of research. [  24–31  ]  With 
the latest 3D printers capable of printing materials with widely 
contrasting mechanical behavior simultaneously in complex 
geometries at micrometer resolutions, the potential of this tech-
nology is growing. Advanced printing technology now offers 
the possibility to create complex topologies with fi ne features 
composed of a multitude of materials with varying mechanical 
properties quickly, cheaply and at a large scale. 

 In our previous work we have developed meso-scale mole-
cular mechanics models and have simulated bio-inspired com-
posites that exhibit fracture mechanical properties far supe-
rior to their constituents. [  17  ,  32  ,  33  ]  Here we employ state of the 
art 3D printing as a simple and effective rapid manufacturing 
technique and create physical artifacts of these computational 
systems, by printing composites with bio-inspired topologies 
that exhibit structural properties similar to our computational 
models and far superior to their constituents. A process fl ow 
of our work is presented in  Figure    1  . The specifi c geometries 
we printed are a bone-like geometry, bio-calcite-like geometry 
4629wileyonlinelibrary.com
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     Figure  1 .     Process fl ow of the approach used here. Starting from the simple model material 
building blocks, we build composites with bio-inspired topologies. We manufacture the bio-
inspired composites with 3D printing and proceed to test the synthesized specimens. The 
results are compared to model predictions.  
and a rotated bone-like geometry consisting of a stiff and a 
compliant phase with a  ≈ 20% volume fraction of the softer 
phase ( Figure    2  ). [  32  ]  The optimal volume fraction is bound 
from below by the desire to keep the computational system 
small and tractable, and bound from above by the objective to 
maintain structural rigidity of the composite. A volume frac-
tion of 20% was found to balance these two requirements 
in a satisfactory manner. We further investigate the specifi c 
deformation and fracture mechanisms induced by the various 
topological arrangements in the experimental systems and 
obtain encouraging results. Our results indicate the possibility 
of designing materials with computers with tailored fracture 
mechanical properties and later realizing these structures with 
3D printing.     

 2. Results 

 We fi rst investigate the fracture response of the two base 
materials used for printing the composite geometries, mate-
rial  A  and material  B . Results are shown in  Figure    3  , and fur-
ther details are provided in the Experimental Section. Having 
investigated the fracture response of the two base materials, we 
proceed to studying the deformation and fracture mechanisms 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We

     Figure  2 .     a) Schematics of the three investigated topologies. b) Setup of test specimens with 
relevant dimensions and coordinate system indicated. c) Image of the setup of the experiment. 
A specimen of the bone-like geometry is being tested in the picture, shown here as an example.  
of the bio-inspired hierarchical geometries 
shown in Figure  2 a. We begin with studying 
the mechanical response of the 3D printed 
bone-like topology consisting of stiff plate-
lets ordered in a compliant matrix.   

 2.1. Comparison of Computational Predic-
tions with Experiment 

 In  Figure    4   we present a representative 
set of images comparing the deforma-
tion and fracture mechanisms of the 3D 
printed sample (Figure  4 a) with the cor-
responding mechanisms of the simulated 
specimen (Figure  4 b). The printed speci-
mens are all 3.125 mm thick in the out 
of plane direction. As predicted by our 
computational model, this specific topological arrange-
ment induces significant stress and strain delocalization, 
which we confirm in the 3D printed system. This is clearly 
visualized through the non-localized failure of the vertical 
compliant phase throughout the entire specimen. The 
continuous compliant matrix phase distributes stress and 
strain effectively throughout the sample, inducing a more 
robust mechanical response of the geometry. For the sim-
ulation results depicted in Figure  4 b, the delocalization is 
visualized in terms of snapshots of the longitudinal strain 
fields of the specimen. The vertical portion of the compliant 
phase adsorbs the bulk portion of longitudinal strain whilst 
the horizontal portion of the softer matrix binds the system 
together through shear strain action. This deformation 
mechanism exhibited by our computational and synthetic 
system is characteristic of mineralized natural materials 
such as bone. [  14  ]  For both our computational prediction and 
the experimental system, this deformation mechanism is 
activated by minor initial crack propagation. In the inset of 
Figure  4 a we highlight another remarkable trait of the 3D 
printed specimens. As noted in the Experimental Section, 
the interfacial adhesion of the constituent materials is so 
strong that the composites do  not  fail at the interfaces. This 
is compatible with our computational prediction and under-
i

lines the significance of the topological 
arrangements for the mechanical behavior. 
Indeed, we argue that the particular topo-
logical arrangements of the constituent 
materials are solely responsible for the 
impressive observed fracture mechanical 
characteristics. The strong interfaces form 
upon printing and are not induced by any 
special treatment of the materials.  

 Upon further crack propagation our 
prediction diverges from the experimen-
tally observed behavior. As noted in the 
Experimental Section, crack propagation 
induces eccentricity in the experimental 
loading conditions, whilst the compu-
tational boundary conditions remain 
nheim Adv. Funct. Mater. 2013, 23, 4629–4638
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     Figure  3 .     Images of samples at the start of testing, the end of testing and graphs of stress-
strain response for base materials, material  A  and material  B , as well as their computational 
equivalents. a) Images of test specimens of material  A  and material  B  before and after testing. 
Pictures indicate brittle catastrophic failure of the base materials. b) Stress versus strain 
behavior of experimental and computational base materials drawn in blue and green respec-
tively. The modulus of computational equivalent of material  A  is seen to match with its experi-
mental counterpart. Further, the extreme compliance of material  B  makes it barely visible on 
the original plot and thus its notched stress strain response is included in an inset of the fi gure. 
The computational equivalents of material  A  and  B  are designed to fail at lower strains to avoid 
geometrical instabilities in the model. Further, the computational equivalent of material  B  is 
designed with a more humble compliance to avoid instabilities in the simulation and to also 
more closely resemble the average mechanical properties of the printed compliant phase (see 
discussion in the Experimental Section).  
constant throughout the simulation. The crack tip region 
in the experimental setup is subjected to a different 
stress field and thus produces an incompatible effect 
on crack propagation. Although the cracked samples 
of the constituent materials behave linearly up to frac-
ture, the constitutive response of the uncracked speci-
mens is highly nonlinear, characteristic of polymers. As 
also discussed in the Experimental Section, these non-
linearities are expected to have a significant effect on 
crack-propagation. 

 Next we analyze the agreement between simulation and 
experiment regarding the fracture and deformation mecha-
nisms exhibited by the 3D printed bio-calcite-like and rotated 
bone-like topology samples.  Figure    5   compares the compu-
tationally predicted results with the experimentally obtained 
behavior for these two composite systems. First, analyzing the 
rotated bone-like system in Figure  5 a, the images clearly por-
tray that the 3D printed sample exhibits impressive mechan-
ical characteristics in terms of stable fracture propagation. 
Again we plot longitudinal strain fi elds along with snapshots 
from the simulation to identify the underlying mechanical 
mechanisms controlling the failure of the specimen. The char-
acteristic initial zigzag fracture path through the compliant 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 4629–4638
phase exhibited by both the experimental 
and the computational system is seen to 
be explainable by the continuous transfer 
of longitudinal strain in the soft matrix. 
As it is energetically favorable for cracks to 
propagate through a more compliant mate-
rial, and the stiffness mismatch is so sig-
nifi cant that the fracture propagates solely 
through the matrix. Further, as the crack-tip 
is blunted in the low-stiffness region and 
the soft matrix delocalizes the loading, the 
crack propagates in a stable fashion through 
the system allowing the specimen to sus-
tain increased deformation and signifi cant 
loading throughout large portions of the 
fracture process.  

 Analyzing the further images of Figure  5 a, 
we note that the second row of images 
from experiment and simulation indicate a 
diverging fracture path. The boundary condi-
tion that acts eccentrically upon initial crack 
propagation induces the inclined driving 
force on the crack and leads the fracture 
towards the boundary. 

 In Figure  5 b we compare and contrast 
simulation predictions and experimental 
observations for the response of the bio-cal-
cite like topology. Although we observe that 
this topology has not been replicated well 
by 3D printing, the properties of the syn-
thesized sample are still worth discussing. 
The inset in Figure  5 b highlights the dis-
crepancies between the 3D printed geom-
etry and the computationally conceived 
topology. Whereas the soft inclusions 
are rectangles in the computational model, they resemble 
ellipses in the synthesized specimen. The surface area of the 
soft phase is notably larger for this topology, and we expect 
the inaccurate synthesized geometry to be caused by mate-
rial mixing at the interface of the soft and stiff phase. In the 
Experimental Section we provide additional comments on 
the inaccuracies of printing for this geometrical confi gura-
tion. The images clearly portray that the 3D printed sample 
possesses fracture mechanical characteristics superior to its 
constituents exhibiting both stable crack propagation and 
signifi cant crack-tip blunting prior to main crack propaga-
tion. The latter toughening mechanism is highlighted in 
the inset of the fi gure, where we see that the initial frac-
ture propagation leads the crack to soft inclusion where the 
extreme compliance blunts the crack tip and hinders crack 
propagation. Once the crack propagates, we again see that it 
angles out to the boundary due to the resulting eccentricity 
of the applied load. 

 Turning our attention back to the inaccuracies of printing 
for the bio-calcite-like topology, we do not expect signifi cant 
agreement between simulation and experiment for this case 
( Figure    6  ), although the snapshots from simulation do pro-
vide some overlapping mechanisms. In future work there are 
4631wileyonlinelibrary.comeim
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     Figure  4 .     We present snapshots displaying deformation and fracture mechanisms for a) the 
3D-printed and b) simulated specimen of the bone-like topology, in direct comparison. The 
two samples exhibit very similar deformation and fracture mechanisms up to a certain point 
at which the change of boundary conditions in the experiment and the nonlinearities of the 
photopolymers start dominating. This instant is indicated with a vertical line in the stress 
versus strain plots. The Figure shows that in both the synthetic and computational system the 
soft phase absorbs the bulk of the deformation and acts to delocalize the stress concentration 
around the notch. For the computational case shown in (b) we plot longitudinal ( x -direction) 
strain fi elds in insets to make this clearer. Furthermore, the inset in (a) (iii) displays the strong 
interfacial adhesion of material  A  and material  B  with failure nucleating through the compliant 
material  B  instead of at the interface. This is consistent with the results of our computational 
model. The printed specimens are all 3.125 mm thick in the out of plane direction.  
several ways we could refi ne our approach to ensure a better 
agreement between topologies in experiment and simulation. 
The most apparent strategy is to increase the feature size at 
printing. Another, and possibly more appealing, solution is 
to print the samples vertically, with their thinnest dimension 
parallel with the ‘build tray’ as the machines perform with 
higher precision in this dimension.  

 We note that both the prediction of our computational 
model and the experimental result for the response of the bio-
calcite-like system presented here differs from that presented 
in our previous study, where the composite system had a 
lower stiffness ratio and we predicted brittle fracture of the 
system. This is consistent with a recent study where we found 
that composites exhibit sudden transitions in deformation 
and fracture mechanisms as the constitutive relations of their 
constituents are tuned. [  34  ]  The stiffness ratio between the 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
two phases in a two-phased composite was 
shown to play an essential role in the dis-
tribution of stresses and strains prior to ini-
tial crack propagation. Appropriate stiffness 
ratios can actually alleviate stress concentra-
tions in fl awed specimens thereby moder-
ating the tendency of a composite to fail in a 
brittle manner. [  34  ]  

 In Figure  6 a–b we show a bar plot com-
paring select fracture mechanical character-
istics of the various experimentally tested 
and simulated specimens respectively. We 
perform the comparison using data from 
experiment and simulation up to the point 
in which the two systems exhibit diverging 
mechanisms, i.e., the specimens reach 
even higher toughness modulus values and 
extensibilities than those indicated here. 
The toughness modulus is defi ned as the 
area under the stress strain curve and is a 
widely used metric for the fracture resist-
ance of biological materials. [  11  ]  With excep-
tion of the bio-calcite-like geometry (for 
reasons stated above), the trends of the 
mechanical properties have a very good 
agreement between experiment and simu-
lation. The simulation prediction agrees 
with the experimental observation that 
the rotated bone-like topology is the most 
compliant and the most extensible. Fur-
thermore, our predictions about the rela-
tive strength of the bone-like geometry and 
rotated bone-like geometry are also compat-
ible with experiment. Finally, our compu-
tational model is able to correctly identify 
the toughest topological arrangement as 
the bone-like geometry, and the experiment 
shows that this system achieves a tough-
ness modulus more than 20 times that of 
its constituents, a truly impressive result.   
 2.2. Experimentally Observed Fracture Mechanisms 

 We present snapshots of the entire fracture process of the 
bone-like specimen in  Figure    7  . Figure  7 c shows the crack 
propagating in a step pattern around the stiff platelets and 
through the continuous compliant matrix. The application of 
energy principles predict that a crack will choose the path 
of least resistance, i.e., the most energetically favorable path. 
Furthermore, by applying linear elastic fracture mechanics 
to the sample at hand we realize that in order to satisfy 
the above principle, the crack path will result as a trade-off 
between the minimum crack defl ection angle and the path 
of least stiffness. Figure  7 c shows that the crack propagates 
perpendicularly to its original orientation, choosing a longer 
path and propagating exclusively through the compliant 
matrix with stable crack propagation as a result. By the 
inheim Adv. Funct. Mater. 2013, 23, 4629–4638
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     Figure  5 .     Visualization of dominating deformation and fracture mechanisms in experiment 
and simulation for a) the rotated bone-like geometry and b) the bio-calcite-like geometry in 
addition to the respective stress-strain responses, again with blue and green indicating results 
from experiment and simulation respectively. Schematics of the topologies are included at the 
top. a) displays the characteristic zigzag fracture path observed both in the simulation and for 
the initial propagation in experiment. As the effective length of the sample decreases the eccen-
tricity of the applied load increases, changing the boundary conditions and thus causing predic-
tions from experiment and simulation to diverge. As is apparent from the displayed images, 
for both simulation and experiment, the compliant phase forces the crack to take a longer path 
thus inducing toughening in the rotated bone-like specimen. The stress strain responses also 
reveal that we correctly predict a very compliant behavior of this topology. b) indicates that the 
simulation predictions and experimental observations for the bio-calcite-like topology do not 
overlap very well. The inset in (b) (ii) shows inaccuracies in the printing that are likely a con-
tributing factor. Nonetheless, we do observe a similar toughening mechanism in experiment 
and simulation in that both systems show an initial crack arrest and crack blunting in a soft 
inclusion; (i), (iii). The printed specimens are all 3.125 mm thick in the out of plane direction.  
considerations above, this toughness mechanism is clearly 
activated by the combination of the major stiffness mis-
match between material  A  and material  B  and their specifi c 
topological arrangement. Furthermore, in Figure  7 d we likely 
see the infl uence of the boundary on fracture propagation 
as its presence seemingly inhibits the initial mechanism to 
continue and the crack suddenly propagates through a set of 
rows of stiff platelets. At this point, the sample has incurred 
substantial damage, and we observe platelets breaking away 
from the crack tip. We thus receive further confi rmation 
that the stress fi eld is strongly delocalized, resulting in an 
effi cient usage of the material throughout the sample. Fur-
thermore, Figure  7 e,f indicate repetitions of the initial frac-
ture mechanism observed in Figure  7 c,d. The composite 
exhibits impressive toughness (Figure  6 a). The failure pro-
cess exhibited by the bone-like sample, detailed here and 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 4629–4638
portrayed in Figure  7 , is reminiscent of the 
mechanical failure of natural mineralized 
composites. [  2  ,  5  ,  10  ,  13  ,  35  ]     

 Figure 8   displays the fracture process in 
the rotated bone-like specimen. In Figure  8 b 
we clearly see the infl uence of the com-
pliant phase in postponing the main frac-
ture propagation by blunting the crack tip. 
As the stress concentration scales with the 
inverse square root of crack tip radius, the 
compliant phase acts to reduce the inten-
sity of the stress fi eld at the notch. Upon 
reaching a critical deformation the fracture 
propagates and does so in a characteristic 
zigzag pattern. Again, as for the bone-like 
specimen, it is energetically more favorable 
for the crack to propagate through the com-
pliant matrix and thus is forced through 
the longer route around the stiff rhombus 
shaped inclusions, contributing to additional 
energy dissipation. As the crack propagates, 
the eccentricity of the applied load increases, 
resulting in additional moment loading on 
the sample. This leads to crack branching, 
where the fracture propagates from the 
crack tip along diagonals through the com-
pliant matrix (Figure  8 d). Eventually, one of 
the crack branches starts to dominate and 
propagates through to the boundary quickly 
resulting in complete failure of the com-
posite (Figure  8 e,f).  

 Finally, we show snapshots of the com-
plete fracture process in the bio-calcite-like 
specimen ( Figure    9  ). Unlike the bone-
like specimen and the rotated bone-like 
specimen, the stiff phase is the matrix in 
the bio-calcite-like topology. This has a 
marked effect on crack propagation. There 
is no continuous soft phase for fracture to 
propagate through, and it is thus forced to 
move through the stiffer matrix. The crack 
attempts to minimize the distance it travels 
through the stiffer phase thus resulting in a rugged fracture 
surface. The fracture propagates in a staccato like manner 
with consecutive crack arrest and crack propagation. Eventu-
ally the crack propagates into the boundary and the specimen 
is unloaded. As is displayed in Figure  6 a, these mechanisms 
lead to the impressive fracture mechanical characteristics of 
the specimen.     

 3. Conclusion 

 With the use of 3D printers we made the leap from compu-
tationally designed bio-inspired composite materials with 
predicted fracture response far exceeding that of their fun-
damental constituents to synthetic composites with similar 
mechanical characteristics. Our predictions from simulation 
4633wileyonlinelibrary.comeim
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     Figure  6 .     Bar plot indicating trends of mechanical properties for the base materials and the var-
ious topologies studied in both a) experiment and b) simulation. We perform the comparison 
using data from experiment and simulation up to the point in which the two systems exhibit 
diverging mechanisms; these instants are displayed in Figure  4  and  5 . For the simulation data, 
A and B refer to the computational equivalents of material  A  and material  B  as presented in 
Figure  3 . We plot stiffness  E , maximum strain   ε  , maximum stress   σ  , and toughness modulus 
 D . In (a) the data is, as indicated, normalized by the respective values for the base material  A  
while in (b) the data is normalized by the respective values for the computational equivalent of 
the base material  A . The Figure portrays that, with the exception of the bio-calcite-like sample 
for reasons stated above, the mechanical properties of the simulated materials exhibit the same 
trends as those of the synthesized materials,  i.e.,  our models predict the correct composite to 
be the most extensible, strongest and toughest. Furthermore, we observe the largely impressive 
fracture toughness of the synthesized bone-like specimen exceeding that of its fundamental 
building blocks by a factor larger than 20.  
agreed well with the trends we observed in experiment, and the 
synthesized composites exhibited fracture mechanical proper-
ties such as toughness modulus an order of magnitude larger 
than its fundamental building blocks. By printing composites 
from base materials (that have widely contrasting constitutive 
behavior and which each exhibit brittle fracture behavior) in 
specifi c topological arrangements, we created structures that 
feature signifi cant toughening mechanisms and stable crack 
propagation. 

 Our contribution is a first attempt at utilizing 3D printers 
to create mechanically tough bio-inspired composites from 
simple building blocks and at using computational models 
to predict the response of 3D printed structures. This 
research can potentially pave the way for more refined com-
putational models able to predict the response of 3D printed 
systems with higher accuracy as well more complex 3D 
printed structures with further improved mechanical prop-
erties. We have already identified several potential refine-
ments and improvements on both modeling and printing 
that could propel this effort forward. Moreover, as 3D 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
printers evolve, we as designers will seize 
more control over the manufacturing pro-
cess allowing composites to be synthesized 
at even finer length scales, with more 
details and increased control of constituent 
material properties, opening the doors for 
the rapid manufacturing of structurally 
advanced complex multi-hierarchy biomi-
metic materials with applications in a large 
range of engineering disciplines. In future 
works we might consider printing larger 
specimens with more repeat units of the 
topological unit cells to avoid the boundary 
interfering with the fracture path. Fur-
ther studies to understand the connection 
between experimental and computational 
results are needed, including an analysis 
of the effects of different stiffness ratios 
between the two phases. A systematic gra-
dation of the level of contrast between the 
two components could be carried out and 
shed further light into the mechanics of 
bioinspired composites.   

 4. Experimental Section  
 Synthesis : All specimens used in the study 

were printed at Stratasys Ltd., in Billerica, MA, 
USA using an Objet Connex500 multi-material 
3D printer. In a single print we manufactured 
composites composed of two base materials, 
VeroWhitePlus and TangoBlackPlus, with strongly 
contrasting material properties (Figure  3 ). 
Both VeroWhitePlus and TangoBlackPlus 
are photopolymers, based upon proprietary 
acrylic-based photopolymer resins, and we will 
henceforth refer to them as material  A  and 
material  B , respectively. We printed the geometries 
developed and modeled in a previous study and 
for completeness include schematics of the topological arrangements 
in Figure  2 a. The lighter phase represents the stiffer constituent and 
was printed with material  A , and the darker phase, representing the 
compliant constituent, was printed with material  B . Figure  2 b indicates 
the planar dimensions of the test specimen. The through thickness of 
all geometries is 3.125 mm and the thickness of the soft phase in all 
composites is 250 µm. 

  The composites were printed with a dual material jetting technology 
allowing two distinct materials to be printed simultaneously. Each 
material, residing in cartridges, is funneled through a liquid system 
connected to the printing block consisting of eight printing heads. Two 
printing heads, each containing 96 nozzles with 50 µm diameters, are 
reserved for each of the two base materials, while the remaining four 
printing heads are used for printing a support material. The printing 
heads are followed by a UV light that immediately cures the printed 
material allowing new layers to be printed instantaneously. We printed 
three specimens of each composite system detailed in Figure  2  and used 
one of each geometrical confi guration as test specimens to arrive at a 
suitable experimental approach. The remaining six samples were used 
for mechanical testing and investigation of deformation and fracture 
mechanisms. 

 As the materials cure in situ upon printing, they adhere to each 
other perfectly, i.e., the adhesion is as strong as or stronger than the 
inheim Adv. Funct. Mater. 2013, 23, 4629–4638
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     Figure  7 .     a–f) Snapshots of fracture propagation in the synthesized bone-like specimen. 
Images clearly show two dominating toughening mechanisms exhibited by the printed com-
posite. The second snapshot indicates a delocalized load transfer in the topology with damage 
being sustained away from the crack tip. Furthermore, we observe a pronounced crack defl ec-
tion mechanism induced by the particular topological arrangement of the two base materials 
with widely contrasting constitutive behavior. This causes the crack to take a long path through 
the specimen thus dissipating large amounts of energy on the way. Moreover, as the frac-
ture mainly propagates through the extremely compliant base material  B  the crack is blunted, 
leading to a lesser stress concentration at the crack tip and thus stable fracture propagation.  
weakest phase, and we confi rmed this by observing that failure never 
initiates nor ever occurs at the interface of the base materials. The 
smallest feature size of the compliant phase in our prints is 250 µm 
and is identical for all samples; the compliant phase is indicated in 
black in Figure  2 a and the smallest feature of the compliant phase 
for all geometries is its in plane thickness. The nozzle diameter 
controls the accessible length scale of the 3D printing. Since we 
predicted that the specifi c topological arrangements of the base 
materials strongly infl uence the composites mechanical response, 
it is essential to ensure precise printing, thus justifying the feature 
size being a multiple of the nozzle diameter. This implies a larger 
length scale than that associated with our previous computational 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeiAdv. Funct. Mater. 2013, 23, 4629–4638
investigations, and we comment on this below. [  32  ]  
At this length scale all topologies except the bio-
calcite-like topologies were recreated well. In 
addition to the interfacial mixing effect mentioned 
earlier, we suspect the inaccuracies may have to 
do with limited resolution of the printers. The 
soft inclusions in the bio-calcite-like topology are 
signifi cantly smaller than the stiff inclusions in 
the bone-like topology.  

 Fracture Testing : The specimens were tested 
as single edged notched tensile specimens. 
The notches in the samples were cut so that all 
samples have an identical effective size in the 
dimension parallel to the crack direction, i.e., the 
uncracked length in the  z -direction is the same 
for all samples (Figure  2 ). The notches were cut 
with a 1/32” (0.79 mm) thick carbide-slitting 
saw with a 60 °  included angle. When testing the 
sample specimens, initial crack propagation always 
occurred at the crack tip, thus indicating that the 
machined notches are suffi ciently sharp. 

 For optimal gripping of the specimens in the 
testing apparatus we attached four aluminum strips 
to each sample with Loctite E-90FL epoxy, two on 
either face of the planar specimen. We roughed 
the aluminum with sand paper to ensure optimal 
adhesion of the Loctite epoxy and allowed the 
epoxy to cure for 36 h. The aluminum strips were 
positioned such that all samples had the same 
effective length (Figure  2 ). 

 We tested the 3D printed specimens in an 
Instron 5582 Universal Testing Machine with 
an Instron 100 kN static load cell and applied 
displacement boundary conditions. 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. We 
attached our specimens fi rmly in the grips and 
center the uncracked length of the geometries 
with the force applied through the vice action 
grips to ensure pure tension in the specimens 
prior to initial crack propagation. We did this to 
emulate the displacement boundary conditions 
applied in our computational investigations as 
closely as possible. However, it is clear that upon 
initial crack propagation, the specimen will no 
longer be subjected to pure tension, as the force 
will be acting with an eccentricity on the remaining 
uncracked length of the test specimen. The 
moment induced by the eccentricity infl uences the 
near tip stress fi eld of the geometries and thus 
leads to a different loading than a pure tension 
boundary condition would. 
 In the experimental setup we employed a displacement rate of 3 mm/
min. The compliant base material is very extensible and a much slower 
loading rate would require an exorbitant amount of time for testing. 
Typically, a high strain rate leads to brittle response of testing specimens, 
but the observation of stable crack propagation in our samples assures 
us that we still capture essential deformation and fracture mechanisms 
with our testing procedure. 

 We emphasize that the testing procedure adopted in this study 
is not meant to emulate a standard procedure as outlined in ASTM; 
rather we looked to employ an approach that is both similar to 
our computational investigations and suited for investigating 
fracture and deformation mechanisms. Our main focus was to keep 
4635wileyonlinelibrary.comnheim
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     Figure  8 .     a–f) Snapshots of fracture propagation in the synthesized rotated bone-like spec-
imen. The second snapshot indicates the signifi cant deformability of the composite in the 
presence of the crack; an apparent blunting of the crack-tip highlights this. We further observe 
the characteristic zigzag pattern of fracture propagation in (c) made possible by the extreme 
compliance of the matrix phase combined with the specifi c composite topology. As the eccen-
tricity of the applied load increases we observe a crack branching in panel (d), followed by a 
dominating crack propagating to and along the boundary in (e) resulting in complete failure 
of the composite.  
our testing procedure consistent and similar to a setup we could 
emulate with our computational model, as the insights gained 
from this study derive from a comparative study of the deformation 
mechanisms of the manufactured specimens and simulated 
specimens.  

 Material Properties of Base Materials : Selections of bulk mechanical 
properties of the Objet printable materials have already been 
made available. The referenced data indicates that of the materials 
636 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
available for printing, the two employed in this 
study represent the most contrasting mechanical 
behavior. Although this causes some diffi culties 
for our computational modeling, material  A  and 
material  B  were still utilized as this made for a 
more straightforward printing. In future work it 
would be very interesting to explore more material 
combinations. No previous data exists on the 
stiffness of material  B  and thus we performed 
mechanical tests on both base materials in order 
to supply data to our computational model. As we 
were also interested in the fracture response of 
these materials, we performed fracture tests with 
the same procedure as detailed above. Images 
of the samples pre- and post-testing along with 
their stress-strain responses are presented in 
Figure  3 . The Figure clearly shows the widely 
contrasting constitutive behavior of the two 
materials. Indeed, the modulus of the compliant 
material  B  is three orders of magnitude lower 
than the stiffer material  A , by a factor of  ≈ 1500. 
Furthermore, the more compliant base material 
failed at an order of magnitude higher strain than 
its less compliant counterpart, and both samples 
failed in a brittle manner immediately upon crack 
propagation.  

 Computational Modeling : We conducted 
computational investigations of the experimentally 
manufactured and tested specimens. To this end 
we used a previously developed meso-scale model 
with proven capability of capturing fundamental 
deformation and fracture mechanisms found in 
bio-mineralized materials. [  17  ,  32  ,  33  ]  As mentioned 
above, the topologies in this study exist at a 
larger length scale than for those the model was 
developed. However, with the appropriate rescaling 
of constitutive relations, our model can be trained 
to access the larger length scale relevant here. 
Indeed we argue that it is still sensible to model 
the system as a discrete network for the purpose 
of investigating its fracture mechanics. [  36  ]  In the 
following we present the material model utilized 
and the rationale behind it. 

 As the base materials cure during printing 
there is likely a certain amount of mixing present 
at the interface. With the small relative size of 
the compliant phase and the large difference in 
modulus of the two materials, the effective stiffness 
ratio is clearly far less than what is portrayed in 
Figure  3 . In a simplifi ed model we can view the 
effective compliant phase as a layered composite 
of material  A  and material  B  and can use Voigt’s 
rule of mixtures to fi nd its true stiffness. Assuming 
an approximate 3–4% mixing of the two base 
materials at the interface we estimated an effective 
stiffness ratio between 45 and 60, as opposed to 
 ≈ 1500, and we used a stiffness ratio of 50 for our 
computational model. The true stiffness of the 
compliant phase could also have been measured 
directly with the use of a micro- or nanoindenter. Using a test-apparatus 
with suffi cient resolution would also give insight to the amount of 
interfacial mixing of the base materials. However, in an effort to keep 
our model simple, we found it more appropriate to represent the 
system with the Voigt’s rule derived effective stiffness ratio discussed 
above. In future work we can consider extending our model to account 
for the true stiffness distribution in the compliant phase as measured 
by indentation. 
nheim Adv. Funct. Mater. 2013, 23, 4629–4638
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     Figure  9 .     a–f)  Snapshots of fracture propagation in the bio-calcite like specimen. As for the 
rotated bone-like specimen we observe the specimen undergoing signifi cant deformation prior 
to major crack propagation, enabled by the crack-tip blunting displayed in (b), this was also 
highlighted in Figure  5 . In (c) the crack has started to propagate towards the boundary and 
eventually reaches it in (f). The crack propagates slowly through the sample undergoing sig-
nifi cant deformation in the process. We clearly observe that the compliant phase infl uences the 
crack propagation path and leads to toughening in the composite indicated by the resulting 
rough fracture surface.  

      

     
     
     
     

     
     
 Independent mechanical tests report extensibilities of material 
 A  and material  B  ranging from 10–25% and 170–220%, respectively. 
From a purely geometrical perspective it is quite clear that the 
utilized triangular lattice becomes highly non-linear and unstable 
at such large deformations, and it is advantageous to restrict the 
allowable deformation. It is also clear that the deformability of 
the compliant phase is an essential feature of the composite and 
indeed plays an active role in the mechanics of natural mineralized 
materials. Our experience with harmonic spring bead triangular lattice 
models indicates that 5% is a suitable minimal breaking strain. In 
order to maximize the extensibility of the compliant phase without 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 4629–4638
compromising the stability of the model, we thus 
adopted this failure strain for the computational 
equivalent of material A. We further chose the 
deformability of the compliant phase such that the 
toughness modulus of the composite constituents 
is identical. The resulting extensibility of the 
computational representation of material B is thus 
35%, and the notched stress strain responses of 
the two model materials are given in Figure  3 b. 

 The base materials used in this study are 
photopolymers, and although they behave linearly 
under the presence of a pre-crack (Figure  3 b), their 
bulk constitutive relations are highly nonlinear. As 
this study represents a fi rst effort to predict the 
behavior of the 3D printed system, we restricted our 
computational material models to linear elasticity 
(Figure  3 b). Our main focus in this paper is to 
predict and understand trends in the deformation 
and fracture response of the printed composites and 
we therefore found it sensible to start with such a 
simplifi ed model. Although the specifi c nonlinearities 
of the photopolymers will clearly infl uence the 
particular crack propagation, we argue that the 
dominating fracture and deformation mechanisms 
will mainly depend on the stiffness ratio and relative 
extensibilities of the composite constituents, thus 
validating our model selection. In future works 
our model can be extended to account for the 
nonlinearities of the printed materials and thus could 
be used for quantitative predictions of the printed 
systems response.  
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