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Overview 
Biological materials, such as musculoskeletal and 
exoskeletal tissues, have developed amazingly complex, 
hierarchical, heterogeneous nanostructures over millions 
of years of evolution in order to function properly under 
the mechanical loads they experience in their 
environment. The Ortiz research group studies these 
fascinating materials using expertise in the new field of 
"nanomechanics"; i.e. the measurement and prediction of 
extremely small forces within and between nanoscale 
constituents in order to determine the local origins of 
macroscopic physical phenomena. Novel experimental 
and theoretical methods are employed (Table 1) in order 
to probe and understand fundamental nanoscale surface, 
bio-, and polymer physics mechanisms and design 
principles; i.e. how they work in tandem and what 
universal laws they follow to achieve a particular function. 
The objective of the Ortiz research program is to 
provide a fundamental molecular-level understanding 
of the mechanical function, quality, and pathology of 
structural biological materials. Examples of materials 
under investigation include cartilage, bone, seashell nacre, 
and armored fish scales (Table 1). A quad-tiered approach 
is taken in order to achieve this goal which includes; 
nanomechanics of single cells and their pericellular 
matrix, individual molecules, biomimetic model systems, 
and tissue-level properties (Figure 1). The Ortiz research 
group is highly interdisciplinary with past students and 
collaborators representing eight different academic 
disciplines (i.e. Civil and Environmental Engineering, 
Mechanical Engineering, Materials Science and 
Engineering, Chemical Engineering, Biological 
Engineering, Electrical Engineering and Computer 
Science, Biology, and Chemistry). 
 
Medical and Engineering Applications 
The scientific foundation being formed has relevance to 
both the medical and engineering fields. In the medical 
field, the degradation of load-bearing musculoskeletal 
tissues during aging, injury, and / or disease affects 
millions of people worldwide. The application of 
experimental and theoretical nanotechnologies to the field 
of musculoskeletal tissues and tissue engineering holds 
great promise for significant and rapid advancements 
towards tissue repair and/or replacement for people 
afflicted with ailments such as osteoarthritis. Medical 
applications of nanotechnology are in the earliest stages 
and have yet to advance to in vivo clinical use, reflecting 
an inconsistency between the nanometer length scale of 
biological phenomena which greatly influence 
musculoskeletal health and disease and conventional 
diagnostic and therapeutic approaches which are designed  

 

at much larger length scales. This length scale mismatch is 
one important reason why traditional tissue engineering 
approaches, after 15 years, have yet to make a significant 
clinical or commercial impact. The Ortiz research 
program is bridging this gap thereby facilitating a far-
reaching paradigm shift in the understanding and 
treatment of musculoskeletal ailments.  

 Nanotechnological studies of biological materials also 
hold great potential for the production of improved and 
increasingly advanced structural engineering materials; for 
example body armor and vehicle protection for defense 
and security applications. All biological materials 
generally exhibit what we call "mechanical property 
amplification," i.e. they are composed of constituents that 
are readily available in the environment which exhibit 
poor macroscale properties (e.g. brittle bioceramics such 
as calcium carbonate and flexible biomacromolecules such 
as proteins) and yet are able to achieve huge increases in 
toughness and strength. The key to this accomplishment 
are varied, complex, hierarchical and heterogeneous 
nanostructures that undergo a wide variety of 
deformation mechanisms at multiple length scales. Many 
of these energy-dissipating mechanisms are barely, if at 
all, being exploited in current structural engineering 
materials design.  

  
Materials of Interest : 
Description 

Methodologies 

 
Cartilage :  
the biomacromolecular 
connective tissue found on the 
surfaces of movable articular 
joints whose main function is to 
bear stresses during joint motion 
 
Bone : 
the calcified connective tissue 
that makes up the skeleton of 
most vertebrates 
 
Seashell Nacre : 
the highly mineralized 
aragonite-based brick-and-
mortar inner layer of gastropod 
mollusc shells 
 
Armored Fish Scales : 
the multilayered mineralized 
structure protecting certain 
species of ancient fish composed 
of ganoine, isopedine, dentin, 
and bone 

 
· single molecule atomic force 
microscopy (AFM) imaging and 
force spectroscopy 
 
· spatially specific high-resolution 
(piconewton) force spectroscopy 
(HRFS) 
 
· chemical force microscopy 
(CFM) 
 
· lateral force microscopy (LFM) 
 
· instrumented and AFM-based 
nanoindentation  
 
· dynamic nanomechanics; force 
relaxation, creep, oscillatory 
loading 
 
· single cell mechanics  
 
· molecular-level theoretical 
simulations  
 
· finite element analysis 

Table 1. Materials studied and experimental and theoretical 
methodologies utilized in the Ortiz research program 
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Figure 1. Summary of the Ortiz research program (http://web.mit.edu/cortiz/www/) on Nanomechanics of Structural Biological Materials. 
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Recent Accomplishments and Current Interests 

 Cartilage.  Over the past decade, our research group 
in collaboration with Professor Alan Grodzinsky (MIT 
Department of Electrical Engineering and Computer 
Science), has pioneered the use of nanotechnological 
metholodologies applied to cartilage tissue, and to 
musculoskeletal tissues in general, including; establishing 
extracellular matrix single biomacromolecule 
ultrastructure-property relationships, quantification, 
deconvolution, and theoretical modeling of ECM 
nanomolecular interactions, the development of single 
cartilage cell (chondrocyte) biomechanics to follow the in 
vitro biosynthesis and temporal evolution of the 
pericellular matrix, and the investigation of nanoscale 
visco(poro)elasticity of in-tact tissue.  It was not until 
the 1950's that the molecular components of cartilage 
began to be identified,1 in particular, aggrecan, the large 
cylindrical, "bottle brush"-like proteoglycan and its dense 
array of highly negatively charged constituent 
glycosaminoglycan (GAG) side-chains.  Aggrecan is a 
critical determinant of the outstanding biomechanical 
properties of the tissue; for example, contributing >50% 
of the equilibrium compressive modulus via GAG-GAG 
intermolecular forces.2 Recently, we published the highest 
resolution single molecule images of cartilage aggrecan via 
atomic force microscopy with direct visualization of the 
constituent GAGs, protein core domain structure, and 
macromolecular conformation (quantified by the 
persistence length).3  These images yielded fascinating 
new insights into the molecular-level structure and 
behavior of aggrecan and were featured on the cover of 
the Journal of Structural Biology.3 At physiological-like 
packing densities the core protein was observed to exhibit 
significant degrees of curvature and flexibility in order to 
accommodate its neighboring molecules. GAG 
intermolecular deformation mechanisms were directly 
observed to be a combination of interdigitation and 
compression. All of this information is currently being 
used in the development of molecularly-based theoretical 
models to describe the biophysical properties of the 
tissue.4  

 A secondary area of cartilage research we are involved 
in involves the preparation of well-defined biomimetic 
model systems which approximate the in vivo tissue 
environment. Microscale patterning surface techniques 
and high resolution nanomechanical methodologies were 
developed and employed to establish the functional form 
of local molecular interactions. These data were reported 
in a series of publications in Macromolecules, the Journal of 
Biomechanics, and Biophysical Journal including; normal 
forces between GAG side chains5-7 and whole aggrecan,8, 9 
aggrecan lateral (shear)10, 11 and time-dependent mechanics 
(force relaxation and oscillatory loading).12 New 
nanomechanical instrumental calibration methods were 
formulated to enable use of nanosized probe tips (end 
radius, Rtip<1 μm)10 and frequencies up to 1000 Hz.12 It 
was found that, at near-physiological solution conditions 
(0.1M), aggrecan nanoscale stress and stiffness increased 
highly nonlinearly with increasing strain, in particular at 
strains corresponding to physiological densities and an 
average inter-GAG spacing of 4-5 electrical Debye lengths 
(4-5 nm), which is the characteristic spacing consistent 

with the onset of GAG-GAG electrostatic interactions.9 
Interestingly, this nonlinear molecular mechanical 
behavior is reflected in macroscale tissue-level properties.7 
An in vivo tissue prestrain facilitates a shift into the highly 
nonlinear regime, where dramatic increases in stiffness 
take place with further small strain increments thereby 
preventing large strains that could result in permanent 
deformation, fracture, or tearing of the tissue. 
Appropriate data normalization methods,10 as well as 
comparison to Poisson-Boltzmann-based electrostatic 
double layer theoretical simulations,4, 9 indicated that a 
combination of electrostatic and non-electrostatic 
interactions contribute to the net repulsive aggrecan 
intermolecular interactions. Other nanoscale trends in the 
biomimetic aggrecan systems were also found to be 
reflected at the tissue-level,13-15 e.g., the dependences of 
nanomechanical properties on bath ionic strength, 
calcium ion concentration, and displacement rate. 
Furthermore, we also recently discovered that that 
cartilage aggrecan undergoes Ca2+-mediated self-adhesion 
and energy dissipation which is hypothesized to be an 
important factor contributing to the self-assembled 
architecture and integrity of the cartilage extracellular 
matrix in vivo.16  By creating structure-property linkages 
between the single molecule imaging and intermolecular 
forces studies, a more complete mechanistic picture is 
being created as to how and why the unique and complex 
architecture of aggrecan evolved for its particular 
biomechanical function.  
 We have now started to apply our expertise in 
nanotechnology to cartilage tissue engineering; a field that 
holds great potential for improved treatment of congenital 
diseases, traumatic injuries, and degenerative processes 
due to aging and diseases such as osteoarthritis.17 The 
production of an integrated, functional tissue replacement 
with structural, chemical and mechanical properties 
similar to the native tissue still remains a great challenge.17 
One common strategy for the repair of articular cartilage 
defects is seeding isolated chondrocytes in vitro or in vivo 
into three-dimensional biodegradable polymeric scaffolds 
while stimulating their extracellular matrix synthesis with 
a variety of biochemical and mechanical factors.17 In Ng, 
et al., Journal of Biomechanics 2007,18 we report the use of 
single cell imaging and mechanics to follow the temporal 
evolution of the synthesis and self-assembly of the 
pericellular matrix over a time period of 28 days in three-
dimensional scaffold cultures. Here, we were able to 
directly image the fine structure of the newly synthesized 
pericellular matrix surrounding individual chondrocytes 
including; the nanometer-scale banding and dimensions 
of individual type II collagen fibrils, as well as their 
density and orientation within the pericellular matrix. 
New experimental methodologies were developed 
specifically for chondrocytes, such as the design of 
microfabricated silicon substrates with arrays of inverted 
pyramidal wells for holding individual cells to maintain 
their phenotypically round shape. Our experiments 
showed that at early time points, the pericellular matrix 
was extremely compliant (much more so than freshly 
isolated cells with no pericellular matrix), but increased 
dramatically with time in vitro, suggesting an increase in 
macromolecular density and/or self-assembly and 
rearrangement of biomacromolecules within the 
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pericellular matrix. Variations in the mechanical 
properties of the pericellular matrix were also detected 
upon exposure to stimulatory growth factors and showed 
an acceleratory increase in stiffness with time in culture 
relative to the standard cultures.  The overall 
methodologies described above have great potential as a 
tool for assessing the effectiveness of a given tissue 
engineering approach by quantifying the structure and 
integration of newly synthesized molecules and assemblies 
of molecules around the cell in the pericellular matrix 
and, furthermore, quantifying their mechanical 
functionality at high resolutions. One might speculate 
that farther in the future, our methods may be able to be 
employed to initiate a new field; single cell 
mechanobiology, i.e. the relationship between 
physiological-level mechanical signals and single cell 
biochemical and biophysical processes (e.g. protein 
synthesis, gene expression, etc.).18a

 Our current and future work focuses in the following 
areas; determining how cartilage extracellular matrix 
single molecule structure and nanomolecular interactions 
degrade with age and osteoarthritis19 and the 
characterization of the nanoscale properties of 
extracellular matrix macromolecules from tissue-
engineered cartilage generated in vitro and in vivo via 
chondrocytes and marrow-derived progenitor cells 
undergoing chondrogenesis (Figure 2).20 We have also 
started to work in the area of nanomechanical properties 
of in-tact cartilage tissue.12, 21 Such experiments allow the 
in situ assessment of the structural integrity of small 
samples of a given tissue at extremely high resolutions and 
with great spatial sensitivity (e.g. to quantify 
heterogeneity); for this reason these and related 
techniques are being pursued as an avenue for early 
diagnostics tools.22, 23 Interests in this area include; 
nanoscale dynamic visco(poro)elastic properties of the 
tissue at multiple length scales,12, 21 murine models (knock-
out mice),24 and the use  of tissue nanomechanics as an 
evaluation and optimization tool for cartilage tissue 
engineering.24  Our current work in the single cell 
mechanics area also involves nanoscale 
visco(poro)elasticity, since chondrocytes  are subjected to 
loading over a range of frequencies during normal 
ambulation which is critical to their biosynthesis. We 
have already developed experimental methods to measure 
single cell dynamic properties at multiple length scales 
(nanometer and micrometer) in force relaxation and 
under oscillatory loading.25 

 Bone.  Unlike cartilage, there has been much activity 
in the literature on the nanoscale properties of bone (see 
for example26-28); it is becoming increasingly recognized 
that the nanoscale structure and properties of bone are 
critical to its physiological function.  A large portion of 
our work on bone has focused on in-tact tissue 
nanomechanics, in particular the role, contribution, and 
behavior of different nanoscale constituents and the types 
of deformation mechanisms involved in and governing 
macroscopic behavior. In collaboration with Professor 
Franz Ulm (MIT Department of Civil and 
Environmental Engineering), we recently proposed a new 
theory for the strength on bone involving "nanogranular 
friction" based on a combination of dual nanoindentation 

experiments, three-dimensional elastic-plastic finite 
element analysis simulations using a Mohr-Coulomb  

-
Figure 2. Tapping mode atomic force microscopy height 
images of individual aggrecan molecules produced by (a) 
adult equine mesenchymal stem cells and (b) 
chondrocytes in self-assembling peptide hydrogel cartilage 
tissue engineering scaffolds.20 
 

cohesive-frictional strength criterion, and angle of repose 
measurements (Tai, et al. Nano Letters, 200629). This 
work was featured in Nature Nanotechology News and 
Views, November 2006 30 and a positive commentary was 
written on this work in the Journal of the American 
Academy of Orthopaedic Surgeons in April of 2007.31 Such 
a fundamental mechanistic understanding of how the 
structural design of bone is able to achieve optimal 
resistance to compressive yield is critically important for 
predicting tissue-level fracture, simulating remodeling 
processes, and developing clinical approaches to treat 
biomechanical degradation.  In 2007, we also reported 
the role of nanoscale heterogeneity on the larger scale 
biomechanical deformation of bone (Tai, et al. Nature 
Materials32). In this research, the spatial distribution of 
nanomechanical properties was quantified at the length 
scale of individual collagen fibrils and the results showed 
amazingly elaborate patterns of stiffness (Figure 3) which 
did not correlate directly with topographical features and 
hence, were attributed to underlying local structural and 
compositional variations. In collaboration with Professor 
Subra Suresh (MIT Department of Materials Science and 
Engineering), we went on to propose a new energy 
dissipation mechanism arising from nanomechanical 
heterogeneity which offers a graceful means for ductility 
enhancement, damage evolution, and toughening. This 
hypothesis was supported by finite element simulations 
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which directly incorporate the nanoscale experimental 
data and predict markedly different biomechanical 
properties compared to a uniform material, through 
nonuniform inelastic deformation over larger areas and 
increased energy dissipation. Since osteocytes (a type of 
bone cell) are continually sampling their mechanical 
environment,33 deformation spread out over greater spatial 
areas owing to nanomechanical heterogeneity may 
facilitate damage detection in the extracellular matrix and 
improved remodeling responses. The heterogeneous 
nanomechanical patterns measured experimentally would 
in turn cause corresponding local heterogeneous strains 
when loaded macroscopically. Such strains are expected to 
be amplified by the softer surrounding pericellular matrix 
of osteocytes,34 further affecting cellular processes, possibly 
acting as ‘nanomechanical messages’. Lastly, 
heterogeneous local strains are also expected to influence 
interstitial fluid flow, which has been shown to be critical 
to the proper maintenance of metabolic activity.35 
 

Figure 3. Three-dimensional nanoscale stiffness maps (2 
μm × 2 μm area) showing significant mechanical 
heterogeneity in bone. The vertical axis corresponds to 
stiffness, where the highest vertical topography 
corresponds to the maximum value and the lowest 
topography corresponds to the minimum value. 
 

We have also designed methods to measure 
intermolecular forces and adhesion within bone tissue (i.e. 
electrostatics and local surface charge density, van der 
Waals Hamaker constant, etc.)36; such interactions play a 
significant role in determining its morphology, structural 
integrity, and interaction with bone fluid and its 
constituent biomolecular species. Our results show 
negligible variation in the form of the intermolecular 
potential as a function of mineral content (as opposed to 
elastoplastic contact mechanical properties37), highlighting 
the dominance of the organic matrix in local, molecular-
scale interactions. 
 A secondary thrust area, similar to cartilage, is bone 
tissue engineering. In 2007, we went on to apply 
nanomechanical methodologies, for the first time, to 
genetically manipulated mesenchymal stem cell (MSC)- 
based tissue-engineered bone generated in vivo ectopically 
(Pelled, et al. Journal of Biomechanics38) and in non-union 
fracture repair sites (Tai, et al. Transactions of the 
Orthopaedic Research Society39), in collaboration with 

Professor Dan Gazit (Hadassah Medical and Gene 
Therapy Center, Hebrew University, Jerusalem, Israel). 
Subtle differences between stem-cell based engineered 
tissues grown in vivo and native tissue could be identified 
by nanomechanical techniques that many other medical 
and materials characterization tools could not detect; (e.g. 
histology, microcomputed tomography, back-scattered 
electron microscopy, Fourier transform infrared 
spectroscopy, etc.).40 This increased sensitivity of 
nanoscale data, hence, offers an additional high resolution 
evaluation tool to assess the mechanical functionality, 
quality, and integrity of a given engineered tissue.  Our 
future work in this area will focus on single stem cell 
mechanics to quantify the temporal evolution of cellular 
state and function during differentiation and growth of 
the neo-tissue. Gaining a fundamental understanding of 
the biological state, architecture, and function of 
individual stem cells during differentiation is a critical key 
to the development and success of advanced stem-cell 
based tissue engineering strategies since such changes are 
known, for example, to dictate lineage commitment 
between osteoblast and other, such as adipocyte, cell 
fates.41 We hypothesize that biomechanical properties of 
adult stem cells and their neo-formed extracellular matrix 
may reflect the properties of the tissue they generate in 
vivo. Potential clinical applications based on this 
hypothesis are highly attractive.  For example, a small 
number of mesenchymal stem cells isolated from a 
patient’s own bone-marrow, could be analyzed in order to 
determine the cells’ biomechanical properties and thus 
predict the properties of the skeletal tissue (e.g. bone, 
tendon, cartilage) they will form in vivo.  If the prediction 
indicates poor tissue formation, the use of genetically 
engineered mesenchymal stem cells will allow for several 
options that could be taken in order to increase the 
probability of successful tissue repair, such as a longer 
duration of bone morphogenetic protein transgene 
expression, or the combination of a couple of therapeutic 
genes, such as vascular endothelial growth factor (VEGF) 
and bone morphogenetic protein. In summary, it is 
planned that all of the information gained from 
nanotechnological studies will be combined with data 
from molecular analytical and larger scale biomechanical 
techniques in order to form a comprehensive knowledge 
base which involves quantification of the temporal 
evolution of single stem cells during differentiation and 
determination of fundamental structure-property 
relationships and quality of engineered tissues. This body 
of information will be employed to evaluate the success of 
a given tissue engineered strategy and to guide future 
optimization efforts.  
 Gastropod Mollusc Nacre and Its Constituents. 
Nacre is an extraordinary example of a hierarchical 
biological nanocomposite and is found in the interior of 
many mollusc shells. Though nacre is composed of 
exceedingly weak constituent materials, its' unique and 
highly organized design at multiple length scales enables 
outstanding mechanical performance including an 
excellent combination of stiffness, strength, impact 
resistance, and toughness (i.e. "mechanical property 
amplification"). Nacre is a composite material with a so-
called “brick-and-mortar” structure consisting of 
alternating layers of micrometer-sized aragonite-based 
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mineral tablets separated by nanometer-thick layers of a 
biomacromolecular “glue.” All of our work on nacre and 
its constituents is a joint collaboration with Professor 
Mary Boyce (MIT Department of Mechanical 
Engineering).  In Bruet, et al. Journal of Materials Research 
2005,42 we developed a sample preparation and atomic 
force microscope imaging protocol which yielded data 
that showed individual nacre tablets were organic-
inorganic composites, in and of themselves, with a 
previously unknown remarkable complexity at the 
nanoscale.  Single molecule resolution of the organic 
matrix component on top of individual nanoasperities 
was resolved, as well as the atomically smooth topography 
of individual nanoasperities. Nanoindentation 
experiments (Figure 4a) and elastoplastic final element 
simulations estimated that individual nacre tablets possess 
both a large stiffness and (ideal) yield strength (e.g. 
indentation modulus of ~76 GPa and a yield stress of ~9 
GPa). This unique combination of high local stiffness and 
strength is thought to facilitate other energy dissipating 
mechanisms such as intertablet shear and pullout (which 
are experimentally observed), rather than brittle 
intratablet failure.   
 In order to more fully understand how this unique 
combination of outstanding mechanical properties is 
achieved, nanoindentation experiments on single crystal 
aragonite (Kearney, et al. Physical Review Letters 200643), 
the fundamental constituent mineral composing the 
majority of the nacre tablet. A dual indentation approach 
(different triaxial stress states induced by two different 
probe tips geometries, Berkovich and conospherical) 
revealed an anisotropic plastic response and showed that 
the (001) plane (which in nacre is parallel to the top and 
bottom surfaces of the tablets) was the hardest of the three 
planes by ~30%. Plasticity took place by discrete 
dislocation nucleation events and the formation of slip 
bands (as indicated by distinct load plateaus in the force-
depth curves) and directionally biased striations 
protruding in the plastic pileup zones, with no evidence 
for microcracking (Figure 4b). In collaboration with 
Professor Raul Radovitzky (MIT Department of 
Aeronautics and Astronautics), a classical rate dependent 
single crystal plasticity model used in conjunction with 
finite element analysis was formulated to interrogate the 
active slip systems resulting in the experimentally 
observed pileup patterns. It was noted that the lack of 
cleavage planes in aragonite (as opposed for instance to 
calcite, a more common form of CaCO3) is also 
advantageous. Hence, the orientation of the nacre tablets 
within the shell may be in part due to the anisotropic 
crystal plasticity of aragonite. Finally, the small length 
scale of the nanograins allows for aversion of brittle 
intracrystal failure; this was also verified by comparison of 
nanoKnoop and microKnoop indentation experiments 
where the former exhibiting ductility while the latter 
showed significant microcracking.44  
 A second area of research involving gastropod 
mollusc nacre is the constitutive modeling of the 
mechanical properties of modular biomacromolecular 
networks that form the organic "mortar" component. In 
Qi, et al., Journal of Engineering Materials and Technology 
2006,45 a microstructurally-informed, continuum level, 
hyperelastic constitutive model for an elastomeric 

network containing folded modular domains was 
fomulated. The force-deformation behavior of the 
network elements were incorporated and then the 
evolution of these elements (i.e. domain unfolding) 
tracked with macroscopic deformation.  The effect of 
unfolding on the stress-strain behavior of the material at a 
larger length scales was examined by averaging the data 
over numerous orientations following a Taylor approach; 
averaging is seen to eliminate the typical molecular "saw-
tooth" pattern and provides a load plateau that enables 
large scale deformation at a controlled stress level which 
can control ability of a such a natural structure to avoid 
stress concentrations and also to mitigate load transfer to 
other parts of the structure.46  
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(b)  
Figure 4. (a) Schematic of nanoindentation experiment to 
measure the mechanical properties of an individual nacre 
tablet42 and (b) Three-dimensional atomic force 
microscopy height image of indentation in single crystal 
aragonite (2 μm × 2 μm area) showing slip bands.43 
 

 All of these data are currently being used in the 
construction of two-dimensional finite element-based 
micromechanical models of representative volume 
elements of the nacre aragonite tablet/organic matrix 
microstructure to simulate the anisotropic larger length 
scale stress-strain behavior of nacre.47 This two-
dimensional unit cell micromechanical model was 
extended to capture the effects of tablet-tablet overlap on 
the micromechanics of load transfer as well as simulated 
shear loading, tension, and compression.44 Current focus 
in this area incorporates more detailed microstructural 
features (in both two-dimensional and three-dimensional 
representative volume elements) which will enable a 
parametric study of the contributions of different 
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structural parameters on the overall composite behavior. 
Additionally, results from these studies are being used in 
an overall multiscale modeling strategy and study of 
various inhomogeneous multiaxial macroscopic 
deformations (e.g. indentation, bending).  Other current 
and future research efforts on gastropod mollusc nacre 
involve the measurement of nanoscale heterogeneity 
within individual nacre tablets, nanomechanics of single 
crystal calcite44 (a component of mollusc shells that has 
received comparatively little attention in the hard outer 
prismatic layer, which is the first line of defense against 
attack from predators), organic-mineral intersurface 
interactions,48 and graded interfaces, for example between 
the prismatic outer layer and inner nacreous layer. 
 Armored Fish. In this most recent and ongoing 
exciting project, also in collaboration with Professor Mary 
Boyce (MIT Department of Mechanical Engineering), we 
have carried out studies on a fascinating natural armor, 
the tough, mineralized scales that form a protective 
exoskeleton of an ancient fish Polypterus senegalus that has 
never been studied before mechanically. This armor has 
been designed over millions of years of evolution to resist 
environmental threats with a quad-multilayered 
nanocomposite structure with functionally graded 
interfaces, a peg-and-socket joint mechanism between 
scales to allow high mobility and flexibility, and 
exceedingly tough macromolecular fiber and laminated 
sheet reinforcements. We have successfully accomplished 
high resolution structural analysis of the four materials the 
scale is composed of (i.e. ganoine, dentin, isopedine, and 
bone) and measured an interesting graded distribution of 
mechanical properties across the scale cross-section using 
instrumented indentation (400 nm thick), where the 
properties are observed to transition from a very stiff and 
high yield strength outer layer to a more compliant lower 
strength bone region.49 The gradation in structure and 
properties is hypothesized to provide a penetration 
resistant yet tough protection to the fish. These data are 
being incorporated into a larger multiscale multilayered 
finite element model to understand how the local material 
properties and geometry of the scale affect the larger 
length scale biomechanical properties as well as the peg-
and-socket mechanism (Figure 5). Parametric studies have 
been carried out via virtual mechanical experiments on 
scales with differing thickness ratios of the quad-layers 
and with different material properties in order to 
understand if this is indeed an optimum design for the 
particular threats this fish experiences in its environment. 
These simulations revealed the underlying stress and 
strain distribution in the layers and at the layer interfaces 
during indentation loading events and showed the load 
transfer and stress redistribution along the graded 
interfaces. The ratio of outer ganoine layer thickness to 
dentin thickness provides a microhardness that is able to 
resist penetration while minimizing the stress experienced 
in the layers and at the layer interfaces, giving the 
possibility of natural geometric optimization. 
Microcomputed tomography (µCT) was used to obtain 
full three-dimensional constructs of both a single scale 
and multiple interlocking scales and provided information 
on the density distribution, the flexible joints between 
two scales, and the scale-to-scale and scale-to-body 
interfaces.50  
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Figure 5. Multiscale mechanical design principles of 
armored fish 
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