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ABSTRACT: Human enamel is an incredibly resilient bio-
logical material, withstanding repeated daily stresses for
decades. The mechanisms behind this resilience remain an
open question, with recent studies demonstrating a crack-
deflection mechanism contributing to enamel toughness and
other studies detailing the roles of the organic matrix and
remineralization. Here, we focus on the mineral and
hypothesize that self-healing of cracks in enamel nanocrystals
may be an additional mechanism acting to prevent catastrophic
failure. To test this hypothesis, we used a molecular dynamics
(MD) approach to compare the fracture behavior of
hydroxyapatite (HAP) and calcite, the main minerals in
human enamel and sea urchin teeth, respectively. We find
that cracks heal under pressures typical of mastication by fusion of crystals in HAP but not in calcite, which is consistent with
the resilience of HAP enamel that calcite teeth lack. Scanning transmission electron microscopy (STEM) images of structurally
intact (“sound”) human enamel show dashed-line nanocracks that resemble and therefore might be the cracks healed by fusion
of crystals produced in silico. The fast, self-healing mechanism shown here is common in soft materials and ceramics but has
not been observed in single crystalline materials at room temperature. The crack self-healing in sound enamel nanocrystals,
therefore, is unique in the human body and unique in materials science, with potential applications in designing bioinspired
materials.
KEYWORDS: self-healing, enamel, hydroxyapatite, calcite, molecular dynamics, simulations

Tooth enamel is the hardest and most mineralized tissue
in the human body, and is the only tissue with no cells.
Fully mineralized and disease-free enamel is clinically

defined as sound enamel, as opposed to carious enamel. It is a
nanocomposite of 95 wt% hydroxyapatite (HAP,
Ca5(PO4)3OH), 1 wt % soft organic matrix, and 4 wt %
water.1,2 Its major function is mastication, with hundreds of
masticatory cycles per day, and despite the fact that it cannot
be remodeled, enamel can last a lifetime without catastrophic
failure. This unique resilience of sound enamel is due to its
hierarchical structure and composition.3−6 It is composed of
elongated HAP nanocrystals bundled into rods partly wrapped
in sheaths of organic matrix and interspersed with interrod,
made of similar but differently oriented HAP nanocrystals. In
mammalian enamel, the rods are arranged in a complex
decussating pattern, which toughens by bridging, deflecting,
and bifurcating cracks.7−12 This is a unique characteristic of
mammalian enamel compared to other vertebrates with less
resilient teeth, which replace multiple generations of teeth over
their lifespan (e.g., sharks, bony fishes, amphibians, reptiles).

The unique mechanical properties of enamel has inspired the
design of engineered nanomaterials.13,14

To successfully function over tens of years without
catastrophic failures, enamel employs a host of mechanisms
at different scales that allow it to combine high hardness and
fracture toughness. Although HAP is the predominant
component in enamel, organic macromolecules play significant
roles in enamel toughening through ligament bridging of
microcracks�several reports indicate that the organic matrix is
involved in crack healing.7,10 Water is also involved in enamel
toughening through hydration of the organic phase.7 Panda
enamel, for instance, exhibits hydration-induced self-recovery
due to viscoelasticity of the organic matrix.15
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Despite a significant body of evidence on toughening
mechanisms provided by enamel microarchitecture, organic
phase, and water, very little is known about the role of the
mineral. It was proposed that biological apatites are insensitive
to flaws due to their nanosizes.3 Our recent study16 challenged
a decades old paradigm that the crystals within each enamel
rod are co-oriented, and that their crystalline c-axes are aligned
with the rod axis.17−19 That study, utilizing polarization-
dependent imaging contrast (PIC) mapping20,21 in combina-
tion with high resolution scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), showed that
adjacent nanocrystals are actually misoriented within rods,
most frequently by 1°−30°.16 Upon exposure to tensile loads,
bicrystals with these c-axis misorientations induce crack
deflection, as illustrated in Figure 1a, and contribute to enamel

toughness16 and hardness in various animals.22,23 This
perspective revealed the necessity to carefully assess the
structure, orientation, and fracture behavior of crystals at the
nanoscale to fully understand enamel’s unique resilience at the
macroscale. Specifically, it is important to investigate if cracks
in individual nanocrystals can heal during mastication, and if
so, how this phenomenon contributes to the macroscopic
mechanical resilience of enamel. Residual cracks can
accumulate over time, leading to material fatigue failure such
as in Figure 1b. However, for human enamel to last for decades
without catastrophic failure, we hypothesize that an alternative
structure evolution may attenuate nanocrack damage as shown
in Figure 1c. The HAP mineral itself is the focus of this work,
where we compare how repeated fracture and compression
affects the main mineral component in two different dental
minerals: calcite (CaCO3) in sea urchin teeth, which
continuously grow and self-sharpen24 as pieces break off, and
HAP in human enamel, adapted to last a lifetime. Specifically,
we compare calcite and HAP crack healing, both in isolation
and in water, to explore the role of the mineral in sound
enamel.

RESULTS/DISCUSSION
We used molecular dynamics (MD) simulations to probe
repeated fracture and healing behavior of two biologically
relevant minerals, calcite and HAP, present in sea urchin teeth

and human teeth’s sound enamel, respectively. Figure 2a
illustrates the behavior of fractured calcite and HAP nano-
crystals under compression at 0.66 GPa at room temperature.
This is a biologically relevant pressure, approximately what
enamel is exposed to when molar teeth are clenched in the
mastication processes.25,26 The sources of tooth fracture are
diverse,27 including masticatory accidents involving suddenly
biting a hard object,28 defective amalgam restorations,29 or
even the cumulative effect of masticatory cycles in both normal
and parafunction.30 Here, for simplicity, fracture is induced by
applying tensile loads on notched single crystals. After
compression of the cracked crystals, calcite does not heal: it
is left with a deformed crystal lattice and material voids along
the crack. In contrast, HAP after compression heals: it reforms
the original ordered lattice structure with almost no residual
damage.
Atoms with fewer neighbors than their initial state in bulk,

unfractured crystal are defined as dislocation or defect cores.31

Quantitatively, Figure 2b shows plentiful dislocation core
generation in calcite with atoms on average experiencing a 10%
change in number of neighbors, notably at the significantly
deformed notch tip and around persistent material voids. In
contrast, HAP crack healing occurs with very little perturbation
of the crystal lattice even along the fracture path, with atoms
on average experiencing only a 5% change in neighbors. The
details of dislocation core visualization are provided in the
Methods/Experimental section and the Supporting Informa-
tion.
The marked difference in behavior between calcite and HAP

can be understood from an energetic perspective. Over the
fracture process, new surfaces are created. The resultant
structures are at a higher potential energy state, corresponding
to the surface energy of the cracks, compared to the pristine
crystals. We plot this change in energy for crystals of calcite
and HAP in Figure 3 and find that the change in energy for
calcite is much lower than for HAP. The difference in potential
energies shows that HAP fracture surfaces are much less stable
than calcite surfaces. This energy difference acts as an
additional driving force for crack closure, resulting in HAP’s
markedly stronger self-healing response.
To further probe how repeated fracture and compression

change crystal structures over time, the already compressed
calcite and HAP nanocrystals were exposed to three additional
cycles of fracture and compression. Calcite voids along the
crack path grow in size with repeated fracture, leaving only
minimal connection between the left and right halves of the
crystal. This irreversible damage is characteristic of non-self-
healing materials. In contrast, HAP continues to repeatedly
fuse two crystals into a continuous single crystal, and thus, it
self-heals as shown in Figure 4a. There is inevitably some
resistance to repair due to energy dissipation during fracture,
which manifests as mild accumulation of defects along the
fracture path, but not nearly as much in HAP as in calcite.
We next repeated the study, but with the introduction of

water to the system, in order to evaluate the healing
mechanism in an environment similar to the mouth. For
these aqueous simulations, the top and bottom free surfaces of
the mineral are coated with approximately 20 Å thick layers of
water molecules prior to fracture, filling the empty space in the
original simulation box. We find that the presence of water can
contaminate the fracture surfaces, become trapped along the
crack surface upon compression, and attenuate the degree of
HAP healing after repeated fracture, as shown in Figure 4b.

Figure 1. Schematic of misoriented HAP nanocrystals (crystal
orientations represented with different shades of blue) within
enamel rods having (a) deflected nanocrack path. Cracks typically
act as (b) structural vulnerabilities weakening the material for
further cracking and eventual catastrophic failure, but the long-
term resilience of enamel hints at mechanisms of (c) structure
regeneration attenuating the effect of nanocracks.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c10407
ACS Nano 2022, 16, 10273−10280

10274

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10407/suppl_file/nn1c10407_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10407/suppl_file/nn1c10407_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c10407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Despite this, the comparison of HAP to calcite still favors
HAP, with crack healing behavior again present in HAP but
not in calcite.
To evaluate the consistency of our simulated results with

reality, we experimentally imaged sound human enamel from a
healthy young adult molar, as presented in Figure 4c. Thin
crack features with various line widths and lengths were
observed with scanning transmission electron microscopy
(STEM). In some areas, adjacent cracks are observed within
5 nm of each other, much closer than the smallest enamel
crystal widths of 15 nm.32 Thus, these lines are consistent with

cracks within HAP crystals, rather than being intercrystal
features such as grain boundaries. Additionally, these lines
cannot correspond to the well-known central dark line (CDL)
in each enamel HAP nanocrystal.33 This is because, under the
annular dark field detectors used to obtain better CDL
detection than regular high resolution TEM, CDLs visually
appear as brighter lines due to the higher z-contrast.34−36 Our
micrographs are acquired in the same way; hence, the dark
lines we observed are not CDLs. These intracrystal nanocracks
sometimes completely disappear before reappearing further
along the same path and thus appear as dashed lines. It is
impossible to determine if these dashed lines are the result of
previously bigger cracks that healed or incipient cracks that
would have grown bigger if the donor had continued to chew
on them. If the observed dashed lines are a result of crack
healing within HAP crystals, then nanocracks disappeared
where healed and persisted where not healed (perhaps due to
similar surface contamination mechanisms as identified in
Figure 4b). Other than the presence of dashed-line nanocracks,
the structure of the enamel in Figure 4c is perfectly intact.
Thus, dashed-line damage is below the threshold for causing
catastrophic failure during the life of the donor.
We investigate the self-healing behavior of HAP in aqueous

environment in further detail with Figure 5a, which indicates
that HAP outperforms calcite in ultimate fracture strength over
all repeated fractures. Strikingly, the efficacy of HAP healing is
demonstrated in how the strength of healed HAP after one
fracture is comparable to and slightly higher than the strength
of pristine calcite. Additionally, the sample toughness
calculated as the area under the stress strain curve37 also
demonstrates the effectiveness of HAP healing in Figure 5b.
Here, the decrease in toughness between the first and second

Figure 2. MD simulations of (a) pristine calcite and HAP nanocrystals, fractured by tensile load and compressed at typical mastication
pressures, illustrate greater crack healing by fusion of crystals in HAP than in calcite. (b) Dislocations of fused crystals are displayed per
element for clarity. Fracture irreversibly damages the calcite crystal lattice, resulting in the formation of material voids. In contrast, HAP
cracks heal with damage limited only to scattered dislocation cores. Dislocation cores are colored according to the percentage of neighboring
atoms lost over the fracture and healing processes.

Figure 3. As new surfaces are created by fracture, the potential
energy of both HAP and calcite crystals increases. The change in
potential energy is greater for HAP than calcite, meaning that HAP
surfaces are less stable than calcite surfaces. This difference in
potential energy acts as an additional driving force for the
elimination of HAP fracture surfaces, resulting in the difference in
self-healing behavior between the two crystals.
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fractures is much greater for calcite than HAP, with the
difference due to the ability for HAP to recover a degree of its
mechanical properties by crack healing. On average, calcite
loses 49% of its toughness after fracture while HAP only loses
33%. After enough repeated fracture, both tensile strength and
toughness of HAP degrade to levels comparable to those of
calcite, illustrating an operational limit to the crack healing
process.

CONCLUSIONS
MD simulations reveal very different crack healing behaviors of
calcite and HAP after fracture and compression. Calcite
crystals remain irreversibly damaged under biological com-
pression conditions, with persistent material voids that only
grow in size with repeated loading. Such irreparable damage to
a major dental component is of little concern to organisms
with the ability to continuously grow teeth, such as sea urchins.
In contrast, human enamel must last a lifetime and natural
selection would favor a dental material minimizing fracture
vulnerability. The ability for HAP nanocracks to self-heal under
compression may significantly contribute to sound enamel’s
long-term resilience.

Self-healing of cracks in crystals is not a unique concept�
studies on crack healing in inorganic ceramic materials date
back to the 1960s.38 Since then, various metal oxides and
silicon compounds have been identified, taking advantage of
both local sintering and oxidation reaction pathways39,40 to
heal microcracks. Recently, so-called MAX phase compounds41

have been studied for their ability to fully and repeatedly self-
heal. In particular, Ti2AlC has experimentally demonstrated
similar behavior to our HAP results - initial microcrack healing
is robust enough for a second microcrack to take a different
fracture path, with subsequent cracking exhibiting decreased
degrees of healing.42

However, notable differences make the HAP case unique,
despite bearing similarities in repeated fracture behavior and
the mechanism of crystal fusion under compression. First, the
chemical composition of HAP is not a metal oxide, silicon-
based, or a MAX phase. Second, HAP crack healing is
simulated to occur at room temperature instead of the 1000 K
temperatures common for MAX phases. To our knowledge,
compression-based crack healing has not been observed at
room temperature. Third, and perhaps the reason for the first
two differences, we have identified healing at the nanoscale

Figure 4. Over repeated cycles of fracture and compression, (a) the calcite nanocrystal is irreparably damaged with large persistent gaps
formed along the fracture path, while the HAP nanocrystal is healed with comparatively minor generation of dislocation cores along the
fracture path. (b) While the introduction of water (light gray atoms at top, bottom, and within the cracks of the crystal) contaminates the
crack surface and attenuates HAP healing after repeated fracture, the comparative observation of greater residual damage in calcite than
HAP still holds. (c) STEM images of HAP in human enamel reveal hairline cracks that vary in width, sometimes completely disappearing
before reappearing further down the material. Such dashed lines are shown in four panels between pairs of arrowheads. Distances between
parallel cracks can reach <5 nm, too close to be grain boundaries between adjacent HAP crystals. Dashed-line nanocracks within HAP
crystals may be partly healed cracks.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c10407
ACS Nano 2022, 16, 10273−10280

10276

https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10407?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c10407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


rather than microscale. The nanoscale nature of our system
may be a contributing factor as to why crack healing is
observed at low temperature: high surface energy to volume
ratio at the nanoscale may drive healing at comparatively mild
conditions.
Another relevant aspect of the healing process observed in

MD simulations is the time it takes to heal a crack. We
consistently observed crack healing within 10 ps. Such fast
healing is essential in as dynamic a system as teeth during
mastication: if a nanocrack did not heal immediately, its two
sides may be displaced with respect to one another, leading to
structural modification and loss of function. HAP fast crack
healing is appealing for bioinspired robotic materials.43,44

Finally, HAP self-healing may explain the formation
mechanism of another thus far unexplained enamel structure.
Unerupted teeth possess a loosely packed surface enamel
structure distinct from mature erupted teeth. This porous
surface enamel exists up to the time of eruption. Then, it
begins losing porosity as a function of time after eruption.45

The surface enamel eventually becomes identical with the
closely packed crystals of subsurface enamel.46 But, the
mechanism by which this change occurs is not known. In
light of our HAP results, mastication forces after eruption may
facilitate the fusion of enamel crystals and could contribute to
this structural change.
Future work may include more thorough experimental

studies of fracture evolution in enamel, by the analysis of tooth
samples with known degrees of failure and stress history.

Additionally, further complexity in the MD model to
incorporate effects of bond breakage with reactive force fields,
inclusions of natural chemical impurities in the crystal lattices,
and organics will allow us to go beyond mechanism
identification and assist the development of a more
quantitative, general model for biomineral failure, healing,
and design.

METHODS/EXPERIMENTAL
MD Simulations of Fracture and Fusion of Crystals. All

simulations were run on computer clusters at NERSC and at MIT.
We used an MD approach from previous studies of calcite47 and
HAP16,48−50 utilizing LAMMPS51 to probe the behavior of repeated
nanocrystal fracture. Here, we chose a system periodic in width and
depth and measuring 15 nm high as a representative HAP nanocrystal.
This 15 nm dimension is on the order of the HAP subunits observed
in mature human enamel52 and on the low end of the distribution of
observed enamel crystal thicknesses.32 Taking this smaller system size
is intentional for computational expediency while still capturing a
physically relevant size. Calcite nanocrystals of comparable size were
chosen to make a direct comparison.

A triangular 5 nm deep × 2 nm wide surface notch was introduced
at the bottom center of each crystal as an initial crack before exposure
to tensile loads. Initial surface notches were created by deleting atoms
within the notch region while both maintaining charge neutrality and
without leaving partial phosphate or carbonate ions. After notching,
these HAP and calcite crystals were composed of 23,333 and 24,450
atoms, respectively. Simulation conditions used the NPT ensemble at
300 K. A strain rate of 1 m/s, up to strain of 0.2, was used to fracture
the sample. Crystal halves were subsequently brought back together
and compressed to 0.66 GPa over 10 ps. This was held at 0.66 GPa
for 10 ps to make the two halves fuse, before returning the pressure to
1 atm over a subsequent 10 ps. Finally, the sample was held at 1 atm
for 10 ps before being subject to subsequent fracture. Three separate
HAP simulation runs, each consisting of four fracture and
compression cycles, were performed to gather a general representa-
tion of fracture behavior over different thermal fluctuations.
Calculations of the stress tensor53 were performed within LAMMPS
and averaged across the three runs to provide the values in Figure 5,
with error bars representing the standard deviation. The mechanical
behavior of HAP nanocrystals was validated against previous studies16

with close agreement in fracture strain. A fractional difference in yield
strength compared to larger sample sizes is expected and may be
attributed to the size effect reducing the free path for dislocation
movement.54

Visualizations of MD Simulations. Visualization of atomic
structure and crystal defects at various timesteps were done in
OVITO.55 Coloration was done by a revised coordination number
analysis31 due to the method’s ease of use and independence from the
choice of force field. Due to the crystal structures of calcite and HAP
consisting of multiple interpenetrating elemental lattices, a typical
coordination number such as 12 for FCC or 8 for BCC is not used.
Instead custom neighbor cutoff radii of 5.2 Å for calcite and 4 Å for
HAP are chosen in order to capture relevant interatomic interaction
distances. Further detail is provided in the Supporting Information.

Energy Calculations of Fractured Crystals. Material toughness
is the ability for a material to absorb energy during deformation,
measured by calculating the area under the stress strain curve from a
tensile test, with units of energy per volume of material.37 Specifically,
this is shown in the following eq 1:

=T d
0

f

(1)

where T is toughness, σ is the stress, ε is the strain, and εf is the final
strain. Integrating the area under the stress strain curve multiplies the
units of stress (Pa) by the units of strain (unitless), providing units of
Pa = N/m2 = N·m/m3 = J/m3, i.e., energy per volume.

Fracture toughness is a separate value from material toughness that
represents the energy needed to fracture a material from an initial

Figure 5. Quantitative comparison of aqueous calcite and aqueous
HAP crystal fracture demonstrates that (a) the repeated fracture
strength of HAP is consistently 67% greater than that of calcite,
with the first fracture strength of pristine calcite slightly lower than
the second fracture strength of HAP. (b) Additionally, the
decrease in material toughness between subsequent fractures and
compressions is much less pronounced for HAP than for calcite�
on average HAP only loses 33%, while calcite loses 49% of its
toughness.
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notch, with units of MPa·m1/2.56 As our simulations are subject to
periodic boundary conditions, the samples under investigation can be
considered to have infinite thickness. Thus, we are in the case of plane
strain,56 and fracture toughness can be approximated according to the
following eq 2:

=K ac (2)

where Kc is the fracture toughness, σ is the stress, and a is the notch
length. For a given initial notch size, materials that can withstand a
greater stress before fracture have a greater fracture toughness.

Another measure of fracture resistance can be derived from the
amount of energy required to grow a crack during fracture, with units
of energy per area of crack surface.57 This critical energy release rate
can be approximated as the following eq 3:

=G
a

Ec
f

2

(3)

where Gc is the critical energy release rate, σf is the failure stress, a is
the crack length, and E is the Young’s modulus. These latter two
material properties are plotted in the Supporting Information as
Figure S3 and show good agreement with the literature.58−60

Focused Ion Beam (FIB) Preparation of Enamel Samples.
The FIB sections of human dental enamel were prepared as described
in Beniash et al.16 Briefly, a deidentified third mandibular molar
extracted for orthodontic purposes was collected at the Dept. of Oral
and Maxillofacial Surgery, University of Pittsburgh School of Dental
Medicine. The coronal portion of the tooth was separated from the
roots and sectioned into 200 μm thick sections in the mesio-distal
plane. The preparation of the FIB samples was conducted using a
1540XB CrossBeam Zeiss Auriga FIB field emission SEM, equipped
with a Ga liquid metal ion source at the Nanoscale Imaging and
Analysis Center (NIAC), University of Wisconsin-Madison. The FIB
samples were prepared in such a way that the rods were all parallel to
each other and oriented in the plane of the section. The enamel
samples were 100 nm thick and 20 μm × 100 μm wide.
STEM of Enamel Samples. The enamel samples were studied at

the University of Pittsburgh Nanoscale Fabrication and Character-
ization Facility (NFCF), using a FEI Titan Themis G2 200 Probe Cs
Corrected STEM at 200 kV acceleration voltage.
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