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Dental health is closely related with people’s quality of life. Teeth are subject to different
problems and risks over time. Therefore, studying the influence of age on mechanical
properties of tooth enamel is of considerable importance. In this study, the collected
human teeth were divided into four groups: deciduous (aged 6–12 years), juvenile
permanent (aged 14–20 years), young adult permanent (aged 25–45 years), and older
adult permanent (aged over 60 years) teeth. The mechanical properties of tooth enamel of
all age groups were evaluated using a microhardness tester and laser confocal
microscope. The results revealed that hardness of the deciduous teeth was much
lower than that of permanent teeth. Hardness of young adult permanent teeth was the
highest, followed by that of the older adult and juvenile permanent teeth. Deciduous teeth
enamel had the highest fracture toughness, followed by that of young adult, juvenile, and
older adult permanent teeth. The different chemical compositions and microstructures of
enamel at different age groups resulted in the significant differences in mechanical
properties. This research accords with the strategic requirement of improving peoples’
dental health, and its results are noteworthy in developing specific protocols for dental
hygiene and clinical prevention.
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INTRODUCTION

Teeth are among the most critical oral organs in the human body. In addition to cutting, biting, and
chewing food to provide energy, they also ensure correct enunciation and good appearance. If the
teeth do not develop or are not maintained properly, tooth loss due to decay occurs, which affects
food intake and causes the lips and cheeks to lose support and sag, deforming the face. Thus, dental
health is closely related to people’s quality of life.

The teeth are mainly constituted of dentine, with the outer layer comprising enamel (in the crown
part) and cementum (in the root part). The enamel covers the outer layer of the crown and protects
the inner dentine and pulp against damage from external loads. However, as an individual advances
in age, the mechanical properties of enamel can change due to long-term exposure to the complex
oral environment. Therefore, studying the influence of ageing on the mechanical properties of
enamel for clinical treatment is of great importance.

Tooth enamel is the hardest mineralized substance in the human body. It has excellent mechanical
properties and plays a key long-term role in the complex oral environment. Enamel is composed of
96–97% inorganic minerals and a small proportion of organic matter and water. The inorganic
materials are mainly hydroxyapatite crystals but also contain a small amount of calcium fluoride and
calcium phosphate (Robinson et al., 2000; Simmer and Hu, 2001; Beniash et al., 2009). Nanoscale
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hexagonal hydroxyapatite crystals are the basic constituent units
of enamel. These long strips of hydroxyapatite particles are
bonded with proteins to form the glaze column and interstitial
glaze by employing numerous arrangements and orientations (He
and Swain, 2008; Pan et al., 2008; Moradian-Oldak, 2012). The
column is shaped like a keychain, and the hydroxyapatite
particles that constitute the enamel pillar are arranged
longitudinally, perpendicular to the enamel occlusal surface.
The hydroxyapatite particles in the enamel interstitial region
are deflected in orientation, which leads to a discontinuity of the
enamel pillar and interstitium, thus forming a gap. This gap is
called as enamel sheath and is rich in sheathlin known as
ameloblastin and amelogenin (Zeichner-David et al., 1997).
Moreover, the orientation of hydroxyapatite crystals on the
occlusal surface and tooth enamel section differs as does the
arrangement of inner and outer enamel, which results in a
complex microscopic structure of tooth enamel and differences
in the mechanical properties of tooth enamel at distinct positions
(Cui and Ge, 2007; Shieh et al., 2011; Niu et al., 2017; Shen et al.,
2020).

The mechanical properties and biological functions of
enamel are not only attributed to its excellent structure but
also to the effective combination of inorganic minerals and
organic proteins. General materials will produce plastic damage
close to atomic scale when impacted, thus showing very low
fracture toughness (Li et al.,2022). According to the pull-shear
chain model of proteins, under tensile stress, hard inorganic
mineral crystals mainly bear tensile stress along the long axis,
whereas soft organic protein layers mainly bear shear force (Ji
and Gao, 2004). Tooth enamel wear entails the destruction of
the interfacial protein bonds between hydroxyapatite crystals in
nanofibers, which consumes considerable energy (Lei et al.,
2020). Protein removal results in a reduction in fracture
toughness of approximately 40% compared with a complete
protein control. The loss of organic content reduces protein
contribution to total fracture energy by more than 80%. This
degradation manifests in the embrittlement of the unfractured
bridging ligament and a subsequent reduction in fracture
closure stress. Although the organic content of enamel is low,
it is essential to enhance strength by promoting the formation of
unbroken ligaments and enhancing enamel resilience
(Yahyazadehfar and Dwayne, 2015). Concentrations of Mg
and other minor ions on the surface of the microcrystalline
layer (and adjacent media) also change systematically during the
formation of human tooth enamel. This may affect the mineral
phases and interactions of enamel matrix proteins and their
degradation products with each other (Derocher et al., 2020).
The water content in enamel can improve its fracture toughness
and protect the surface from impact wear (Zheng et al., 2016).
Compared with dehydrated enamel, hydrated enamel
demonstrates superior wear resistance despite its lower
hardness and higher coefficient of friction and sliding (Hua
et al., 2019).

The mechanical properties of enamel, in addition to its
microstructure and chemical composition, are also influenced
by oral environmental factors such as pH and salivary lubrication
(Galbany et al., 2014; Adhani, 2015; Antoine and Hillson, 2015).

After 1 min of adsorption in saliva, tooth enamel forms a
dense protein membrane, which is the initial membrane of the
tooth enamel surface and can effectively reduce tooth enamel
wear (Zhang et al., 2013; Steiger-Ronay et al., 2020). The enamel
wears more rapidly in citrate media than in artificial saliva. In
conditions of citric acid erosion, the enamel surface forms a
softened layer, and the enamel surface wear mechanism mainly
manifests as adhesion peeling. The enamel surface is mainly
ploughed and accompanied by peeling in the artificial saliva
medium (Zheng et al., 2011). The hardness and elastic
modulus of the enamel also decrease with pH (Barbour et al.,
2010).

The oral environment as well as the microstructure and
chemical components of the enamel change with age, which
may lead to changes in their mechanical properties. However,
most studies on the teeth of individuals from distinct age groups
have focused on the correlation between age and dentine.
Montoya et al., 2015 investigated the effects of age on dentine
microstructure, hardness, and chemical composition, observing
no significant difference in the tooth tube density or diameter,
with the major difference exhibited in the occlusion rate of the
dental tubule. Older dentine has a higher rate of dental tubule
occlusion, thus leading to a higher mineral–collagen ratio. Thus,
older dentine has higher hardness than younger dentine because
of its higher mineral–collagen ratio. Mandra et al., 2020
discovered that the strength of the microshear bond between
the dentine surface and composite resin adhesive decreased with
age under different bonding systems, indicating a significant
negative effect of ageing on the bonding strength of the
dentine surface. Ryou et al. (2015) studied the effect of ageing
on the mechanical properties of dentine, noting that the
maximum bending stress and fracture energy of dentine
decreased with age. The fracture toughness and fatigue
strength of dentine in older adults was nearly 70% lower than
in younger adults.

To date, few studies have investigated the age-related
properties and the effects of age on enamel materials. Tooth
and enamel rod sheath colours vary with age, and studies have
revealed that the crystal gap and enamel rod sheath inhibit the
reflection of lower dentin colour, with a tendency to scatter light
from the surface to the deep layer. Young dental enamel rods are
clear, but the number of crystal gaps and enamel rods decrease
rapidly with age. The colour of the dentine is thus strongly
reflected, resulting in a darker appearance (Miake et al., 2016).
The thickness of enamel also begins to decrease from age 50 years
onwards, and after 65 years, the amount of enamel is
approximately one third less than that in younger people’s
teeth (Carvalho and Lussi, 2017). These reports have not
discussed the effect of age on the mechanical properties of
enamel or fully analysed the changes in the mechanical
properties of human enamel throughout its life cycle.

In the present study, the mechanical properties of human
enamel throughout its life cycle were examined. In accordance
with human enamel’s growth characteristics, its life cycle was
divided into four parts: 1) the deciduous teeth group (aged
6–12 years), 2) juvenile permanent teeth group (aged
14–20 years), 3) young adult permanent teeth group (aged
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25–45 years), and 4) older permanent teeth group (aged over
60 years). We investigated the mechanical properties of dental
enamel at distinct ages. By using a microhardness tester and laser
confocal scanning microscope and examining the Vickers
hardness of the enamel surfaces at different ages, we studied
the influence of age on enamel mechanical properties, providing
strong support for further analysis of the connection between
enamel microstructures and material performance.

MATERIAL AND METHODS

Sixteen molar teeth extracted from patients at Zhenjiang
Stomatological Hospital were divided into deciduous teeth
(aged 9–12 years), juvenile permanent teeth (aged
14–20 years), young adult permanent teeth (aged 25–45 years),
and older adult permanent teeth (aged over 60 years) groups, with
four teeth in each group. The collected teeth were soaked in
deionised water and stored in a refrigerator at 4°C.

The dental inclusion criteria were as follows: 1) the teeth were
third molars extracted due to orthodontics, periodontal disease,
or trauma, or retained second deciduousmolars and 2) crown was
normal without caries. Written informed consent was obtained
from all of the patients and their guardians.

For sample preparation, plaque and stones were first
removed by sonication, and then the roots were partially
removed (with the crown portion retained) using a handheld
saw blade. Then, each sample was embedded in a soft plastic
mould (25 mm × 18 mm) with resin, with the teeth occlusal
surface faced downward. After solidification, the samples were
polished successively with 400-, 800-, 1,500-, and 2,000-grit
sandpapers in water cooling conditions and then polished
successively with 5, 2.5, 1, and 0.5 μm water-soluble diamond
polishing paste in water cooling conditions until the average
surface roughness (Ra) was ≤0.1 μm. In order to reduce the

influence of enamel thickness on the experimental results, the
thickness of enamel polishing was controlled between 0.2 and
0.3 mm.

First, a microhardness tester (HVS-1000AT/EOS100B, China)
was used to load each sample surface with different loads (0.1, 0.5,
1, 2, 5, and 10 N). The loading time for each load was 15 s and the
ambient temperature was 25°C. Next, their Vickers hardness was
measured based on the indentation morphology. At each load, 2
values were measured for each of the 16 samples, yielding a total
of 192 values. Data relating to the same age group and load were
averaged.

After the Vickers hardness measurement was completed, the
indentation morphology of each sample was observed using a

FIGURE 1 | Indentation depth measurement process of dental enamel. (A) Indentation topography; (B) Indentation depth measurement; (C) Indentation depth.

FIGURE 2 | Indentation topography diagram.
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laser confocal scanning microscope (LCSM, XK-X1000,
KEYENCE, Japan), and the indentation depth was measured.
The process of measuring enamel indentation depth were
depicted (see Figure 1).

The crack length of each indentation was then measured (see
Figure 2). The fracture toughness of the enamel was calculated
using Eq. 1 (Rivera et al., 2013):

Kc(app) � 0.0084( E
Hv

)
0.4

(2F
L
) 1
c0.5

(MPa ·m0.5) (1)

Where E is the elastic modulus of the enamel (with E = 7.27 ×
1,010 Pa), HV is the Vickers hardness of the enamel, c is the
average length of four cracks, F is the normal load, and L is the
average length of the indentation diagonal. The Chinese units are
all the basic units of the international unit system.

Finally, the Ca and P elements in enamel of all ages were
analyzed using X-ray energy spectrometer (Zeiss
Crossbeam 540).

RESULTS

Vickers Hardness
As illustrated by Figure 3, the relationship curve of the enamel
surface Vickers hardness varied with normal loading among
the age groups. The results suggest that at the same load, the
young adult permanent teeth group exhibited the highest
Vickers hardness of tooth enamel, followed successively by
the older adult permanent, juvenile permanent, and
deciduous teeth groups. Although the vickers hardness of
enamel in different age groups decreased with the increase
of loading. But under the same load, the size relationship
between them is still quite obvious. The results of
microhardness test revealed that when the normal load was

0.1 N, the enamel hardness values (HV’s) of the young adult
permanent, older permanent, juvenile permanent, and
deciduous teeth were approximately 567, 548, 527, and 469,
respectively. With an increase in the normal load, the Vickers
hardness of the enamel of all four groups decreased. When the
normal load was increased to 10 N, the Vickers HV’s of the
young adult permanent, older permanent, juvenile
permanent, and deciduous tooth enamel decreased to
approximately 330, 327, 323, and 313, respectively, (see
Figure 3). In addition, as depicted in Figure 3,
Nonetheless, the Vickers hardness of enamel of the
permanent teeth of all ages did not differ markedly,
whereas that of the deciduous tooth enamel was

FIGURE 3 | Detection of hardness–load curves of tooth enamel at
different age.

FIGURE 4 | Comparisons of mean indentation depth of tooth enamel at
different age at a load of 5 N.

FIGURE 5 | Detection of indentation depth of tooth enamel at different
age at a load of 5 N.
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substantially lower than that of the permanent tooth enamel
(of all ages). Therefore, from the perspective of Vickers
hardness, the mechanical properties of the tooth enamel
materials of different age groups differ considerably.

Depth of the Indentation
Figures 4, 5 present and compare the tooth enamel
indentation depth for each age group at a load of 5 N.
The depth of enamel indentation was the highest in the

FIGURE 6 | Topography of the enamel surface of different age groups at a load of 5 N. (A) Deciduous teeth group. (B) Juvenile permanent teeth group. (C) Young
adult permanent teeth group. (D) Older adult permanent teeth group.

TABLE 1 | The mean crack propagation length of enamel indentation at
different ages.

Age Group The Mean Crack
Propagation Length c

(μm)

Deciduous teeth group 36.8314 ± 0.8711
Juvenile permanent teeth group 34.6203 ± 0.6766
Young adult permanent teeth group 33.0615 ± 1.0848
Older adult permanent teeth group 38.6293 ± 0.9607

FIGURE 7 | Detection of fracture toughness–load curves of different age
groups’ tooth enamel.
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deciduous teeth group, followed by the juvenile, older adult,
and young adult permanent teeth groups (in that order).
From the Angle of indentation depth, there are significant
differences in the compressive ability of enamel materials in
different ages.

Fracture Toughness
As illustrated in Figure 6, the enamel surface indentation
topography with a load of 5 N varies by age group, with the
shortest crack propagation observed in the enamel of the young
adult permanent teeth, followed successively by that of the
juvenile permanent, deciduous, and older adult permanent
teeth. Table 1 shows the mean crack propagation length of
enamel indentation at different ages.

Figure 7 displays the relationship curves of enamel fracture
toughness and normal load, which varied among the age
groups. Within the test range (0.1–10 N), the fracture
toughness of the enamel in all age groups presented a trend

of increase with an increase in load. The fracture toughness
values for the enamel in the older adult permanent,
juvenile permanent, young adult permanent, and deciduous
teeth were 0.457–0.597, 0.489–0.612, 0.507–0.643, and
0.526–0.682 MPa m0.5 (see Figure 7), respectively. Thus, the
enamel surface fracture toughness values were the lowest in the
older adult permanent teeth group, followed by the juvenile
permanent, young adult permanent, and deciduous teeth
groups.

FIGURE 8 | LCSM topography of enamel surface of different age groups after slight acid etching. (A) Deciduous teeth group. (B) Juvenile permanent teeth group.
(C) Young adult permanent teeth group. (D) Older adult permanent teeth group.

TABLE 2 | Ca/P values of enamel surface at different ages.

Age group Ca/P

Deciduous teeth group 1.27
Juvenile permanent teeth group 1.62
Young adult permanent teeth group 1.70
Older adult permanent teeth group 1.68
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Surface Topography
As illustrated in Figure 8, the surface topography of enamel
changes with age. Compared with permanent teeth, the diameter
of enamel rod of deciduous teeth is smaller and the arrangement
is relatively scattered. The inter rod enamel of deciduous teeth is
much wider. Water and protein are mainly stored in the inter rod
enamel, so deciduous teeth have a lower hardness. The diameter
of enamel rod of Juvenile permanent teeth is a litter smaller than
young adult permanent teeth, they showed a more regular round
shape. As the number of chewing increases, the enamel rod of
older adult permanent teeth is flattened into an oval shape.

EDS Results
Table 2 shows the Ca/P values of enamel surfaces at different ages.
And what we can see is, we can see that the young adult group has
the highest Ca/P, followed by the older adult permanent, juvenile
permanent, and deciduous teeth groups. This is consistent with the
law of Vickers hardness in different age groups.

DISCUSSION

Studying the mechanical properties of tooth enamel is a crucial
scientific venture. Due to the complex microstructure of tooth
enamel and substantial limitations of quasistatic and dynamic
testing methods, the use of the traditional indentation method is
feasible (Xu et al., 2017). Microhardness testing indicated that at the
same load, the Vickers hardness of the deciduous teeth was much
lower than that of the permanent teeth. Although differences in
Vickers hardness among the three age-based permanent teeth
groups was not as obvious as that between the deciduous and
permanent teeth, increasing age also altered the Vickers hardness
in permanent teeth. This was possibly because of the lower enamel
thickness, lower mineralisation, and higher organic content of
deciduous teeth than of permanent teeth, which leads to the
lower Vickers hardness in deciduous tooth enamel than in
permanent tooth enamel. After an individual initially develops
permanent teeth, the degree of mineralisation of the teeth
increases as they grow. Zaichick and Zaichick, 2016 observed that
the content of Ca, Cl, K, Mg and P in the teeth of people aged
25–35 years were the highest, and the content decreased with
increasing age. In addition, the content of the minerals Ca and P
in enamel determined changes in enamel hardness (Qiu et al., 2003;
Zajcev et al., 2003). We noted that the changes in the Vickers
hardness of enamel across ages coincide with the changes in Ca/P.

Fracture toughness is a measure of a material’s ability to resist
crack propagation. For many ceramics, it depends on the phase
composition as well as microstructure (e.g., crystal size and shape,
distribution of glass and secondary crystal phases, closed porosity)
(Medvedovski, 2001). The distinct chemical compositions and
microstructures of tooth enamel at different ages also contribute
to the differences in fracture toughness. Studies have revealed that
when tooth enamel is subjected to an external load, the protein
undergoes shear deformation (Li and Swain, 2007), and the enamel
dissipates energy during chewing through this protein microdamage
behaviour, thus increasing the toughness of the tooth enamel.
Proteins are essential for the development of nanobridged

ligaments, and their mechanisms include crack deflection,
branching, and mineralised crack bridges. Removal of protein
reduces the fracture toughness of the longitudinal and transverse
directions of crack growth by approximately 40% (Yahyazadehfar
and Dwayne, 2015). The protein content of the enamel in mature
deciduous teeth was also noted to be nearly twice that in permanent
teeth (Chen et al., 1988). The fracture toughness of deciduous tooth
enamel is much higher than that of permanent tooth enamel, which
may be related to the substantial difference in protein content
between deciduous and permanent tooth enamel. At the same
time, the protein content of permanent teeth of different ages is
not different, but with the increase of age, the mineralization degree
of enamel of permanent teeth is deepening, and the enamel column
keeps growing, the enamel glaze column is arranged more closely.
Themicroporous structure of the enamel is greatly reduced in young
adults, it could promote the constant fang enamel fracture toughness
increases in young adults. The enamel of older adult permanent teeth
is exposed to the complex oral environment for a long time. Over
time, a large amount of fluoride ions in the oral cavity erodes the
hydroxyapatite crystals on the surface of the enamel, transforming
those crystals and the microscopic structure of the tooth enamel
(Brudevold et al., 1982; Leventouri et al., 2009). Furthermore, the
thickness of older adult permanent tooth enamel is also one third less
than that of young permanent tooth enamel because of the complex
oral environment (Carvalho and Lussi, 2017). All of these factors
potentially reduce the fracture toughness in older adults’ permanent
tooth enamel.

The mechanical properties of deciduous and permanent teeth
differ considerably, as do those of young and older adult permanent
teeth and those of young adult and juvenile permanent teeth.
However, Vickers hardness and fracture toughness can, notably,
only indicate the mechanical properties of human tooth enamel in
distinct ages from certain dimensions. The two are not directly related
to one another and cannot completely represent the mechanical
properties of human tooth enamel in different age groups.

CONCLUSION

In this paper, the surface mechanical properties of human tooth
enamel of different age groups were characterised using a
microhardness instrument and a laser confocal microscope to
study the Vickers hardness, indentation depth, and fracture
toughness. The results suggest the following conclusions.

(1) At the same load, the young adult permanent teeth group
exhibited the highest Vickers hardness of enamel, followed
successively by the older age permanent, juvenile permanent,
and deciduous teeth groups. Nevertheless, theVickers hardness of
the enamel of the permanent teeth (of all ages) did not markedly
differ, whereas the Vickers hardness of the deciduous tooth
enamel was far less than that of the permanent tooth enamel.

(2) At the same load, the enamel indentation depth of the
deciduous teeth was the highest, followed by that of the
juvenile, older adult, and young adult permanent teeth.

(3) At the same load, the fracture toughness of the deciduous
tooth enamel was the highest, followed by that of the
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young adult, juvenile, and older adult permanent tooth
enamel.

(4) The different chemical compositions and microstructures of
enamel at different age groups resulted in the significant
differences in mechanical properties.
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