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Objectives: Knowledge of the mechanical behaviour of root dentine can facilitate better

understanding of spontaneous vertical root fracture (VRF), an age-related disease initiated

mainly at the root apex. We tested the hypothesis that the biomechanical properties of root

dentine change with ageing.

Methods: Sixteen human premolars were divided into ‘‘old’’ (17–30 years) and ‘‘young’’ (50–

80 years) groups. The elastic modulus, nano-hardness, micro-hardness, elemental contents,

tubular density/area of root dentine in cervical, middle and apical root regions were

evaluated using atomic force microscopy-based nano-indentation, Knoop indentation,

scanning electron microscopy and energy dispersive X-ray spectroscopy, respectively.

Results: The apical dentine showed a lower nano-hardness, a lower elastic modulus, a lower

calcium content, a lower calcium-to-phosphorus ratio and a smaller tubular density/area

than the cervical dentine in both age groups, whereas spatial differences in micro-hardness

were observed only in old roots. Compared with young dentine, old dentine showed a

greater hardness, a higher elastic modulus, a greater mineral content and a smaller tubular

size in the cervical portion, whereas the age-induced changes in tubular density were

insignificant. Finite element analysis revealed that due to its higher elastic modulus, old

apical dentine has a higher stress level than young dentine.

Conclusions: The intrinsic material properties of root dentine have spatial variations, and

they are altered by ageing. The higher stress level in old apical dentine may be one reason, if

not the most important one, why spontaneous VRFs are more likely to occur in the elderly

population.
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1. Introduction

Vertical root fracture (VRF), a longitudinal fracture line

extending from the root canal to the periodontium, can

involve both endodontically and non-endodontically treated

teeth.1 Troubled by the poor prognoses of VRFs, many

researchers have attempted to investigate the aetiology of

VRF for early-stage prevention and to explore new thera-

pies. Iatrogenic factors, such as tooth structural loss2 and

the effects of restorative procedures,3 are considered to be

the main causes of fractures after endodontic treatment.

However, VRFs in non-endodontically treated teeth, known

as spontaneous VRFs, have received little attention. Indeed,

they have a high frequency in Chinese people, who

constitute a population with a dietary pattern of chewing

hard foods,4,5 and 40% of VRFs occur in non-endodontically

treated teeth.6

Clinical studies have found that spontaneous VRFs always

occur in severely attrited first molars.4 It is noteworthy that

cracks initiate at the root apex and propagate coronally.4,5 On

the one hand, stress might be concentrated at the apical area

during mastication for root geometry; on the other hand, the

intrinsic properties of the apex itself might constitute the

weakest point of the root.6 However, to our knowledge, there

has been no scientific research that has demonstrated the

variations in mechanical behaviour of different portions of

root materials and their effects on VRFs.

Dentine is the major constituent of the tooth root. Similar

to most bio-mineralization materials, such as enamel and

bone, dentine has a hierarchical structure, in which collagen

and apatite molecules cross each other on a nano-scale.

Subsequently, these composites organize into a microscopic

morphology, forming tubules with different sizes and densi-

ties. The specific arrangement and order of the nano- and

micro-structures produce a macroscopic anisotropy with

certain functional behaviours.7 The properties of coronal

dentine have been researched in many studies,8,9 but root

dentine, which is closely related to the fracture behaviour of

the root, has not been comprehensively researched.

Previous research has revealed that dentine undergoes

gradual spatial transition in its material properties.10 In the

crown, the hardness and elastic modulus of intertubular

dentine decrease towards the dentino-enamel junction,8

which has been deduced to be related to the degree of

mineralization.11 In the root, a decreasing trend in mineral

content from the cervical dentine to the apical dentine has

been found.12 Hence, the mechanical properties of root

dentine are suspected to vary with location.

In addition, spontaneous VRFs tend to occur mainly in

patients older than 40 years old.1,5 Ageing problems and age-

related changes in the mechanical behaviour of dentine have

attracted attention. In coronal dentine, there is a significant

reduction in the strength, energy required to fracture and

fracture toughness with increasing age.13–15 However, little

research has been undertaken on root dentine until now,

except for Kinney et al., 12 and Porter et al.,16 who found that

the mineral concentrations and crystallite size of root dentine

changed with age. Whether there are changes in the

mechanical properties of aged root dentine is unclear.
Because material properties can vary with spatial scales,

root dentine should be studied at all hierarchical levels.17

Microscopic tests are technically difficult to perform due to the

limited volume of human root dentine. In addition, dentinal

tubules are known to vary in diameter, which might cause

different properties among rectangular beam specimens.

Thus, the indentation technique has been increasingly applied

in small areas of potentially anisotropic composite materials,

such as dentine.

To investigate the changes in the mechanical properties of

root dentine associated with ageing and the effects of ageing

on VRFs, Knoop indentations and atomic force microscopy

(AFM)-based nano-indentations were utilized. The corre-

sponding tubular density/area and elemental composition

were examined by scanning electron microscopy (SEM) and

energy dispersive X-ray spectroscopy (EDS). We hypothesized

that the biomechanical function of the root would change

with age.

2. Materials and methods

2.1. Specimen preparation

Human mandibular premolars with single roots and vital

pulp were obtained following a protocol approved by the

Ethics Committee of the West China Hospital of Stomatology.

The collection of teeth did not change the course of any

patient’s treatment plan, including orthodontic treatment,

periodontal treatment, and so on. The teeth were sterilized by

gamma radiation18 and were stored in Hanks’ balanced salt

solution (HBSS) at 4 8C before examination.19 All teeth were

integral and examined using a stereomicroscope (SMZ1000,

Nikon Corp., Tokyo, Japan) to ascertain the absence of any

root fractures or craze lines. The collected teeth were divided

into ‘‘young’’ (17–30 years old, n = 8) and ‘‘old’’ (50–80 years

old, n = 8) groups.13 The average age and the standard

deviation of the young and old groups were 24 � 3 and

64 � 7 years, respectively. The crowns were removed at the

cemento-enamel junction, using a water-cooled diamond

saw (Struers Minitom, Struers, Copenhagen, Denmark). The

roots were then sectioned bucco-lingually through the centre

of the root canal (Fig. 1A). The mesio-segments were

embedded and polished using a series of SiC papers to 4000

grit and were finished with diamond pastes (1- and 0.25-mm).

The specimens were then cleaned ultrasonically and were

maintained in HBSS until used.

2.2. AFM-based nano-indentation

Nano-indentation was performed using a Nanoscope III AFM

(Digital Instruments, Santa Barbara, CA, USA), modified with

a Triboscope system and a Berkovich diamond indenter

(Hysitron Inc., Minneapolis, MN, USA) under wet conditions.

Measurements were obtained at the cervical, middle and

apical root regions along the centre of the root canal

(Fig. 1A). Each region was tested at two sites. For each site,

six indentations, approximately 10 mm apart, were per-

formed in intertubular dentine. The maximum load

was 2500 mN and was held for 3 s, with loading/unloading



Fig. 1 – (A) Schematic illustration of a premolar showing specimen preparation and test locations. AFM images collected

before (B) and after (C) nano-indentations (30 mm T 30 mm; arrows indicate indentations). (D) A typical nano-indentation

(5 mm T 5 mm) and (E) the corresponding load–displacement curve.
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for 4 s each. The elastic modulus, E, and hardness, H, were

quantified from the load-displacement curve according to

the following equations 20:

E ¼
ffiffiffi

p
p

2
ffiffiffi

a
p � S; (1)

H ¼ Fmax

a
; (2)

where S is defined as the slope of the unloading curve near the

maximum load,21 a is the projected indentation contact area,

and Fmax represents the maximum force (Fig. 1E). Because the

clarity of the indenter’s shape reflects the reliability of the

tested mechanical property values, AFM images were

obtained before and after indentations to ensure they were

uniform, well-defined and within the intertubular dentine

(Fig. 1B–D). Calibration was performed using a fused silica

standard.

2.3. Knoop micro-indentation

Knoop hardness (HK) was measured on a micro-hardness

tester (Duramin-2/-1, Struers, Copenhagen, Denmark) with a

Knoop diamond indenter. A 25-g load was applied at the three

levels with a dwell time of 15 s. Ten indentations were

determined at each location at 50-mm intervals. HK (GPa) was

determined as 10:

HK ¼ 0:014229 � F

d2
; (3)

where F is the force (N), and d is the length of the long diagonal

of the indentation (mm).
2.4. SEM-EDS test

All of the specimens were fixed in 2.5% glutaraldehyde and

were dehydrated through an ascending series of ethanol (30–

100%). Specimens were mounted on aluminium stubs,

desiccated, sputter-coated with gold and observed under

SEM (Inspect F, FEI, Eindhoven, Netherlands) equipped with

EDS (Inca, Oxford Instruments, Oxford, UK). The same three

locations were evaluated.

SEM photomicrographs were analyzed using Image-pro

PLUS software, version 6.0 (Media Cybernetics, Silver Spring,

MD, USA). Tubular density (tubules/mm2) was calculated at

�1000 magnification, and tubular area at �8000 magnification

with 10 tubules was measured for each photomicrograph.

The calcium (Ca), phosphorus (P) content and the Ca-to-P

ratio of intertubular dentine were analyzed with an EDS

detector using a measurement area of 1 mm � 1 mm. For each

location, five set scans were obtained.

2.5. Statistics

Results were subjected to one-way ANOVA. Differences

among locations within one specimen were analyzed by q-

test. All of the tests were two-sided, and the significance level

was 0.05.

2.6. Finite element (FE) analysis

To investigate the effects of age on the von Mises stress

distribution in teeth, an axisymmetric model of a mandibular

premolar, which included alveolar bone, was analyzed with

ANSYS software. The FE model comprised pulp, dentine,



Table 1 – Material properties of the isotropic materials
used for the finite element analysis.

Material Elastic
modulus (GPa)

Poisson’s
coefficient

Enamel22 82.5 0.33

Pulp23 2 � 10�3 0.45

Periodontal ligament23,24 68.9 � 10�3 0.45

Cortical bone23,24 13.7 0.30

Sponge bone23,24 1.37 0.30
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periodontal ligament, cortical bone and sponge bone, as

shown in Fig. 3A. As a boundary condition, no displacement

was allowed for the nodes along the bottom end lines of the

models, and a vertical load of 100 N was applied at the centre

of the crown.

All of the materials were considered to be homogeneous,

isotropic and linear elastic, and their properties are reported in

Table 1.22–24 Note that the elastic modulus of dentine in the

cervical, middle and apical locations of both groups was

obtained from the nano-indentation measurement.
Table 2 – Nano-hardness (GPa), elastic modulus (GPa) and Kno
(mean + SD) from nano- and micro-indentation.

Cervical thir

Nano-hardness Old 0.96 � 0.02(A

Young 0.77 � 0.07(a

P < 0.05 

Elastic modulus Old 24.47 � 1.01(A

Young 20.11 � 1.90(a

P < 0.05 

Knoop hardness Old 0.69 � 0.06(A

Young 0.54 � 0.11(a

P < 0.05 

Different letters in parentheses indicate significant differences in locatio

old, while P > 0.05 means no significant difference between age groups.

Table 3 – Ca, P contents (wt%) and Ca-to-P ratio, tubular densi
(mean + SD).

Cervical t

Ca Old 51.05 � 5.7

Young 44.38 � 2.7

P P < 0.0

P Old 16.77 � 0.9

Young 17.94 � 2.3

P > 0.0

Ca-to-P ratio Old 3.05 � 0.3

Young 2.51 � 0.3

P < 0.0

Tubular density (�103) Old 24.95 � 5.7

Young 27.36 � 5.6

P > 0.0

Tubular area Old 3.52 � 0.6

Young 4.72 � 0.8

P < 0.0

Different letters in parentheses indicate significant differences in locatio

old, while P > 0.05 means no significant difference between age groups.
3. Results

3.1. Mechanical properties from nano- and micro-
indentation

Table 2 shows that the nano-hardness and elastic modulus of

both old and young dentine decreased from the cervical root to

the apex (P < 0.05). A declining trend in micro-hardness

towards the apex was found in old dentine (P < 0.05), which

was not observed in young dentine. The differences in nano-

hardness, elastic modulus and micro-hardness between age

groups were significant at the cervical region (P < 0.05) and

insignificant at the lower areas.

3.2. Ca and P contents

Similar to the change in nano-hardness, the Ca content (wt%)

and Ca-to-P ratio decreased towards the apex regardless of

age, whereas the age-induced increases in Ca content and Ca-

to-P ratio were only statistically significant at the cervical third
op micro-hardness (GPa) of old and young dentine

d Middle third Apical third

) 0.64 � 0.08(B) 0.56 � 0.11(B)

) 0.62 � 0.04(b) 0.55 � 0.04(b)

P > 0.05 P > 0.05

) 19.99 � 2.43(A,B) 17.65 � 3.15(B)

) 18.03 � 0.79(a,b) 16.45 � 0.24(b)

P > 0.05 P > 0.05

) 0.59 � 0.12(A,B) 0.49 � 0.13(B)

) 0.54 � 0.07(a) 0.50 � 0.07(a)

P > 0.05 P > 0.05

n (P < 0.05). P < 0.05 means significant difference between young and

ty (tubules/mm2) and area (mm2) of old and young dentine

hird Middle third Apical third

9(A) 41.81 � 5.63(B) 33.28 � 6.91(C)

9(a) 35.97 � 4.21(b) 27.26 � 1.48(c)

5 P > 0.05 P > 0.05

3(A) 16.84 � 0.78(A) 16.62 � 0.77(A)

2(a) 17.34 � 1.89(a) 17.54 � 3.31(a)

5 P > 0.05 P > 0.05

5(a) 2.48 � 0.32(b) 2.02 � 0.52(b)

8(a) 2.12 � 0.48(a,b) 1.62 � 0.47 (b)

5 P > 0.05 P > 0.05

9(A) 19.63 � 5.40(A,B) 11.00 � 7.64(B)

1 (a) 19.77 � 5.46(b) 12.02 � 5.16 (c)

5 P > 0.05 P > 0.05

7(A) 3.09 � 0.61(A) 1.91 � 0.83(B)

9(a) 3.74 � 0.85(a) 2.01 � 0.82(b)

5 P > 0.05 P > 0.05

n (P < 0.05). P < 0.05 means significant difference between young and



Fig. 2 – (A–C) Low- (T1000) and high-resolution (T8000, insets) SEM micrographs of the radicular dentine: the number of

dentinal tubules decreased, and the lumina became smaller gradually, from (A) cervical, (B) towards middle and apical (C)

thirds. The size of the lumen became uneven, with some fine branches (hollow arrows) at the apex (C). (D) One specimen

from old cervical root showed the tubules become smaller than that in young dentine resulted from the deposition of

minerals within the lumina.

Fig. 3 – (A) The axisymmetric finite element model of a tooth and its partial enlargement, where PDL indicates the

periodontal ligament. (B) Contour maps of von Mises stress in young and old apical roots with applied load.
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(P < 0.05). In terms of P content, there was no significant

change as a function of location or ageing (Table 3).

3.3. Tubular density and area

Fig. 2 illustrates the micromorphology of the gradually changed

root dentine. Both tubular density and area decreased progres-

sively towards the apex, regardless of age (P < 0.05, Table 3). In

the apex, the tubular size became uneven, with some fine

branches (Fig. 2C). The tubular area of old dentine became

smaller than that of young dentine at the cervical regions

(P < 0.05), and the diminution was insignificant at lower regions.

No age-related difference was found for tubular density.

3.4. Finite element analysis

The contour maps of the von Mises stress, in the cases of

young and old apical roots with applied loads, are shown in

Fig. 3B. The von Mises stresses were distributed mainly inside

the dentine; in particular, the highest values were found to be

located around the root tip. The maximum von Mises stress of

old apical dentine was 3.9% higher than that of young dentine.

4. Discussion

The nano-hardness and elastic modulus obtained in this study

(H = 0.55–0.96 GPa, E = 16.45–24.47 GPa) were consistent with

the reported values from nano-indentation measurements.25

These mechanical properties of root intertubular dentine

deceased from the cervical dentine to the apical dentine in

both age groups. The spatial variations in properties could be

primarily attributed to chemical variation26 because our

complementary EDS analysis of intertubular dentine revealed

synchronous decreases in Ca content and Ca-to-P ratio in the

coronoapical direction. The old intertubular dentine was

found to have significantly higher nano-hardness and a higher

elastic modulus, accompanied by a higher Ca concentration

and higher Ca-to-P ratio than young dentine at the cervical

root. In crown, old intertubular dentine was found to be harder

than young one,9,27 indicating that intertubular dentine might

be sclerosed with ageing. In root dentine, we found similar

change, suggesting that there might be an accumulation of

mineral salts in the root intertubular dentine with ageing.

The micro-hardness also deceased from the cervical

dentine to the apical dentine in the old dentine group,

whereas the decreased rate was somewhat lower than the

nano-hardness. In addition, in the young roots, no obvious

differences were observed among the locations. As reported

previously,28 we found that the cervical dentine tubules were

larger and denser than those in the lower portions in both age

groups. Micro-indentation at the cervix involves more empty

space of tubules and less intertubular dentine than at the

apex, which causes micro-hardness to decrease more pro-

nouncedly in the cervical dentine than in the apical

dentine.10,29 Thus, compared with nano-hardness, the spatial

variation in micro-hardness is compromised by spatial

distribution in the tubules, causing the decreasing tendency

in micro-hardness to diminish (in old roots) or even disappear

(in young roots). Similar to nano-hardness, the spatial
distribution of micro-hardness in dentine agrees well with

the mineral distributions measured in root dentine, which

involve both root intertubular dentine and tubules.12 Tubules

in old dentine were observed to be smaller than those in young

dentine in cervical roots because the minerals deposited into

the tubular lumina and occluded the orifices with ageing, as

shown by our SEM examination (Fig. 2D). The intratubular

minerals are chemically similar to the surrounding inter-

tubular minerals, and intratubular dentine has been reported

to have higher hardness than intertubular dentine.30 In

addition, old intertubular dentine was found to have higher

nano-hardness than young dentine at the root. As a result, the

micro-hardness of the old dentine was significantly higher

than that of the young dentine in cervical roots.

Based on the above-mentioned results, we conclude that

these age-induced microstructural changes cause spatial

variations in the intrinsic material properties of root dentine.

Thus, ageing could play an important role in the occurrence of

spontaneous VRFs. According to FE simulation, old apical

dentine presented a maximum von Mises stress 3.9% higher

than that of young dentine, which have been due to old

dentine having a relatively higher elastic modulus than young

dentine. Compared with young apical dentine, old apical

dentine, with the higher stress level and the age-related

reduction in the strength of root dentine,31 could have a higher

likelihood of damage occurrence.32 Moreover, although a

study on the effects of ageing on the fracture of apical dentine

has not been conducted, it is expected that there would be a

significant reduction in fracture toughness.31 Thus, due to a

high stress level, a possible low strength and an expected low

fracture toughness, old roots may become more susceptible to

fractures than young roots.

5. Conclusions

In conclusion, the intrinsic material properties of root dentine

have spatial variations, and they are altered by ageing. In aged

roots, the mineral accretion in intertubular dentine provides

the higher nano-hardness and higher elastic modulus, and the

sclerosed intertubular dentine and new intratubular minerals

together account for the higher micro-hardness value. Finite

element analysis suggests that old apical dentine has a higher

stress level than young dentine, which may be one reason, if

not the most important one, why spontaneous VRFs are more

likely to occur in the elderly population.
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