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Reevaluation on the mechanical properties of dentine microstructure
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Abstract; Objective It is demostrated that the porous protein-mineral mechanics model could provide more accurate predic-
tion for biomaterial properties of dentine compared with the other established models. This paper would use the model to re-
evaluate the mechanical properties and its interacting mechanism of human dentine. Method By using a porous protein-
mineral mechanics model, the effect from the interactions between tubules, peritubular and intertubular matrix on dentine mi-
crostructure was discussed. Results The dentinal micromechanical properties were dependent on the tubular direction,
and the absolute values of the stresses derived from the hydraulic and gas tubular pressures increased parabolically with the
increasing diameter of the tubules. It was also found that the effective elastic constants of the dentine microstructure would
vary with the aging and the distribution of mineral and collagen within peritubular and intertubular matrix of detine. Conclu-
sions  The theoretical analyses provided in this paper demonstrated that the microstructural characteristics of tubules, per-
itubular and intertubular dentinal matrix could have different influences on the micromechanical properties of human dentine,
which showed the validity of porous protein-mineral mechanics model, and the limitation of some models that neglected the
interacting mechanism.

Key words ; Mechanical properties; Dental materials; Microstructure; Reevaluation

7F R i F T B E T I

g, HLE, #zg', % B
(1. REERZE 1R, KHE 300072 ;2. JAH 5 R BUR L RFEBF TS EBH AR, BigH ACT2600;
3. ERRRE Y TR EEK 48044)

WE: B AHE AR — SR, B -9 9 5 2 FL 7 A BB 56 7T DL SR AL SRR o 1 A8 W ph Rk BT R
I, AR SO S AR AR A A A LAV R X A B HE SR AT T BT, Bk RAZEAR-TYREA¥E
B GHE T 2/ME B RSB R A EAE AN T ARMEMERNEM, &R EX0m R, TAREME
¥4 72 AR T 2/ NE B 7 T R 2 NS R B R E; RIS, T AR RS 1 RS EFER U L ERER S
ERIZEFMEA AT YRS AMAE, it CEPERST AN NME V8 R RS (| 2 A B
YEFIXT F A A WA — & e, BB B 3 -8 ) B FL 12 B R B B0, DL ECR 5 B A B4 R 4
IR EA —E R RR .

KB M TR MEW; BRI

FES%ES: R3 kRS A

Dentine is an important structural component of human tine from different laboratories are highly inconsistent"?’.
teeth. Recent studies on the mechanical properties of den- Some researchers explain that the inconsistency of the me-
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chanical properties among different lab tests is caused by
the microstructure of dentine, a classical anisotropic porous
biotissue, which is composed of tubules, intertubular den-
tine, and peritubular dentine. It has been found that the e-
lastic properties of a dentine microstructure are influenced
by many factors such as different wet and dry condi-
tions'"**! | the direction of the tubule™**"’, hydraulic and
gas pressures in tubular dentine’®, the aging of den-
tine"**!, and the distributions of mineral and colla-
gent?,

Although some laboratory works have been carried out
recently, there are few studies on the analytical or numeri-
cal analysis on the micromechanics of the dentine. The
mechanics models developed in most of the previous stud-
ies on the dentinal microstructural properties are based on
imperforate fiber composite and isotropic homogenized as-
sumption by Christensen, Voigt and Reuss, Huo and

[12,56,8,13-17]

Zheng . However, the porosity of dentinal materi-
als has not been taken into account completely in those
models, such as the model developed by Kinney et al. ©*’;
the model proposed by Qin et al. ™, which is originated
from the self-consistent method™’; the work of Huo et
al.t*" |

method; and the hexagonal-array model based on strain

which was based on effective self-consistent
energy approach!’.

The objective of this study is to use a new microme-
chanics model developed by the authors to evaluate the
mechanical properties and interacting mechanism of the
dentine microstructure™ "1, In this model, the anisotropic
constitutive relations and the interactions among tubules,
intertubular dentine, and peritubular dentine are consid-
ered. By using the new model, the interacting mechanism
of mechanical properties of the dentine microstructure inclu-
ding factors such as angular dependence, different wet and
dry conditions, aging, mineral and collagen distributions of
human dentine, and hydraulic and gas tubular pressure,
have been studied. The theory and model developed in this
study have been finally validated by numerical examples.

1 Materials and Methods

1.1 The porous protein-mineral micromechanics
model

The microstructure of normal human dentin is usually
composed of three parts; a tubule with gas or liquid in the
middle of the microstructure; a peritubular cuff reinforcing

phase of carbonated apatite; and an intertubular cuff mostly
consisting of type | collagen ( Fig. 1)™*'. In normal den-
tine, the tubules are lined with a highly mineralized peritu-
bular cuff, and the collagen fibrils formed intertubular dentin
matrix is arranged in a felt-like structure and oriented per-

pendicular to the tubules™’

. In light of a classic dentine
microstructure, the authors have proposed a porous pro-
tein-mineral mechanics model as shown in Fig. 1(a) and 1
(b) ™™ " in which the tubule represents the porosity; the
intertubular dentine cuff represents the protein section; and
the mineralized cuff of the peritubular dentine represents
the mineral section. Fig. 1(b) shows a unit cell of microsr-
tucture dentin with an AFM ( atomic force microscope) im-
age of full dentine specimens shown on the left and the me-
chanics model shown on the right™’. In Fig. 1(b), ais the
radius of the microstructural tubule; b is the total radius of
the microstructural intertubular and peritubular dentine; and
c is the total radius of the whole dentine microstructure. o
=a/b represents the ratio of tubule area to the area of the
intertubular and peritubular dentine; B = b/c represents the
ratio of the area of intertubular and peritubular dentine to
the gross area.

Most previous models assume isotropic dentine micro-
structure and sparse distribution of the dental tubules.
Measurement of the elastic constants for human dentine by
resonant ultrasound spectroscopy demonstrates that the
microstructure has a slight hexagonal anisotropy, and a
hexagonal symmetry model agrees well with the predicted
material properties obtained from the measurement®*’, A
transverse section of a porous protein-mineral mechanics
model with hexagonal shape is shown in Fig. 1(c), and
the model under P, and P, pressures is shown in Fig.1(d) ,
where P, represents the inside stress from gas and liquid
pressures, and P, represents the outside stress caused by
the interactions among the representative volume ele-
ments!™’ . In the porous protein-mineral model, the interac-
tive effects among different sections of dentine microstruc-
ture have been taken into account based on the general

self-consistent method™*'*!

, and this model is employed in
this study for investigating the interacting mechanism of
mechanical properties of the dentine microstructure.
1.2 Representative volume element and consti-
tutive relationship

A representative volume element should be large e-

nough and contain adequate tubules to represent the trans-
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versely isotropic property of dental material. It has been re-
ported that the reasonable microscopic finding for the model
could be obtained with seven or more unit cells according to
experiment (Fig. 1(c))™. The constitutive equation of
the representative volume element of hexagonal trans-

versely isotropic symmetry model can be presented as fol-

lowing™? .
ro,7 €y €, €, O 0 0 ey
O c, C, C, 0 0 0 n
on|_|Ca Ca G2 0 0 0 | e, o
o 0 0 0 2C, 0 0 e,
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Where o;,¢,( i,j =1,2,3) are the components of stress

and strain; C; are the elastic constants for the model, i. e. :
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Where E,, and E,, are the equivalent elastic moduli in the x,
and x, directions respectively; G,,and v,,are the equivalent
shear modulus and equivalent Poisson’ s ratio in the x, x,
plane. G,,,K,, and v,, are the equivalent shear modulus,
the equivalent volume modulus, and the equivalent Pois-
son’ s ratio in the x,x, plane. The coordinate system with
axes of x,, x,, and x; is shown in Fig. 1(a).

Since the representative volume element is regarded
as a point with a microstructural homogenized constitutive
law, the macro-stress R and the macro-strain I" are usually
defined as the volume average stress in the representative
volume element

R=<o0>, =VLL0dVandf' =
]

<s>n=VLandV (2)

peritubular dentine

X
X1
X

(@ (b)

(©) (d)

Fig.1 The mechanics model of dentinal microstructures (a)
The porous protein-mineral model(®-'8! | (b) One unit cell of the
transverse section of a porous protein-mineral mechanics model,
which the left scanned picture was cited from the reference[1-2],
(c) A transverse section of a hexagonal representative volume el-
ement, (d) A hexagonal model under P, and P, pressures
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Where Q is the domain of the representative volume ele-
ment and V,, represents its volume.

It should be noted that the porous dimension and distri-
bution in dentinal microstructures are sometimes different at
different positions or at different ages, and in these cases
the computing approaches should be adopted for analysis
of the microstructural or macrostructural properties'’.

2 Analyses and Results

2.1 Dependence of micromechanical properties
on the tubular direction

Kinney et al. have shown the dependence of mechani-
cal properties on the direction of tubules and proposed sev-
eral laws of angular deviation of tubule based on the experi-
ment™®*’, Many investigators consider that the tubules rath-
er than the mineralized collagen fibrils are the potential

2241 Micro-hardness, fracture

source of elastic anisotropy
toughness, and cracks of human dentine have been found

to be dependent on microstructural orientation of the
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teeth!”>!,

ches have been used to discuss the influence of the tubule

Particularly, several micromechanics approa-

direction on dentine properties?**¢*"1,

Using the porous protein-mineral micromechanics
model, analytic solution of the mechanical properties of mi-
crostructural dentine with the tubular direction 9§ varying
from 0° to 90° can be obtained. The constitutive model of
the representative volume element expressed by equation
(1) can be simplified as following .

R )

Where {g'¥= {0, 0n 0uF.{c'3={c, &n eu},

{0°Y= {oy o5 on¥, iY== ey & e, ¥,.C =
¢, G, G, G; 0 0
€, C, CylandC, = 0 C, O
C, Cy Cyp 0 0 Cu

If the x,x, plane of the original coordinate system
(shown in Fig. 1(a) ) is rotated from 0° to 6, and the axis
of x; is invariant; then in the rotated new coordinate sys-
tem, the constitutive equation of the representative volume
element of dentine microstructure can be expressed as

1, C; 0 1,
1= 1o el 2] Q

Where
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Although it actually has the same format as Eq. (3),
equation (4) is only for the situation when @ is varied from
0° to 90°. Thus, the equivalent mechanical properties of
dentine microstructure change when the tubular direction
varies from 0° to 90°.

The variations of equivalent elastic moduli E,;, and E,,
with 8 under wet and dry situations are presented in Fig. 2
(a) and 2(b) compared with the data obtained from previ-
ous experiments”®*'. The elastic moduli ( E, and E;) and

Poissons ratio of peritubular dentine and intertubular den-
tine (v, and v;) are taken from previous studies”®*! , where
E,=E;=24.4 GPa, v, =v, =0.29 for wet situation and E,
=E;=28.3 GPa, v, =v, =0. 28 for dry situation, and the
subscript ‘p’ and ‘i’ denote peritubular dentine and inter-
tubular dentine, respectively. It can be seen that the result
from theoretical analysis using the porous protein-mineral
model is close to those results from experimental studies,
though discrepancy does exist.

The equivalent shear moduli G,, and G,, varying with
tubular direction § under wet and dry conditions are shown
in Fig. 2(c¢) ; G,; gradually increases when g changes from
0° to 90°, whereas G,, reduces a little. The equivalent
Poisson’ s ratio v,, and v,, varying with 8 are presented in
Fig. 2(d), and v,, gradually increases from 0° to 90°,
whereas v,, reduces. Therefore, it can be concluded that
the micromechanical properties are dependent on the tubu-
lar direction.

2.2 Effect of wet and dry conditions on microme-
chanics modulus of dentine

It has been reported that the wet and dry conditions
cause variations in coefficients of the material properties of
dentine specimens!'*!. The elastic constants for the hexa-
gonal microstructure under wet and dry conditions obtained
from the porous protein-mineral model have been com-
pared with those from previous models ( Fig. 3)™!. The
elastic modulus and Poissons ratio are taken from previous
studies'’, where E, =28.6 GPa, E,=15.0 GPa, and v,
=v, =0.25 are for wet situation, and E, =28.6 GPa, E; =
20.2 GPa, and v, =v, =0.25 are for dry situation.

The variation of equivalent elastic modulus E,; with B
and v,( Poissons ratio) for wet and dry situations is shown
in Fig. 3(a) and 3(b), respectively, which was cited from
the reference[ 18]. The straight lines in the two figures re-
present the results obtained from previous model™’ | while
the parabolic curves represent the results obtained from the
current porous protein-mineral model. While the results ob-
tained from previous model show the average value; pres-
ent model provides a more reasonable solution™""*!,

2.3 Influences of the aging of dentine and the
distributions of mineral and collagen on microme-
chanical properties

With aging, the dentine becomes transparent. Unlike
the normal dentine, the transparent dentine exhibits almost
no yielding before failure”’ | and the flexural strength and
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[7,10]

strain of dentine decrease significantly with aging crystallites are smaller in transparent dentine''!. The pre-

Some studies have revealed that the intertubular mineral diction of the failure behavior of the mineralized tissue is de-
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Fig.2 The relationship between equivalent modulus and tubular direction @ (a) The relationship between the equivalent elastic modulus
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veloped from a micromechanics experiment'>!. Based on
those experiments” ™ | the influences of the aging of den-
tine and the distributions of mineral and collagen on micro-
mechanical properties model have been discussed using
porous protein-mineral herein.

Fig. 4(a) presents the relationship between the equiv-
alent elastic modulus E;, and o and g for normal and trans-
parent dentine. The elastic moduli are taken from previous
studies”®™’, where E,, =16.7 GPa and E,, =15.1 GPa are

for a young dentine of a 17-year-old female patient, and E,,

=16.9 GPa and E,, =12.1 GPa are for an old dentine of a
77-year-old female patient. It can be seen that E;, decrea-
ses gradually when o and B increase from 0 to 1.0, and E,;
of the young dentine is always greater than that of the older
one. It needs to be noted that E,, is almost invariant for the
transparent dentine when o changes. The relationship be-
tween the equivalent moduli £, , E;, and E, for normal and
transparent dentine is shown in Fig. 4(b), and it can be
seen that E,, increases with the increasing of E, and varies
a little with the increasing of E,,.
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Fig.4 The relationship between the equivalent modulus and the original parameters for normal and transparent dentine (a) The relation-
ship between the equivalent elastic modulus E;; and « and B, (b) The relationship between the equivalent elastic modulus E,; and E, and
E;, (c) The relationship between the equivalent shear modulus G,; and o and g, (d) The relationship between the equivalent shear modu-
lus Gy; and E, and E;, (e) The relationship between the equivalent shear modulus G,, and « and B, (f) The relationship between the

equivalent shear modulus G, and E,, and E;.
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The variation of the equivalent shear moduli G,; and
G,, with « and B for normal and transparent dentine are
presented in Fig. 4 (¢) and E, respectively. The global
tendency of the results is that G,;, and G,, for transparent
dentine are mostly smaller than those for normal dentine,

and the values for young dentine are higher than those for

the old dentine.

The variation of the equivalent shear moduli G,; and
G,, with E; and E, for normal and transparent dentine are
plotted in Fig. 4(d) and F. With the increase of E;, G, is
less than G,, for both types of dentine, whereas there is no
significant difference between G,, and G,, for both types of
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dentine when E, increases. p - 24°C,,P,
. 1= 2 2 2 2
2.4 Influence of hydraulic and gas pressure on @ Cp +aCy +cCy —cCy
dentine microstructure Az @ Py
. N a*C,, + a*Cy,, + *C,, — *C.
Although some investigations have evaluated the effect z B z z
2
of hydraulic pressure on bond strength of dentine compos- B = a }: 0 (Cxn +2 Cxs) .
itel! | there are few studies on quantified analysis of this @ ln +aly +cCy —cly (7)
2
effect. Hence, the influence of hydraulic and gas pressure o, = - Oép"(%z - Cf :CBZ Can :f; Cz)
- + +
on dentine microstructure is discussed herein using porous 222 st aBln 2a A 232
: : —aPy(-Cy+Cy +BCy +BCy)
protein-mineral model. g, = C., — Co + 25Cy + B Cy
It is well known that the measurement of gas or liquid g0 p
¢ 4
pressure in dentine microstructure or bone is not an easy o, = B Ciuo

task, but it can be hypothesized that a certain gas pressure
is equal to 1.0 standard atmospheric pressure (101.3 kPa) ,
and that a certain liquid pressure is equal to a normal blood
pressure (for adults, it is 160 mmHg =210 kPa). There-
fore, hydraulic and gas pressure may represent a certain
situation for human dentine.

Because the longitudinal size of a cell unit of dentine is
always much greater than the size of its transverse part, it
can be assumed that the longitudinal displacement w is zero
for the representative volume element. Considering the
symmetric condition, displacements u, and stress solution
a; of the model in column coordinate system can be simpli-
fied as following:;

u ——+7Br
T r Cyp+Cy
u, =0
w=0

(5)

o, = Cye, + Cpe, + Cpeg,
o, = Che, + Cyhe, + Cue,

r

g, = Cpe, + Cue, + Cyey

7. =0
where A and B are undetermined constants'.
Meanwhile, P, and P, are supposed to be the inside
stress of gas and liquid pressures and outside stress
caused by the mutual actions among the representative vol-
ume elements (as shown in Fig. 1(d)). When the follow-
ing conditions are satisfied,
o, =—Pyatr =a
o, =—-P atr =¢ (6)
u =0atr =c¢

in which a is the radius of the tubules, and c is the radius of

the intertubule dentine, we have

PGy - Cy + PG, + dPBC,
where @ = a/r and g = r/c are the same as the variables
mentioned before.

Equation (7) shows the variation of the stresses of the
representative volume element of dentine microstructure
with o and B respectively. The absolute values of all three
stresses increase when B goes up, and significant change
of stress value of g, and o, exists; however, little change is
observed in the value of o,. For example, the largest pres-
sure value, which can be caused by normal blood pressure
and standard atmospheric pressure is about 0. 05 MPa
when o =0. 4; while the smallest value is close to 0 MPa.
The maximal values are reduced when o decreases.

3 Conclusions

A porous protein-mineral mechanics model has been
used to evaluate the mechanical properties and interacting
mechanism for the dentine microstructure in this study. The
dentine microstructure is assumed to be in hexagonal
shape, and the interactions among the tubules, the peritu-
bular and intertubular dentinal matrix, have been taken into
account in the present model. The constitutive relationship
of representative volume element is assumed based on a
transversely isotropic model in light of experimental investi-
gations.

The following conclusions are drawn from this study.

(1) The consistency between result from theoretical
analysis using porous protein-mineral model and result from
the experimental studies demonstrates the accuracy and
efficiency of the porous protein-mineral model.

(2) The variation of the effective elastic constants of
micromechanics model with the tubular direction varying
from 0° to 90° demonstrates the significant influence of tu-
bular direction on the dentinal micromechanical properties.
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(3) The porous protein-mineral model can describe the
properties of micromechanics of dentine more effectively
than previous model that provides only an average value.

(4) The effective elastic constants of the dentine mi-
crostructure vary with the aging and the distributions of min-
eral and collagen.

(5) The influence of hydraulic and gas pressure on
dentine microstructure can be evaluated using porous pro-
tein-mineral model, and the absolute values of the stresses
of hydraulic and gas tubular pressure ¢, and g, increase in
association with the increase of «. The largest pressure val-
ue, which is caused by normal blood pressure and standard
atmospheric pressure, is about 0. 05 MPa when « =0. 4,
and the maximal values are reduced when o decreases.
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