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a b s t r a c t

For better selection of ‘‘tooth-like” dental restorative materials, it is of great importance to evaluate the
thermal properties of the human tooth. A simple method capable of non-destructively characterizing the
thermal properties of the individual layers (dentine and enamel) of human tooth is presented. The tradi-
tional method of monotonic heating regime was combined with infrared thermography to measure the
thermal diffusivities of enamel and dentine layers without physically separating them, with 4.08
(±0.178) � 107 m2/s measured for enamel and 2.01 (±0.050) � 107 m2/s for dentine. Correspondingly,
the thermal conductivity was calculated to be 0.81 W/mK (enamel) and 0.48 W/mK (dentine). To exam-
ine the dependence of thermal conductivity on the configuration of dentine microstructure (microtu-
bules), the Maxwell-Eucken and Parallel models of effective thermal conductivity are employed. The
effective thermal conductivity of dentine in the direction parallel to tubules was found to be about 1.1
times higher than that perpendicular to the tubules, indicating weak anisotropy. By adopting the Series
model, the bulk thermal conductivity of enamel and dentine layers is estimated to be 0.57 W/mK.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

With advances in modern dentistry, instruments of high energy
intensities such as high power laser-based hand tools [1–3], light
polymerizing units [4,5], and high-speed hand-pieces [6] have be-
come a popular choice for dental treatments. Localized heat gener-
ation and its propagation through tooth tissues during the
treatments cause localized temperature rises as well as non-
uniform temperature distributions throughout tooth layers (enam-
el as the outer layer and dentine as the inner layer; see Fig. 1). The
thermophysical properties of a tooth vary from one layer to an-
other, and are anisotropic and inhomogeneous even in the individ-
ual layer [7,8]. The difference (mismatch) in thermal expansion
coefficient between the enamel and dentine layers may induce
thermal stresses and subsequent crack initiation and propagation
through the enamel–dentine junction (EDJ) [9,10]. In addition,
when the temperature within the pulp chamber (Fig. 1) exceeds
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a critical value (e.g., �42.5 �C), irreversible pulpal damage occurs
[11,12]. Zach and Cohen [13] found experimentally that the
healthy pulps of monkey tooth failed to recover in �60% of the
cases if the intrapulpal temperature increases to 46.5 �C and
�15% failed to recover when heated to 42.5 �C, with pulp necrosis
(total irreversible damage) observed when the temperature
reaches 52 �C.

Understanding the thermal behavior of human tooth is benefi-
cial for optimizing clinical practice protocols and suggestions of
daily substance intake [14]. This has, however, been hindered by
the lack of detailed knowledge concerning tooth thermal behaviors
including reliable experimental data on key thermal properties
such as conductivity k and diffusivity a. Although numerous exper-
imental methods have been developed to characterize the thermal
performance of tooth tissues (enamel and dentine) using, for in-
stance, thermocouples [15–18] and flash laser [19,20], several lim-
itations associated with these methods exist: (i) destructing of
tooth biological structure [15–20] is required which affects signif-
icantly the transfer of heat in tooth during measurement [21]; (ii)
operating of the flash laser method has been restricted due to the
high optical reflectivity (13.3–49.4%) of enamel [22]. Together with
the generic dependence of thermal properties on sex, age and race,
these limitations have resulted in large variations of existing
experimental data on human tooth layers as listed in Table 1.

http://dx.doi.org/10.1016/j.infrared.2010.09.004
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Fig. 1. A cut-away image of human tooth illustrating composite layers
(www.3dscience.com).
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Conventionally, the thermal diffusivity of tooth is calculated
using tooth temperature measured as a function of time with,
say, the monotonic heating regime (MHR) method [19]. However,
in these studies, the enamel and dentine layers were typically trea-
ted as a bulk. Furthermore, an infinite Biot number (Bi =1) at the
enamel border was assumed, corresponding to a step rise of tooth
surface temperature (the first type thermal boundary condition).
Such assumptions may cause significant errors as enamel and den-
tine have different thermal properties (due to difference in compo-
sitions and microstructures) and the Biot number is usually finite
(Bi <1) in reality.

As a non-invasive temperature measurement method, the infra-
red (IR) thermography has been shown to be capable of measuring
temperature field in small biological tissues [4]. In the present
study, we intend to combine the traditional monotonic heating re-
gime method with IR thermography, called here as the ‘‘modified
monotonic heating regime (MMHR) method”, to measure the ther-
mal properties of human tooth for each layer (not as a bulk), with-
out physically separating the enamel and dentine layers. With the
advantage of whole temperature field measurement using the IR
camera, the errors resulting from the effect of nonzero surface heat
resistance can be corrected. The paper is organized as follows.
Firstly, fundamental principles underlying the MMHR method
and details of the experimental setup as well as tooth samples
preparation are presented. The measured thermal diffusivities of
enamel and dentine and as-calculated thermal conductivities are
compared with those reported in the open literature. Secondly, to
Table 1
Thermal properties of human tooth layers.

Property Tooth component

a Thermal diffusivity (�107 m2/s) Enamela

Enamel
Enamelb

Dentinea

Dentinea

Dentine
Dentine
Dentineb

Bulk value (enamel + dentin

k Thermal conductivity (W/mK) Enamela

Enamel
Dentinea

Dentine
Dentine
Dentine
Dentine
Dentinea

Dentine
Dentine

a From human third molar.
b From human premolar.
c Perpendicular to tubules.
d Parallel to tubules.
study the influence of dental tubules within the dentine layer on
its thermal properties, the Maxwell-Eucken and Parallel models
of effective thermal conductivity are employed. Finally, the ther-
mal conductivity of tooth as a bulk (composite material) is esti-
mated using the Series model based on obtained thermal
conductivities of enamel and dentine layers.

2. Materials and method

2.1. Principles of modified monotonic heating regimes (MMHR)
method

The thermal properties of a material dictate its response to tem-
perature variations due to either heating or cooling. Amongst other
thermal properties, the thermal diffusivity a has been correlated as
a function of the characteristic time of thermal relaxation, which
can be obtained in closed-form solution to the standard transient
heat conduction equation for homogeneous materials [23]. The
time-dependent heat conduction in a homogeneous-isotropic
material can be described as [23]:

@T
@t
¼ ar2T ð1Þ

With the assumptions of transient heat conduction in a semi-
infinite plate (without internal heat source or heat sink) and tem-
perature-independent physical properties, the solution to Eq. (1)
subject to a step rise of constant temperature at the plate surface,
x = 0, can be given in closed form by [23]:

Tðx; tÞ ¼ T1 þ C
X1
n¼1

An cos ln
x
H

� �
exp �l2

na
H2 t

� �

¼ f
x
H
;Bi; F0

� �
ð2Þ

Here, T1 is the plate temperature when reaching its steady-state, C
is a constant independent of plate dimensions and thermal proper-
ties, H is the half-depth of the plate, h is the heat transfer coefficient
on plate surface, k is the thermal conductivity of plate material
(tooth tissue in this study), Bi � hH/k is the Biot number, F0 � at/
H2 is the Fourier number, and ln are the roots of the characteristic
equation:
Magnitude References

4.69 [15]
4.20 [16]
2.27 [19]
1.87c, 1.83d [15]
1.99c, 2.04�2.65d [20]
2.58 [34]
2.60 [16]
1.92 [19]

e) 3.49 (heating), 2.78 (cooling) [19]

0.93 [29]
0.92 [16]
0.58c, 0.57d [29]
0.11 [35]
0.96 [17]
0.98 [36]
0.88 [31]
0.36c, 0.48�0.66d [20]
0.63 [16]
0.40 (root)d, 0.45 (crown)d [37]
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Fig. 2. Schematic of experimental setup: (a) tooth sample mounted in a thin resin
plate, showing enamel border (EB), enamel-dentine junction (EDJ) and dentine-pulp
junction (DPJ); (b) cross-sectional view of as prepared sample and its heating
pattern.
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cotðlÞ ¼ l=Bi ð3Þ

It is known that a ‘‘regular regime” exists when F0 > 0.4, within
which the temperature change follows an exponential law [23,24]
so that Eq. (2) can be reduced to:

Tðx; tÞ ¼ T1 þ CA1 cos l1
x
H

� �
exp �l2

1a
H2 t

� �
ð4Þ

Define the characteristic time of thermal relaxation sc as:

sc ¼
H2

l2
1a

ð5Þ

Substitution of Eq. (5) into Eq. (4) leads to:

Tðx; tÞ ¼ T1 þ CA1 cos l1
x
H

� �
exp �t

sc

� �
ð6Þ

With the assumption of infinite Biot number (Bi ?1) at x/H = 0, Eq.
(3) simplifies to:

cosðlÞ ¼ 0 ð7Þ

for which the first root is l1 = p/2. This, together with Eq. (5), yields:

a1 ¼
4H2

scp2 ð8Þ

As shown by MHR method that, in the case of transient heat transfer
(assuming Bi ?1), sc is directly related to the thermal diffusivity
(Eq. (8)) [23]. Once sc and H are experimentally determined, one
can obtain the thermal diffusivity from Eq. (8). However, practically,
Bi has finite values (the third type boundary condition), the exper-
imental obtained sc may be expressed as [25]:

sc ¼ sconv þ sdiff ð9Þ

where sdiff is the pure conduction contributed characteristic time
and sconv is the pure convection contributed characteristic time
(time delay due to the finite Biot number at x/H = 0). Eq. (8) can
thence be re-expressed as [25]:

a ¼ 4H2

scp2 ¼
4H2

ðsdiff þ sconvÞp2 ð10Þ

which, when Bi =1 and hence sconv = 0, Eq. (10) reduces to:

a ¼ 4H2

scp2 ¼
4H2

sdiffp2 ð11Þ

Practically, Bi is finite and on the order of�2 in the case of hot water
drinking (which imposes an average heat transfer coefficient of
h = 500 W/mK at the tooth surface [26]). Therefore, Biot number
for tooth during hot water heating is far form being assumed as infi-
nite. When Bi is finite, so that sconv > 0 (due to convection between
hot/cold fluid and specimen surface), sc is contributed not only by
sdiff but also by sconv as indicated in Eq. (10). This will then induce
a systematic deviation (error) if the classical monotonic heating re-
gime method valid only for the case of Bi ?1 is adopted. Such
deviation/error may be estimated as:

Deviation ¼ a1 � a
a1

¼ 1� 1
1þ sconv=sdiff

ð12Þ

For example, the systematic deviation is about 83.3% when sconv/
sdiff is 5.0. Correspondingly, sconv/sdiff � 50 and the deviation ex-
ceeds 90% (the delay of temperature response due to boundary ef-
fect is inclusive in sconv here).

We assume that the thermal resistance acts in series: firstly, the
resistance to convective transfer which is in proportional to sconv in
the heated boundary; then, the resistance to diffusion through
enamel which is inversely proportional to enamel thermal diffusiv-
ity; finally, the resistance through dentine which is inversely
proportional to dentine thermal diffusivity. Thence, sdiff,e in enamel
layer and sdiff,d in dentine layer could be separately written as:

sdiff ;e ¼ sDEJ � sconv ð13Þ
sdiff ;d ¼ sDPJ � sDEJ ð14Þ

where sconv, sDEJ and sDPJ are the characteristic time of temperature
relaxation at enamel border (EB), enamel–dentine junction (EDJ)
and dentine–pulp junction (DPJ). Hence, a MMHR method is pro-
posed in the present study by modifying Eq. (8) as:

a ¼ 4H2

ðsc � sconvÞp2 ¼
4H2

sdiffp2 ð15Þ

Corrected sdiff,e and sdiff,d may therefore be determined if sconv, sDEJ

and sDPJ are estimated from experimental measurements (MMHR
method). Then, a can be determined using Eq. (15) (note that the
determination of a in this study does not involve determination
of the Biot number). By taking the advantage of multi-point temper-
ature measurement with an IR camera, this challenge is addressed
below.
2.2. Sample preparation

Intact human molar tooth extracted from a unknown adult pa-
tient for orthodontic purposes was stored in saline solution at 4 �C
[27]. The tooth was then sliced longitudinally into two halves using
a diamond-bladed saw (Buchler Ltd. ISOMET 1000). For tempera-
ture measurements, one of the sliced surfaces was polished and
painted in black to enhance its emissivity for the IR camera. Subse-
quently, the specimen was mounted in a thin resin plate, as shown
schematically in Fig. 2a. The thickness of the tooth sample and that
of the resin plate was approximately 3 mm and 0.5 mm, respec-
tively. To avoid water leakage during measurement, four screw
bolts were used to tighten the specimen (Fig. 2a). Fig. 2b shows
the side view of the test setup, with the direction of water flow in-
dicted by an arrow. For thermal insulation, a layer of gypsum (ther-
mal conductivity�0.09 W/mK) was used to surround the specimen
as shown in Fig. 2b, such that only the occlusal surface of the sliced
tooth was exposed to thermal loading.



Fig. 3. Test rig for surface temperature measurement with IR camera.

Fig. 4. Surface temperature field of sliced human tooth: (a) temperature contours at
t = 30 s after heating; (b) temporal evolution of temperature at enamel border (EB),
enamel–dentine junction (EDJ), and dentine–pulp junction (DPJ).
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2.3. Experimental procedures

The test rig is depicted schematically in Fig. 3. The thermostatic
system for distilled water circulation which imposes a step (or
steep) rise of water temperature at the occlusal surface of tooth
(Fig. 2b) was equipped with a thermostat and pump. Prior to the
experiment, it was established that the temperature of the circulat-
ing water was stable, with less than ±0.1 �C fluctuation with re-
spect to a set temperature. A Polytetrafluoroethylene (PTFE)
stand machined with a circular socket (40 mm in diameter) was
connected to the thermostat tank. The tooth specimen mounted
in resin was placed on the socket of the PTFE stand and fixed with
screw bolts. A thin rubber film having a 40 mm diameter hole at its
center was inserted between the resin plate and the PTFE stand to
prevent water leakage. Before heating the distilled water, the cir-
cular socket was first circulated with distilled water at room tem-
perature (�24.5 �C) to exclude air bubbles. The circulation was
then turned off and the distilled water in the tank was heated up
to a set temperature (e.g., 60 �C) regulated by the thermostat.
The tooth sample was then exposed to convective flow of hot water
for 500 s. An infrared camera (NEC, TH9100 MV) was positioned
normal to the tooth sample to monitor the evolution of its surface
temperature (Fig. 3). The camera, pre-calibrated as described in a
previous study [21], is capable of measuring temperature ranging
from �20 to 100 �C with a resolution of ±0.1 �C. The working wave-
length of the camera ranges from 8 to 14 lm and has a sampling
rate of 30 frames per second. To store automatically the captured
images, the camera was connected to a personal computer.
Fig. 5. Curve fitting of temperature evolution at DPJ illustrating how the charac-
teristic time is estimated from transient temperature response at a selected
location: C0 = �32.740, sc = 81.77 s, C1 = 59.057.

Table 2
Characteristic time sc of temperature relaxation at enamel border (EB), enamel-
dentine junction (EDJ) and dentine-pulp junction (DPJ); calculated conductive
characteristic time for enamel (sdiff,) and dentine (sdiff, d).

Locations EB EDJ DPJ

sc (s) 73.08a 74.51a 81.77a

sdiff,e = sDEJ–sconv (s) – 1.43 –
sdiff,d = sDPJ–sDEJ (s) – – 7.26

a Averaged value.
3. Results and discussion

3.1. Thermal properties of enamel and dentine layers

Fig. 4a presents temperature contours on the surface of the
sliced tooth sample captured by the IR camera at t = 30 s after heat-
ing is started. High temperature gradients are observed, which is
attributed to the layer-like composite structure of tooth and the
different thermal properties of enamel and dentine layers. To esti-
mate the characteristic time sc, the temporal variation of tempera-
ture at selected locations, e.g., EB, EDJ and DPJ (along section A–A,
see Fig. 2a), are plotted in Fig. 4b. As indicated by Eq. (15), the
thickness (2H) of each tooth layer needs to be estimated to deter-
mine its thermal diffusivity. To this end, the thickness of each layer
was measured along section A–A using an optical microscopy, with
Henamel = 2.4 mm obtained for the enamel layer and Hdentine

= 3.8 mm for the dentine layer.
Following the method described in detail in Refs. [19,23,25,28],

the characteristic time sc of each tooth layer was evaluated by fit-
ting the temperature curve using the exponential function. Fig. 5
shows an example of temperature data fitting for the DPJ. After
removing the initial part of the temperature rise, the remaining
data corresponding to the ‘‘regular regime” (i.e., F0 > 0.4) was fitted
with the exponential function, from which sc was estimated to be
81.77 s. Similarly, sc was estimated for the EDJ and EB, and the re-
sults are listed in Table 2. The diffusion characteristic time sdiff of



Table 3
Thermal properties of human tooth (as a bulk composite), enamel and dentine
calculated form experimental data, with density q and specific heat cp taken from
Refs. [15,20].

Specimens Enamel Dentine Tooth
composite

Thermal diffusivity a (�107 m2/s) 4.08 (±0.178) 2.01 (±.050) 2.06
3.49 [19]

Specific heat cp (J/kg K) 710 [15] 1066.4 [20] 1260 [15]
Density q (kg/m3) 2800 [15] 2248 [20] 2200 [15]
Thermal conductivity k (W/m K) 0.81 0.48 0.57

0.97 [19]

Fig. 6. Measured thermal diffusivity of human tooth compared with those reported
in open literature: (a) enamel; (b) dentine. Heat flow direction relative to dentine
tubules: parallel (//); perpendicular (\).
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each tooth layer calculated using Eqs. (13) and (14) are listed in
Table 2. For known sdiff,e and sconv, Bi could be determined as flow-
ing. Combine Eqs. (5) and (9), then, put together with Eq. (15),
yields:

l1 ¼
p
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sdiff;e=ðsconv þ sdiff;eÞ

q
ð16Þ

Assuming l1 (l1 � 0.2) is small, the second-order Taylor expansion
of Eq. (3) generates:

Bi � 2l2

2� l2 ð17Þ

Substitute Eq. (16) to Eq. (17), one obtains an approximate analyti-
cal expression for Bi:
Bi � 2p2

8� p2 þ 8ðsconv=sdiff;eÞ
ð18Þ

In the present study Bi was estimated to be �0.048 which is typi-
cally small Biot number as compared with that�2 adopted form an-
cient Ref. [26].

The dashed dot curve in Fig. 4b shows a step rise of temperature
at the EB, corresponding to the idealized case of infinite Biot num-
ber (Bi =1). The measured temperature at the EB as shown by the
solid curve in Fig. 4b corresponds to a finite Biot number. There-
fore, a modification of the infinite Bi case needs to be carried out
to account for such deviation as described in Section 2.1. The ther-
mal diffusivities of the enamel and dentine layers were calculated
using Eq. (15), as summarized in Table 3. Correspondingly, the
thermal conductivity k of each layer was calculated as:

k ¼ aqcp ð19Þ
where q and cp are the density and specific heat of the tooth layer
(Table 3).

Fig. 6a compares the thermal diffusivity of enamel obtained
from the present study with those reported in the open literature.
Braden [16] found a = 4.20 � 10�7 m2/s for enamel using the ther-
mocouple-based method, whilst Brown et al. [15] obtained
a = 4.69 � 10�7 m2/s, both in good agreement with the present
data a = 4.08 � 10�7 m2/s. On the other hand, using the flash laser
method, Panas et al. [19] found that a = 2.27 � 10�7 m2/s, which is
considerably lower. In addition to the influence of dental filling
material (the cylindrical sample of diameter 12 mm was prepared
by filling irregular enamel pieces with dental material [19]), enam-
el has a high optical reflectivity, accounting for about 13.3 � 49.4%
(depending on the laser wave length) of energy loss when irradi-
ated by laser beams [22]. This indicates that the flash laser method
(despite of its high measurement accuracy) may not be suitable for
measuring the thermal diffusivity of materials having a high opti-
cal reflectivity (e.g., enamel). Based on the present data of thermal
diffusivity, the thermal conductivity of enamel was calculated to
be k = 0.81 W/mK (Fig. 6a), which is consistent with the data re-
ported by Craig and Peyton [29] and Braden [16]. The conductivity
found by Panas et al. [19] for enamel is significantly lower due to
the small value of a.

In a similar manner, the estimated thermal diffusivity and con-
ductivity of the dentine layer are plotted in Fig. 6b and compared
with the existing data. The present data a = 2.01 � 10�7 m2/s falls
within the range between 2.34 � 10�7 m2/s and 1.92 � 10�7 m2/s
obtained by Magalhães et al. [20] and Panas et al. [19] using the flash
laser method. Compared with enamel, the reflectivity of dentine is
relatively low, ranging from 8.6% to 16.7% [22]. Hence, the measure-
ment of a with the flash laser method is reliable for dentine. It should
be noticed that the thermal conductivity of human dentine was
found to vary in the range of 0.36 and 0.88 W/mK [15,16,20,30,31].
The present estimate k = 0.48 W/mK falls within this range.

In summary, it is demonstrated that combining the monotonic
heating regime method with the infrared thermography provides
reasonable estimates of thermal diffusivity and conductivity for
enamel and dentine layers without physically separating them. It
should be mentioned that the reliability of the proposed method
is mainly dependent on the special and temperature resolution of
the IR camera when applying it on another specimen.

3.2. Influence of microstructure in direction-dependent dentine
thermal property

It is seen from the data of Fig. 6b that the thermal conductivity
of dentine shows weak anisotropic, which may be attributed to the
presence of dentine tubules [15,20,29]; see Fig. 7a. As the thermal
conductivity of these tubules is considerably smaller than that of
the solid dentine material (in vitro), they act to reduce the bulk



Fig. 7. (a) SEM image of human dentine showing solid dentine material and tubules [33]; (b) schematic of heat flow direction across tooth (normal to EDJ); (c) modeling of
heat flow across dentine with Parallel model; (d) modeling of heat flow across dentine with Maxwell-Eucken model.

Fig. 8. Effective thermal conductivity ratio of dentine plotted as a function of
dentine tubule volume fraction, with k /k = 20.
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thermal conductivity of the dentine layer [20]. This section aims to
investigate whether the configuration and volume fraction of the
dentine tubules affect the direction-dependent thermal conductiv-
ity of dentine.

The effective thermal conductivity of a heterogeneous material
such as human tooth is strongly affected by its composition and
structure [32]. Correspondingly, numerous effective conductivity
models have been developed. In view of the topological configura-
tion of dentine tubules (Fig. 7a), the Maxwell-Eucken and Parallel
models appear to be suitable since the cylindrical tubules in the
present study are parallel to the direction of heat flow (i.e., perpen-
dicular to the EDJ interface; see Fig. 7b).

Fig. 7a shows the SEM (scanning electron microscope) image of
cylindrical microchannel-like tubules distributed in the body of
dentine, which radiate through the dentine from the pulpal wall
to the exterior cementum or the enamel–dentine junction [33].
Fig. 7c and d presents two-dimensional (2D) sketch of dentine
microstructure and the effective thermal conductivity models em-
ployed. Let k// and k\ denote the effective thermal conductivity of
dentine in the direction parallel and perpendicular to the dentine
tubules, respectively. Let kd denote the thermal conductivity of so-
lid dentine material and kt represent the thermal conductivity of
the medium filling the tubules (assumed to be air in this study,
with kt = 0.023 W/mK). Let Vd and Vt be the volume fraction of
the solid dentine and tubules, respectively. In view of the orienta-
tion of dentine tubules relative to the direction of heat flow as
shown in Fig. 7c and d, applying separately the Parallel and
Maxwell-Eucken models [32] to the idealized configuration of
Fig. 7c and d, we obtain:

k== ¼ Vdkd þ Vtkt ð20Þ

k? ¼ kd
2kd þ kt � 2ðkd � ktÞVt

2kd þ kt þ ðkd � ktÞVt
ð21Þ
from which:

k==
k?
¼
ð1� VtÞ kd

kt
þ Vt

h i
2 kd

kt
þ 1þ ðkd

kt
� 1ÞVt

h i
kd
kt

2 kd
kt
þ 1� 2ðkd

kt
� 1ÞVt

h i ð22Þ

Typically, while the overall thermal conductivity (either k// or k\) of
dentine lie between 0.36 and 0.88 W/mK, the ratio kd/kt has a value
of approximately 20 [16,20,29,31].

Based on Eq. (22), the influence of tubule volume fraction Vt on
the effective thermal conductivity ratio k///k\ is presented in Fig. 8.
When Vt is increased from 0% to 20% [20,33], k///k\ increases from
1.00 to 1.10. A weak dependence of k///k\ on Vt is observed, though
k//, k\ decrease separately with the increasing of Vt (as determined
by Eqs. (20) and (21)). The value of the ratio (�1.00) also indicates
d t
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weak anisotropic thermal conductivity in dentine layer. This is in
consistence with the experimental findings made by Magalhães
et al. [20].

3.3. Apparent (bulk) tooth thermal properties

Applying Eq. (8), Panas et al. [19] estimated the apparent ther-
mal diffusivity of human tooth. However, this is associated with
two major limitations: (1) the assumption of infinite Biot number
at the boundary, which leads to an overestimation of sc [23,25]; (2)
Eq. (8) is not suitable for composite materials such as tooth [23].

Judging from the topology of human tooth, we can assume that
the enamel and dentine layers are stacked in a series manner. By
adopting the Series model, the apparent thermal conductivity kapp

of the two layers may be estimated as:

1=kapp ¼
Henamel=kenamel þ Hdentine=kdentine

Henamel þ Hdentine

� �
ð23Þ

where (Henamel, Hdentine) and (kenamel, kdentine) are the thickness and
effective thermal conductivity of the enamel and dentine layers,
respectively. Based on the present measurement data, the effective
thermal conductivity of enamel and dentine layers are separately
0.81 and 0.48 W/mK as listed in Table 3. Using Eq. (23), we obtain
kapp = 0.57 W/mK, which corresponds to an apparent thermal diffu-
sivity of 2.06 � 10�7 m2/s. Table 3 shows the presently estimated
apparent thermal conductivity and diffusivity, both are significantly
smaller than those predicted by Panas et al. [19].

4. Conclusions

By combining the monotonic heating regime method with the
technique of IR thermography, a simple experimental method for
estimating the thermal properties (conductivity and diffusivity)
of human tooth is developed. The proposed method was validated
by measuring human tooth thermal properties in vitro. Whilst the
measurement was carried out without destructing the tooth bio-
logical junction, errors resulting from a nonzero surface heat resis-
tance effect are corrected. The present results agree well with
existing data obtained using traditional methods based on thermo-
couples and flash laser method. It is demonstrated that the pres-
ence of dentine tubules has a strong influence on the overall
thermal conductivity of dentine (k// and k\). Whereas, dentine tu-
bules has a negligible influence on the ratio k///k\ indicating a
weak direction-dependence thermal conductivity in dentine layer.
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