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Laboratory Research

The Nano-Hardness
and Elastic Modulus

of Carious and Sound
Primary Canine Dentin

Y Hosoya • GW Marshall, Jr

Clinical Relevance

The significantly lower nanohardness and elasticity of dentin under the lesion near the
pulp and cervical area might have a deleterious effect on resin adhesion.

SUMMARY

This study measured the nanohardness and elas-
tic modulus of carious and sound primary canine
dentin and compared the values obtained under
the lesion and in sound regions of incisal, center
and cervical areas, and outer, middle and inner
layers. Six extracted or exfoliated primary
canines (three with dentin caries on both proxi-
mal surfaces and three that were sound teeth)
were mesio-distally sectioned parallel to the long
axis of the tooth and polished. The hardness (H),
plastic hardness (PH) and Young’s modulus (Y)
were measured by a nano-indentation tester. Ten
indentations at intervals of 10 µm on all regions,
areas and layers were made using a load of 1 gf
for one second. All indentations were observed
using a microscope attached to the tester. All

data was statistically analyzed using ANOVA and
Scheffe’s test at p<0.05. For sound teeth, the H,
PH and Y values of the inner layer were signifi-
cantly lower than the outer and middle layers in
all areas. The H, PH and Y values of the cervical
area were significantly lower than the incisal
area in almost all of the outer, middle and inner
layers. For carious teeth, the H, PH and Y values
of the inner layer were significantly lower than
the outer and middle layers in the center area.
For the center area, the H, PH and Y values
under the lesion were significantly lower than
sound teeth in the outer and middle layers.
Dentin under the lesion, near the pulp and cervi-
cal areas showed significantly lower nanohard-
ness and elasticity.

INTRODUCTION

Improved resin bonding yields strong bonds to enamel
with excellent sealing ability (Retief, 1987). However,
the resin-dentin seal is much less reliable. Caries mod-
ifies the structure and typical carious lesions contain
various zones of the affected layer (Fusayama, Okuse &
Hosoda, 1966) that have varying mineral levels and
properties. Fusayama (1993) compared the structure
and characteristics of three layers of dentin of carious
teeth (outer caries dentin, inner carious dentin and nor-
mal dentin). Outer caries dentin or the discolored layer
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is infected and unremineralizable and should be
removed for carious treatment. Inner carious dentin is
classified into turbid, transparent and subtransparent
layers. These layers are uninfected and remineralizable
and should be preserved for caries treatment. Similar
zones have been observed in primary teeth with carious
lesions (Hosoya & others, 2000; Hosoya, Ono &
Marshall, 2002), but only limited work has been done to
define the properties of these altered zones. Although
permanent tooth dentin has been studied extensively,
the microstructure of dentin in primary teeth has
received only limited attention. A better understanding
of dentin in primary teeth, especially carious primary
dentin, is needed to improve dentin bonding methods and
make dental restorations more effective and successful.

The hardness and elasticity of fully mineralized per-
manent dentin have been reported in numerous studies
(Craig, Gehring & Peyton, 1958; Bowen & Rodriguez,
1962; Fusayama & Maeda, 1969; Pashley, Okabe &
Parham, 1985; Sano & others, 1994; Kinney & others,
1996; Urabe & others, 2000; Mahoney & others, 2000).
Recently, nano-indentation has been used to measure
hardness and Young’s modulus of dentin on a submicro-
scopic scale (Urabe & others, 2000; Mahoney & others,
2000). The range in hardness of sound permanent
dentin is broad, from 0.2-0.8 GPa (1MPa=10.2 kgf/cm2,
1GPa=101.93675 kgf/mm2) (Fusayama & Maeda, 1969;
Pashley & others, 1985; Sano & others, 1994; Kinney &
others, 1996). Young’s modulus of sound permanent
dentin ranged from about 10 – 20 GPa (Craig & Peyton,
1958; Bowen & Rodriguez, 1962; Lehmann, 1967; Sano
& others, 1994; Kinney & others, 1996; Meredith & oth-
ers, 1996; Xu & others, 1998; Kinney & others, 1999).
Few studies of the hardness of primary dentin have
been reported (Johnsen, 1994; Mahoney & others, 2000;
Hosoya & others, 2000; Hosoya & others, 2002) and
Knoop hardness values for sound primary dentin
ranged from 35 to 60 KHN (Johnsen, 1994) depending
on location within the tooth.

Fusayama and others (1966) and Ogawa and others
(1983) reported the Knoop hardness of carious perma-
nent dentin for discolored, transparent and subtrans-
parent layers and sound dentin and found that all
zones, including the transparent zone of the affected
layer, were softer than normal dentin. Craig, Gehring
and Peyton (1959) also measured the hardness of cari-
ous permanent dentin but reported that some zones
were harder than normal dentin.

Hosoya and others (2000; 2002) measured the Knoop
hardness of carious primary anterior tooth dentin in
caries-affected layers including transparent dentin,
adjacent sound dentin and dentin regions far from and
not related to caries. The results of these reports
(Hosoya & others, 2000; Hosoya & others, 2002) showed
that primary dentin in areas under lesions and in adja-
cent regions on the carious side of the teeth had signif-

icantly lower hardness than corresponding areas on the
sound side. Under the lesion, significantly lower Knoop
hardness values were obtained in the region less than
150 µm from the bottom of the cavity and the Ca and P
contents at depths less than 100 µm from the bottom of
cavity were significantly lower than those at greater
distance (Hosoya & others, 2002). Transparent dentin
was softer than sound dentin (Hosoya & others, 2000;
Hosoya & others, 2002). The reduced mechanical prop-
erties of the affected layers of carious dentin suggest
that bonding to this weakened structure may be more
difficult. This has been reported by several workers for
permanent dentin (Nakajima & others, 1995; Nakajima
& others, 1999).

The elastic properties of dentin are important for
understanding the mechanical properties of calcified
tissue and for alterations in the mechanical response
due to caries, sclerosis and aging, as well as under-
standing the effects of adhesive materials to dentin.
Mahoney and others (2000) measured the hardness and
elastic modulus of sound maxillary primary molar
dentin using a nano-indentation tester. However, they
used not only sound teeth but also carious teeth as sam-
ple teeth and calculated the mixed data. They did not
compare the values at different depths or locations of
dentin. The elasticity of carious dentin has not been
reported for primary carious teeth and only limited
studies have been reported for permanent teeth
(Marshall & others, 2001).

This study measured the nanohardness and elastic
modulus of carious and sound canine dentin and com-
pared the values among areas under the lesions and in
sound regions of the incisal, center and cervical areas in
the outer, middle and inner layers of each area.

METHODS AND MATERIALS

Sample Teeth

Three sound maxillary primary canines and three
mandibular primary canines with caries at the center
portion of both proximal surfaces were used for this
study. All teeth were extracted or exfoliated by eruption
of the succedaneous permanent tooth or extracted as
required for orthodontic treatment from Japanese chil-
dren. The teeth were stored in 4°C physiologic saline
solution shortly after extraction or exfoliation. The age
of the patients ranged from six years four months to
seven years nine months. Informed consent was
obtained from the parents and patients in order to col-
lect the teeth. Radiographs were taken to identify the
carious areas. The total number of carious lesions was
six. In all carious lesions, caries did not extend more
than one-fourth the depth of the dentin.

Specimen Preparation

Sound teeth were mesiodistally sectioned parallel to the
long axis at the center of the tooth. For carious teeth
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with caries on both proximal surfaces, the teeth were
longitudinally sectioned through the central part of the
largest carious lesion. Sectioning was done using a low-
speed saw (Buehler Ltd, Lake Bluff, IL, USA) with a
circular diamond blade and copious filtered water.

After sectioning, the specimens were polished on wet
silicon carbide paper using grit sizes of 600, 800, 1000
and 1200. Final polishing was carried out on felt cloth
using 3, 1, 0.1, 0.3 and 0.05 µm-size aluminum oxide
suspensions (Baikowski International Co, Charlotte,
NC, USA). Optical photomicrographs of the polished
specimens were taken with a microscope (Olympus Co,
Tokyo, Japan), and the infected, affected and sound por-
tions of the dentin were identified. The sectioned and
polished specimens were stored in 4°C distilled water
until measurement and were dried at room tempera-
ture for 20 minutes prior to the study.

Nano-Indentation Test

Cyanoacrylate (Konishi Co, Tokyo, Japan) was
applied onto small areas of enamel of the spec-
imen, and the specimen was then fixed on a flat
glass plate to stabilize its surface and orient
the surface parallel to the stage of the nano-
indentation tester ENT-1100 (Elionix Co,
Tokyo, Japan). ENT-1100 is a depth sensing
computer-controlled instrument and has a
Berkovich indentor, a three-sided pyramid dia-
mond probe. The instrument was enclosed in
an isolation chamber with a temperature con-
troller and placed on an ALD anti-vibration iso-
lator in order to minimize influences of envi-
ronmental conditions such as room tempera-
ture, floor-vibration and noise. The specimen
was kept in dry conditions during measure-
ment since this machine can control tempera-
ture in the chamber at 26°C but not humidity.
The loading control system was powered by
electromagnetic force and load ranges from 10
mgf to 100 gf. The position of indentation could
be programmed and the indents observed with
a CCD camera attached to the tester.

Figure 1 shows a load vs displacement curve
from the measurement process. Values of hard-
ness (H), plastic hardness (PH) and Young’s
modulus (Y) were calculated according to the
equations (1), (2) and (3), respectively, follow-
ing the index of Elionix company that was
modified from the method reported by Oliver
and Pharr (1992):

H=3.7926 x 10-2 x Pmax/hmax
2 (1)

PH=3.7926 x 10-2 x Pmax/hl
2 (2)

Y=1.81092 x 10-3 x 1/hl x dp/dh (3)

in which Pmax is the maximum applied load,
hmax is the maximum penetration depth, h1 is

the intercept depth and dP/dh is the contact stiffness
from the unloading portion of the load vs displacement
curve.

Figure 2 shows the names of the areas and layers of
the sample teeth for measurement. For sound teeth,
the mesial and distal sides were divided into incisal,
center and cervical areas, and for the carious teeth, the
mesial and distal sides were divided into center and
mesial incisal areas. Distal incisal areas were not
measured because the small size of the teeth relative to
the lesion size suggested that this area would have
been altered by caries. The cervical area of the carious
teeth was not measured in this study, because this area
could not be reliably measured in the carious teeth due
to the presence of caries. Then, each area was divided
into outer, middle and inner layers. For regions under
the lesion, the term “under the lesion” was used instead
of the term “outer layer.”

Figure 1. Load vs displacement curve in the measurement process.

Figure 2. Names of the areas and layers of the sample teeth in measurement (O: outer
layer, M: middle layer, I: inner layer, U: under the lesion layer).
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Ten indentations at intervals of 10 µm in each of the
subdivided regions were made perpendicular to the out-
line of the dentinoenamel junction or DEJ using a load
of 1 gf for one second. The positions of the indentations
were as follows. The first point of the outer layer was
made at 10 µm beneath the DEJ. The first point of the
middle layer was made at the center from the DEJ to
the pulp chamber wall. The last point of the inner layer
was made at the most inner measuring point in pri-
mary dentin close to the pulp chamber wall.
Indentations were observed using a microscope with a
CCD camera attached to the tester under 700x magni-
fication. Some of the indentations were also observed
using a scanning electron microscope (SEM) S-3500
(Hitachi Ltd, Tokyo, Japan). For regions under the
lesion, measurement was started just internal to the
infected and destroyed dentin layer, and the shape of
the indentation at the first point was verified by exam-
ining the indents with the CCD camera and SEM.
Irregular or unclear shaped indentations were removed
from the data. Therefore, all of the selected
indentations were marked on the intertubular
dentin.

All data was statistically analyzed using
ANOVA followed by Scheffe’s multiple compar-
ison testing and correlation coefficients at
p<0.05.

RESULTS

First, the means and standard deviations of the
values of 10 indentations on each layer were
calculated and compared to different areas and
layers on the same sample. Tooth to tooth dif-
ferences existed but regional differences were
similar on all samples. Then, the values for all
samples were mixed and statistically compared
among different areas and layers in this study.

Table 1 shows the hardness, plastic hardness
and Young’s modulus of sound primary canine
dentin. In general, related to the incisal, center
and cervical areas, the hardness, plastic hard-
ness and Young’s modulus decreased from DEJ
to pulp and the values of the inner layer were
significantly lower than the outer and middle
layers. For cervical areas, the hardness and
plastic hardness of the outer layer were signifi-
cantly higher than the middle and inner layers.
Comparing values in the same layer among the
different areas, the hardness, plastic hardness
and Young’s modulus were reduced from incisal
to cervical areas and, in general, the values of
the cervical area were significantly lower than
those of the incisal and center areas.

Table 2 shows the hardness, plastic hardness
and Young’s modulus of carious primary canine
dentin. For the center area or under the

decayed area, all values of the inner layer were signifi-
cantly lower than the outer and middle layers. In the
incisal area, which was a sound region of the carious
teeth, the values of the outer layer were significantly
higher than the middle and inner layers.

Table 3 compares the hardness, plastic hardness and
Young’s modulus of carious primary canine dentin and
sound primary canine dentin. The center area had val-
ues under the lesion that were significantly lower than
the sound teeth in the outer and middle layers.

Two- or three-way ANOVA and Scheffe’s tests indicat-
ed that the depth of dentin and caries decay had the
most significant influence on the values, and the area of
dentin also had a second significant influence on the
values.

Figures 3 and 4 show the average hardness and
Young’s modulus, respectively, for sound and carious
primary canine dentin on both the mesial and distal
sides of the teeth. The trends for both were similar.

Figure 3. Average hardness values of sound and carious primary canine dentin.

Figure 4. Average Young’s modulus of sound and carious primary canine dentin.
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Under the lesion, not only the average values but also
the values at the first measuring point located in the
discolored layer were plotted on the figures. Values
under the lesion and in the middle layers under the
decayed areas or center area of the carious teeth were
significantly lower than either the outer or middle lay-
ers at the center areas in the sound teeth.

Hardness and Young’s modulus showed significant
correlations (corr = 0.932, p<0.0001).

DISCUSSION

The nano-indentation technique has several advan-
tages for determining hardness over conventional

microhardness methods such as Vickers and Knoop
hardness. This technique has the ability to produce
small indentations under small loads and can measure
both the hardness and elastic modulus of materials.
Previous reports have suggested wide variations in the
basic mechanical properties of dentin. Some of this
variation may result from using techniques such as
microhardness, which yield averaged values that
include contributions from the tubules, peritubular
dentin and intertubular dentin. Since the quality of
each dentin component might vary with location, this
could contribute to the wide range of values. However,
work by Kinney and others (1996) indicated that much

Area Layer Hardness Plastic Hardness Young’s Modulus Number of
Mean (SD) Mean (SD) Mean (SD) Measurements

Incisal Outer 60.0 (8.0) 71.5 (12.6) 2597 (367) 59

Middle 57.3 (13.9) 74.3 (19.7) 2517 (423) 60

Inner 40.6 (10.7) 50.6 (14.8) 1957 (364) 60

Center Outer 57.0 (11.3) 71.6 (15.8) 2447 (393) 60

Middle 56.8 (12.6) 71.6 (18.0) 2445 (379) 58

Inner 35.4 (10.4) 44.3 (14.5) 1702 (347) 60

Cervical Outer 56.8 (6.7) 76.5 (11.7) 2254 (341) 60

Middle 48.7 (12.4) 60.8 (18.8) 2249 (312) 60

Inner 30.6 (9.4) 36.6 (13.4) 1569 (263) 60
Vertical line: no significant difference at p<0.05

Table 1: Hardness, Plastic Hardness and Young’s Modulus of Sound Primary Canine Dentin (unit: kgf/mm2)

Area Layer Hardness Plastic Hardness Young’s Modulus Number of
Mean (SD) Mean (SD) Mean (SD) Measurements

Center Under Lesion 46.9 (19.5) 57.5 (25.0) 2023(618) 59

Middle 42.9 (17.7) 53.5 (23.5) 1996 (700) 60

Inner 33.6 (12.0) 41.0 (15.8) 1662 (498) 60

Incisal Outer 57.1 (15.1) 77.2 (20.7) 2174 (593) 29

Middle 40.7 (21.0) 52.0 (30.2) 1846 (596) 30

Inner 34.8 (11.2) 42.0 (14.7) 1775 (429) 30

Vertical line: no significant difference at p<0.05

Table 2: Hardness, Plastic Hardness and Young’s Modulus of Carious Primary Dentin (unit: kgf/mm2)

Layer Tooth Area Hardness Plastic Hardness Young’s Modulus Number of
Mean (SD) Mean (SD) Mean (SD) Measurements

Under Lesion Carious Center 46.9 (19.5) 57.5 (25.0) 2023 (618) 59

Outer Carious Incisal 57.1 (15.1) 77.2 (20.7) 2174 (593) 29

Outer Sound Center 57.0 (11.3) 71.6 (15.8) 2447 (393) 60

Middle Carious Center 42.9 (17.7) 53.5 (23.5) 1996 (700) 60

Middle Carious Incisal 40.7 (21.0) 52.0 (30.2) 1846 (596) 30

Middle Sound Center 56.8 (12.6) 71.6 (18.0) 2445 (379) 58

Inner Carious Center 33.6 (12.0) 41.0 (15.8) 1662 (498) 60

Inner Carious Incisal 34.8 (11.2) 42.0 (14.7) 1776 (429) 30

Inner Sound Center 35.4 (10.4) 44.3 (14.5) 1702 (347) 60

Vertical line: no significant difference at p<0.05

Table 3: Hardness, Plastic Hardness, and Young’s Modulus of Carious and Sound Primay Dentin (unit: kgf/mm2)
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of the variation in permanent teeth could result from
differences in intertubular dentin rather than per-
itubular dentin. In this work, we used a nanoindenta-
tion technique that allowed measurement of the inter-
tubular dentin alone.

Sound Teeth

In this study, the hardness values of sound primary
canine dentin ranged from 30 to 60 kgf/mm2 and plas-
tic hardness ranged from 37 to 77 kgf/mm2 (Table 1,
Figure 3). These values were lower than that for pri-
mary molars (0.92 GPa or 94 kgf/mm2) as reported by
Mahoney and others (2000) but were in agreement with
previous studies of sound permanent dentin
(Fusayama & Maeda, 1969; Pashley & others, 1985;
Sano & others, 1994; Kinney & others, 1996). Hardness
is calculated by maximum penetration depth that
includes both plastic and elastic deformation of dentin.
Plastic hardness is calculated based only on the plastic
deformation of dentin and corresponds to Vicker’s hard-
ness. In this study, variations in hardness and plastic
hardness were almost the same for all layers and areas.
Young’s modulus of dentin for sound primary canines
ranged from about 1600 to 2600 kgf/mm2 (Table 1,
Figure 4). These values were in agreement with a pre-
vious study of primary molar dentin (19.89 GPa or 2029
kgf/mm2) (Mahoney & others, 2000) and sound perma-
nent dentin (Craig & Peyton, 1958; Bowen &
Rodriguez, 1962; Lehmann, 1967; Sano & others, 1994;
Kinney & others, 1996; Meredith & others, 1996; Xu &
others, 1998; Kinney & others, 1999).

No report using a nano-indentation technique has
compared the hardness and elasticity among the
depths and areas of primary dentin. Meredith and oth-
ers (1996) and Hosoya and others (2000; 2002) reported
that the hardness of dentin decreased with distance
from the dentinoenamel junction, while Pashley and
others (1985) reported a highly significant inverse cor-
relation in permanent dentin between dentin micro-
hardness and tubule numerical density that increases
with depth. However, Kinney and others (1996) report-
ed that most of the decrease in dentin hardness upon
approaching the pulp chamber could be attributed to
changes in the hardness of intertubular dentin, not just
the increase in the number of tubules.

In this study, for all areas, hardness, plastic hardness
and Young’s modulus of the inner layer were signifi-
cantly lower than that of the outer and middle layers
(Table 1). These results for the hardness and plastic
hardness agreed with previous studies (Craig &
Peyton, 1958; Bowen & Rodriguez, 1962; Lehmann,
1967; Sano & others, 1994; Kinney & others, 1996;
Meredith & others, 1996; Kinney & others, 1999), but
the result of the Young’s modulus was in disagreement
with suggestions by Kinney and others (1999). They
utilized atomic-force microscope (AFM) based nanoin-

dentation measurements and suggested that Young’s
modulus was dominated by the properties of intertubu-
lar dentin and could show a slight increase from outer
to inner dentin. However, the current study showed sig-
nificant correlations among the values of hardness and
Young’s modulus, which were in agreement with the
previous report for primary molars (Mahoney & others,
2000).

In this study, there was no significant difference in
hardness, plastic hardness and Young’s modulus
between the outer and middle layers of all areas, except
for the hardness and plastic hardness of the cervical
area. Since the outer layer of this study was positioned
10-110 µm beneath the DEJ, the finding that there was
no significant hardness difference between the outer
and middle layers might be due to the influence of the
mantle dentin.

Carious Teeth

Craig and others (1959) reported that permanent
dentin surrounding a caries lesion had a hardness of 10
KHN greater than sound dentin; the hardness at the
center of the lesion was significantly lower and trans-
parent dentin was 10 KHN harder than the adjacent
area. Fusayama and others (1966) and Ogawa and oth-
ers (1983) reported that Knoop hardness for the discol-
ored layer of carious permanent dentin ranged from 20
to 27 KHN, the transparent layer from 27 to 48 KHN,
the subtransparent layer from 48 to 68 KHN, and
sound dentin varied from 21 to 68 KHN. In our previ-
ous study (Hosoya & others, 2002), the average Knoop
hardness values of primary canine dentin under the
lesion ranged from 31 to 43 KHN in the outer layer, 35
to 44 KHN in the middle layer and 30 to 43 KHN in the
inner layer, respectively. However, values less than 150
µm from the bottom of cavity were about 29 KHN and
were lower than the region 250 µm away from the cav-
ity. The hardness of many layers and areas of the cari-
ous side of carious primary canines, even in apparently
unaffected dentin, were significantly lower than the
sound side of carious primary canines, suggesting that
they were affected by caries. In our previous study on
carious primary anterior teeth (Hosoya & others, 2000),
the transparent layer had significantly higher hard-
ness than the more superficial decayed layer, but it was
not significantly different from adjacent areas or areas
to the side of the lesion. In another previous study
(Hosoya & others, 2002), there was no significant dif-
ference in hardness between transparent dentin and
non-transparent dentin in the same areas and layers.
Marshall and others (2001) reported that the hardness
and elastic modulus of intertubular dentin decreased
slightly or was unchanged in the transparent dentin of
permanent teeth.

In the incisal area that was sound in carious teeth,
the hardness, plastic hardness and Young’s modulus of
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the outer layer were significantly higher than the mid-
dle and inner layers. However, in the center area that
was under the decayed area, there was no significant
difference in hardness, plastic hardness and Young’s
modulus under the lesion (outer) and middle layers
(Table 2). All mechanical values under the lesion were
significantly lower than the corresponding regions of
sound teeth (Table 3), although caries did not extend
more than one-fourth the depth of the dentin in the
teeth used for this study. Therefore, the results of this
study indicate that not only in the obviously affected
layer but also in the areas adjacent to the lesion not
obviously affected by caries, the dentin was softer and
had a lower elastic modulus than sound dentin (Figures
3 and 4). In this study, the lesions were small and only
one linear measurement was done under the carious
area. Therefore, the values of the transparent dentin
could not be statistically analyzed. However, no signifi-
cant difference was obtained between the values of the
first measuring point under the lesion, which was posi-
tioned 10 µm from the bottom of cavity and the discol-
ored dentin and the average values under the lesion,
which included all measurements 10-110 µm from the
bottom of cavity and included not only discolored dentin
but also transparent dentin (Figures 3 and 4). This fur-
ther suggests that transparent dentin may not be scle-
rotic as noted by other studies (Fusayama & others,
1966; Ogawa and others, 1983; Hosoya and others,
2000; Marshall and others, 2001).

The results of this study showed that hardness and
elastic modulus of dentin differed with intratooth loca-
tion and decreased with distance from the DEJ in pri-
mary canine dentin (Tables 1-3, Figures 3 and 4).
Hardness and elastic modulus of dentin might also dif-
fer with tooth type and environmental factors during
the time of tooth formation and mineralization. In this
study, all the sound teeth were maxillary primary
canines but all the carious teeth were mandibular pri-
mary canines. In addition, the position of the carious
lesion was almost at the center area of the proximal
surfaces but was not the same among the specimens.
The depth from the DEJ to the first measuring point
under the lesion differed among the carious teeth and
differed between the sound and carious teeth. These dif-
ferences, due to varying lesion shapes, caused consider-
able variation among the specimens but, in general,
both dentin under the lesion and apparently normal
dentin adjacent to the lesion had reduced hardness and
elastic modulus compared to sound dentin. None of the
areas associated with carious teeth had increased val-
ues, thus, there was no evidence of sclerotic dentin in
these lesions.

Although the use of nano-indentation permits smaller
areas than microhardness to be measured, both the
microhardness and nano-indentation equipment used
for this study were carried out on dried tissues. When

demineralized dentin is dried, it collapses (Marshall &
others, 1998), and indentations on the collapsed layer
could be influenced by the underlying mineralized tis-
sue. Improved methods such as an AFM-based indenta-
tion, which allows submicroscopic indentations of
hydrated tissues, may be needed to improve accuracy of
the values of various altered layers of carious dentin
(Balooch & others, 1998; Marshall and others, 2001).

This study and our previous work (Hosoya & others,
2000; Hosoya & others, 2002) indicate that lower hard-
ness and elastic modulus values were obtained under
the caries region and also in the region adjacent to the
caries that was apparently not affected by the lesion.
This could have a deleterious effect on resin adhesion to
these regions. After etching, the hardness might be
lower or the depth of demineralization might be
increased so that bonding to these areas might require
specific etching treatments that have not yet been
defined. Previous reports (Nor & others, 1997; Olmez &
others, 1998; Hosoya & others, 2001) suggested that
primary dentin is more susceptible to acid or some
chemical conditioning treatments and, therefore, short-
er application times for the dentin conditioner in pri-
mary dentin may be appropriate. Further study is
required to understand the precise mechanism of adhe-
sion between carious dentin and resinous materials and
whether different treatments are needed to optimize
bonding for primary and permanent dentin.

CONCLUSIONS

1.Hardness and elastic modulus of sound primary
canine dentin were consistent with prior
reported results for permanent dentin.

2.Hardness and elastic modulus for primary
canine teeth with carious lesions showed
markedly lower mechanical properties than
sound primary dentin. No areas with increased
mechanical properties were observed, thus,
there was no evidence of sclerotic dentin associ-
ated with primary canine caries.

3.Apparently unaffected dentin in areas adjacent
to carious lesions had reduced mechanical prop-
erties compared to primary dentin in sound
teeth.
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