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The purpose of this study was to evaluate the effect of dentin depth and tubule direction on the 
ultimate tensile strength (UTS) of human dentin. Dentin slabs of 0.5-mm thickness were 
trimmed either from the mesial and distal (for specimens with the tubules parallel to the tensile 
force; parallel group) or from the occlusal and pulpal surfaces (perpendicular group) to reduce 
the cross-sectional area of the superficial, middle, and deep regions to 0.25mm2, and subjected 
to microtensile testing. From SEM photomicrographs of the fractured specimens of the parallel 

group, the tubule density was investigated. For both parallel and perpendicular groups, super-
ficial dentin showed a significantly higher UTS than deep dentin. The tubule density of super-
ficial dentin was significantly lower than that of middle and deep dentin. When performing the 
microtensile bond test to deep dentin, it is possible that cohesive failure of dentin can occur at 
relatively low tensile stresses.
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INTRODUCTION

Bond strength measurements provide very important screening information of experi-

mental or new products and on the effectiveness of bonding procedures or techniques. 

With the high bond strengths of current adhesive systems, it is often difficult to 

measure the true interfacial bond strength to dentin because a high percentage of
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cohesive fracture within dentin was observed when using a conventional testing 
method1-3). Stress concentration at the adhesive interface during testing often causes 

non-uniform stress distribution around the adhesive interface4-7) that leads to cohe-
sive failure of dentin at relatively low applied stresses.

The development of microtensile bond strength testing has helped to avoid such 
cohesive fractures within dentin8,9). Microtensile testing is believed to create more 
uniform stress distribution and to result in fewer cohesive fractures of dentin during 
resin-dentin bond testing. Moreover, it is very useful as a material screening 

test10-12), testing resin bonds to abnormal dentin13,14), and evaluating the bond strength 
when resins are placed in clinically relevant 3-D cavity wall15,16). This testing method-
ology also makes it possible to evaluate the long-term durability of dentin bonding in 
vivo17-19) and in vitro20,21). Thus, the utility of the microtensile test was recognized 
and the testing method has spread world-wide.

Recent improvements in new bonding systems have resulted in higher bond 

strength than previous versions. In the last decade, the microtensile bond test should 
have reduced the incidence of cohesive failure in dentin with these high bond 

strengths, compared with conventional testing methods. Sano et al.8,22) measured the 
ultimate tensile strength (UTS) of human coronal dentin, and found that it was sig-
nificantly greater than resin-dentin bond strengths obtained using the microtensile 
bond testing (i.e., dentin UTS of more than 100MPa vs. resin-dentin bond strengths 
ranged from 30 to 60MPa). However, some recent studies reported cohesive failures 

in dentin using the microtensile bond testing12,15,17,23,24), but few studies specified the 
depth of dentin or the direction of dentinal tubules relative to the direction of load-
ing.

Smith and Cooper25), using a micro-punch method, reported the shear strengths 
of dentin ranged from 39MPa (near the pulp) to 131MPa (near the dentino-enamel 

junction). Watanabe et al.26) reported the anisotropy of the dentin shear strength re-
garding the tubule orientation and site of dentin tested. However, the use of the 
shear test to evaluate bond strength and mechanical properties has been criticized be-

cause of the non-uniform stress distribution and flow6,9). Testing in tension, with 
small surface areas, has become more popular as researchers could measure resin-
dentin bond strengths with greater reliability3,7). Recent studies also demonstrated 

the anisotropy of the tensile strength of dentin27-31) using bovine or human dentin. 
Moreover, Kinney et al.32) demonstrated that the hardness and modulus of the 
intertubular dentin were lower in the inner dentin than in the outer dentin.

Since dentin is not a uniform substrate, bonding to dentin with low regional co-
hesive strength might cause cohesive failures within dentin during tensile bond test-
ing. Therefore, it is of significant importance to test the ultimate tensile strength of 
dentin from different sites of dentin. The purpose of the present study was to evalu-
ate the effect of dentin depth and the direction of tubules on the ultimate strength 
of dentin tested in tension.
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MATERIALS AND METHODS

Teeth

Thirty-six noncarious human third molars were used for this study. After extrac-

tion, the teeth were stored in distilled water with a few crystals of thymol for 1-4 

weeks at 4•Ž.

Tensile Test 

Two to three dentin slabs, each approximately 0.5-mm thick, were sectioned from 

each tooth mesio-distally in a direction parallel to the long axis of the tooth by 

means of a low speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) under co-

pious water irrigation. Each slab was gently trimmed either from the mesial and 

distal, or from the occlusal and pulpal surfaces, using a super-fine diamond bur 

under water spray coolant. This was done to reduce the various regions (i.e., super-

ficial, middle, and deep) of the coronal dentin to a cross-sectional area of approxi-

mately 0.25mm2 (mean thickness and breadth of the narrowest portion of the slabs 

were 0.51•}0.05mm and 0.50•}0.04mm, respectively) as reported previously8,33). Ra-

dius of the narrowest portion was 0.63mm. The slabs trimmed from the mesial and 

distal aspects were used to test the strength of dentin with tubules oriented parallel 

to the applied force (parallel group) (Fig. 1). The slabs trimmed from the occlusal 

and pulpal surfaces were used to test the strength of dentin with tubules oriented

Fig. 1 Schematic drawing of specimen preparation proce-
dures for ultimate tensile strength. 
Extracted human tooth was sectioned parallel to the 
long axis of the tooth (A) and two or three dentin 
slabs of 0.5-mm thickness were obtained (B). Each 
slab was gently trimmed either from the mesial and 
distal (C) or from the occlusal and pulpal surfaces 
(D). The slabs trimmed from the mesial and distal 
aspects were used as specimens to test the strength of 
dentin with the tubules parallel to the applied force. 
The slabs trimmed from the occlusal and pulpal sur-
faces were used to test the strength of dentin with the 
tubules perpendicular to the applied force.
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perpendicular to the applied force (perpendicular group) (Fig. 1).

To determine how far from the dentino-enamel junction each trimmed specimen 

was, the final position called the percentage dentin depth of the specimens was given 

by the following equation: 

Percentage Dentin Depth (PDD)=(TDH-RDT)/TDH•~100, 

where TDH is the total dentin thickness measured from dentino-enamel junction to 

pulpal wall and RDT is the distance between the narrowest portion of the specimen 

and pulpal wall.

Trimmed specimens were divided into three different subgroups with regard to 

the percentage dentin depth; Superficial (0<PDD<33.3), Middle (33.3<PDD<66.6), 

and Deep (66.6<PDD<100). The specimens were glued to Ciucchi's jig9) with 

cyanoacrylate adhesive (Model Repair II Blue, Sankin Co., Otahara, Japan), and 

mounted in a microtensile testing apparatus. Testing was performed under tension 

using a desk-top testing machine (EZ-Test, Shimadzu Co., Kyoto, Japan) at a cross-

head speed of 1mm/min. The ultimate tensile strength (UTS) was calculated by di-

viding the maximum load at failure (N) by the cross-sectional area (mm2) and 

expressed in MPa.

Calculation of the Tubule Density

When the specimens were pulled to failure in tension to determine the UTS values, 

the fractured surfaces were very clean. The fractured specimens of the parallel 

group were mounted an the aluminum stubs, and then dried in a desiccator for 48 

hours, gold-sputtered, and examined using a field emission scanning electron micro-

scope (FE-SEM) (S-4000, Hitachi, Tokyo, Japan). Representative photomicrographs 

were taken from the fractured specimens at •~2,000 magnification. The number of 

dentinal tubules was counted on the photomicrographs in an area of 500ƒÊm2 in the 

center portion of the fractured specimens, and the density of tubules was expressed 

as the number of tubules per mm2 for each specimen.

Statistics

The UTS data were analyzed using a two-way ANOVA test. Independent variables 

were dentin depth (PDD) and tubule direction. Intra-group comparisons were per-

formed using one-way ANOVA and Fisher's PLSD test at a confidence level of ƒ¿

=0 .05. Linear regression analysis between PDD and the UTS for both applied force 

directions was performed. For the comparison of the tubule density of each group, 

one-way ANOVA and Fisher's PLSD test at a confidence level of ƒ¿=0.05 was per-

formed.

RESULTS

The results of the ultimate tensile strength testing are shown in Table 1. Two-way 

ANOVA revealed significant differences in UTS as a function of the direction of the 

applied load (p=0.0014) and of dentin depth (p=0.0022). There was no significant
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Table 1 Ultimate tensile strength of dentin as a function of direction of 

tensile load and dentin depth

Values are shown as means•}SD (number of specimens) in MPa. Val-

ues designated with the same superscript letter are significantly different 

(p<0.05).

Table 2 Tubule density (number of dentinal tubules/mm2) 
of fractured dentin surface of specimens pulled in 

parallel direction

Values are shown as means (SD). Values designated with 
the same superscript letter are significantly different (p
<0.05). Measurements were performed in the center portion 
of the fractured specimen surface.

interaction (p=0.7246) between these two factors. Overall comparison for the direc-

tion of applied load demonstrated that the UTS of specimens stressed perpendicular 

to the tubule direction was significantly greater than that of specimens stressed par-

allel to the tubule orientation (p=0.0009). For the overall comparison of dentin 

depth, the UTS of deep dentin was significantly lower than that of superficial dentin 

(p=0.0005) and middle dentin (p=0.0086), whereas no significant difference in UTS 

was found between superficial and middle dentin (p=0.3234).

Intra-group comparisons are also listed in Table 1. For the parallel group, the 

UTS of superficial dentin (77.6•}24.7MPa) was significantly higher than that of deep 

dentin (50.9•}15.4MPa). The UTS of middle dentin (65.2•}21.2MPa) from the par-

allel group failed to show a significant difference for both superficial and deep 

dentin. For the perpendicular group, the UTS of superficial dentin (99.8•}27.9MPa) 

was significantly higher than that of deep dentin (65.0•}32.5MPa). The middle 

dentin from the perpendicular group (94.5•}30.7MPa) also showed significantly 

higher UTS than deep dentin. There was no significant difference in UTS found be-

tween superficial and middle dentin from the perpendicular group.

The linear regression analysis of UTS vs. PDD for the perpendicular group 

showed a significant linear relation (p<0.0001, R2=0.821, UTS=1.602•~PDD). A 

similar highly significant linear relation was also found for the parallel group (p

<0.0001, R2=0.836, UTS=1.059•~PDD).

Table 2 demonstrated the tubule density of the different depths of dentin from 

the parallel group. The tubule density of superficial dentin (2.13•~104•}9.94•~103) was



44 ULTIMATE TENSILE STRENGTH OF HUMAN DENTIN

significantly lower than that of middle (3.29•~104•}1.17•~104) and deep dentin (3.78

•~ 104•}6.26•~103). There were no significant differences in tubule density between 

middle and deep dentin.

DISCUSSION

The results of this study demonstrated that the UTS of deep dentin was lower than 

superficial and middle dentin, in agreement with measurements of the micro-punch 

shear test25), shear strength26) and tensile strength31). Although no significant correla-

tion between the UTS and tubule density was found in the present study, there was 

a tendency for increased numbers of tubules per mm2 to produce lower UTS (Table 

2). The tubule density increased as PDD increased. Increased tubule density in deep 

dentin is one of the reasons for the weak mechanical property of deep dentin. It is 

reasonable to assume that the higher the tubules density, the lower the amount of 

solid dentin to provide mechanical strength. Carvalho et al.27) reported similar find-

ings. They made a comparison between the UTS and density of tubules and sug-

gested a possible correlation between the UTS and tubule density. Although the 

amount of solid dentin is affected by both the tubule density and the diameter of 

dentinal tubules, the latter was not evaluated in the present study. The diameter of 

dentinal tubules is in general thought to be diverse depending on the dentin region. 

In other words, the deeper the dentin depth, the wider the diameter. Further re-

search should be performed in detail on the diameter of the dentinal tubules on the 

fractured dentin surface.

Anisotropy of tensile strength of coronal dentin was also confirmed in the pre-

sent study. Watanabe et al.26) reported anisotropy of shear strength of human 

coronal dentin regarding tubule orientation. Lertchirakarn et al.28) demonstrated ani-

sotropy of tensile strength of human root dentin, showing the UTS was lowest when 

the tensile force was parallel to the tubule direction, and greatest at 90•‹ to tubule 

orientation. Similar findings were reported using bovine dentin29,30) and human 

coronal dentin27,31). Currently, the anisotropic behavior of dentin is of great interest.

To explain the anisotropy of the cohesive strength of dentin, Inoue et al.29) pre-

sented an interesting model using bovine dentin. They compared the cross-sectioned 

area of solid dentin in 1mm2 specimens taken from specimens pulled in tension per-

pendicular versus parallel to the tubule orientation. This area was 0.89mm2 for the 

perpendicular tubule orientation and 0.65 to 1mm2 for the parallel orientation. This 

discrepancy of the cross-sectional area may be responsible for the higher UTS when 

dentin is pulled perpendicular to the tubule direction. Moreover, they suggested that 

the cross-sectioned dentinal tubules could be considered as potential pre-cracks or 

voids, that were different depending on the direction of stresses. When the specimens 

are stressed perpendicular to the tubule direction, the ideal cross-sectional shape of 

tubules is rectangular whereas the shape of tubules stressed in a parallel direction is 

round. Their fractographic analysis suggested that half of the origin of the cracks 

stressed parallel to tubule orientation were located at the periphery or edge of the
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specimen. On the other hand, half of the estimated fracture origin was located in-

side of the specimen pulled perpendicular to tubule orientation. Although we failed 

to find the fracture origins after testing, fractographical analysis could lead to a 

better understanding of the anisotropy of dentin.

Several studies have suggested that the orientation of collagen fibrils in compos-

ite materials such as bone and dentin influences strength34,35). Collagen fibrils are in-

terwoven and arranged perpendicular to tubules36), and apatite crystals tend to be 

positioned parallel with the long axis of collagen fibrils. Thus, fractures caused by 

force application parallel to tubule direction occur predominantly within the plane of 

the collagen network, while fractures produced by the loads applied perpendicular to 

the tubule direction require disruption of the collagen fibrils. Collagen fibril orienta-

tion should be considered in any explanation for the anisotropy of the tensile 

strength of coronal dentin.

According to the result of this study, dentin tensile strength was anisotropic and 

deep dentin showed very low UTS (i.e. 50-60MPa) values. Linear regression analysis 

between the UTS and percent dentin depth in the present study also clearly demon-

strated that dentin strength became reduced as the dentin depth increased. The 

microtensile test has enabled evaluation of regional dentin strength. The specimen 

dimensions employed in this study gave a cross-sectional surface area of approxi-

mately 0.25mm2. This size is a quarter of the size of the 1mm2 that has been most 

commonly used for the microtensile bond strength test. When the UTS is measured 

on specimens with a cross-sectional area of 0.5mm2, the values were lower (57.6

•} 11.0MPa parallel to tubules and 80.0•}13.6MPa perpendicular to the tubule orienta-

tion)27). When 1mm2 dentin specimens were tested, the UTS was only 18.3•}6.5MPa 

when the specimens were tested perpendicular to the direction of the tubules. Thus, 

the cohesive strength of dentin is dependent on cross-sectional area, suggesting that 

contains flaws37). These observations suggest that it is crucial that investigators 

state the precise specimen size, especially the cross-sectional area, when reporting 

dentin strength measurements. Moreover, when performing the microtensile bond 

test to deep dentin, there is a possibility that cohesive failures occur at relatively low 

stress values, as indicated by the results of the present study. The proper interpre-

tation of such results requires the mode of failure in dentin to be reported in any 

microtensile bond test.
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