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A B S T R A C T   

Investigations into teeth mechanical properties provide insight into physiological functions and pathological 
changes. This study sought to 1) quantify the spatial distribution of elastic modulus, hardness and the micro
structural features of dog dentin and to 2) investigate quantitative relationships between the mechanical 
properties and the complex microstructure of dog dentin. Maxillary canine teeth of 10 mature dogs were 
sectioned in the transverse and vertical planes, then tested using nanoindentation and scanning electron mi
croscopy (SEM). Microstructural features (dentin area fraction and dentinal tubule density) and mechanical 
properties (elastic modulus and hardness) were quantified. Results demonstrated significant anisotropy and 
spatial variation in elastic modulus, hardness, dentin area fraction and tubule density. These spatial variations 
adhered to a consistent distribution pattern; hardness, elastic modulus and dentin area fraction generally 
decreased from superficial to deep dentin and from crown tip to base; tubule density generally increased from 
superficial to deep dentin. Poor to moderate correlations between microstructural features and mechanical 
properties (R2 

= 0.032–0.466) were determined. The results of this study suggest that the other constituents may 
contribute to the mechanical behavior of mammalian dentin. Our results also present several remaining op
portunities for further investigation into the roles of organic components (e.g., collagen) and mineral content on 
dentin mechanical behavior.   

1. Introduction 

Mammalian teeth are hierarchical and heterogeneous and consid
ered a function-oriented, bilayer composite material of enamel and 
dentin (Fig. 1). Enamel is 96% mineral (hydroxyapatite; HA) (Nanci, 
2013b) and serves as a stiff layer to protect the tooth from the forces of 
mastication (R. Wang & Weiner, 1997). The underlying dentin is a 
porous tissue composed of dentinal tubules within a matrix, which is 
70% mineral in the form of carbonated HA crystals (Nanci, 2013a). 
Dentinal tubules radiate from the pulp to the dentinoenamel junction 
(DEJ) in an s-shaped pathway. Dentin serves to absorb impacts and 
distribute high stresses (Chai et al., 2009). Dentinal tubules measure 
approximately 3 µm in diameter near the interface with the pulp and 
decrease to approximately 2.4 µm at the DEJ (Lopes et al., 2009). Tubule 

diameter in dogs is comparable to those in humans (Robb et al., 2007). 
Studies evaluating dentinal tubules in humans and other mammals have 
shown significant spatial and morphological variation within and be
tween individuals and species (Lopes et al., 2009; Mlakar et al., 2014; 
Robb et al., 2007). 

Investigations into teeth structure–function relationships, where 
function is defined by its mechanical function (i.e., mechanical prop
erties) provide insight into the effect structure (at various length scales) 
has on mechanical behavior. Micro- and nanoindentation are common 
methods for acquiring teeth mechanical properties given the small size 
and the need for precision measurements (Kundanati et al., 2019; Shen 
et al., 2020; Yi et al., 2020; Zhang et al., 2014). The mechanical prop
erties of enamel and, to a lesser degree, dentin have been investigated 
with micro- and nanoindentation and reveal that elastic modulus (E) and 
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hardness (H) 1) decrease from the outer to the inner regions and 2) are 
influenced by location and direction of testing; the direction of macro- 
and micro-scale features; the nature of the storage and testing hydration 
parameters; and the average density of the mineral phase (An et al., 
2012; Ang et al., 2009, 2010; Angker et al., 2003, 2004; Barbour et al., 
2003; Bertassoni & Swain, 2012; Braly et al., 2007; Chan et al., 2011; 
Cuy et al., 2002; Fränzel & Gerlach, 2009; Ge et al., 2005; Habelitz et al., 
2001, 2002; Han et al., 2012; He et al., 2006; He & Swain, 2009; Jeng 
et al., 2011; Jíra & Němeček, 2014; Mahoney et al., 2000; Mahoney 
et al., 2004; Park et al., 2008; Ziskind et al., 2011) (Tables 1 & 2). 

While previous investigations have advanced our understanding of 
dentin microstructure and mechanical behavior, there is not yet a 
complete mapping of the three-dimensional (3D) spatial distribution of 
mammalian dentin microstructure and the mechanical properties. This 
mapping would provide insight into relationships between mechanical 
properties and microstructure. Therefore, the aims of this study were to: 
1) quantify the 3D spatial distribution of E, H and microstructural fea
tures of dog dentin using nanoindentation and scanning electron mi
croscopy; 2) characterize the relationship between E, H and the 
microstructural features of dog dentin using nanoindentation and 
scanning electron microscopy. 

2. Materials and methods 

2.1. Sample preparation 

Ten maxillary canine teeth were extracted from individual dogs 
euthanized for reasons unrelated to the study (Supplemental table 1), 
wrapped in Hanks’ balanced salt solution saturated gauze, vacuum 
sealed and stored at − 20◦C. Teeth were thawed at ambient temperature 
for 24 h prior to submersion in a resin (Orthodontic Resin, Hygenic, 
Akron, OH) to create a tooth block, which were allowed to cure for 24 h. 

The crowns of 5 teeth were sectioned with a Leica SP1600 high- 
precision, diamond histological saw into five transverse sections of 
equal thickness. The crowns of the remaining 5 teeth were sectioned into 
three vertical crown sections (Fig. 2). Sections were ground with 400, 
600, 800 and 1200 grit silicon-carbide sandpaper on a water-cooled, 
low-speed benchtop grinder/polisher (Ecomet III, Beuhler, Lake Bluff, 
IL). Sequential polishing with 6, 1 and 0.25 µm diamond suspensions 
was then performed. Between polishings, all samples were rinsed for 1 
min with distilled water. Samples were stored in Hanks’ balanced salt 
solution at ambient temperature until ready for nanoindentation testing 
(<48 hrs.). 

2.2. Nanoindentation testing 

Cross sections were adhered to magnetic pucks with cyanoacrylate 
(Superglue, Loctite, Westlake, OH). Spatially variant mechanical prop
erties of dentin were evaluated using nanoindentation with a TI 950 
Triboindenter (Bruker, Minneapolis, MN). On transverse cross sections, 10 

Fig. 1. Illustration of dental anatomy depicting a cross section of ½ of a human 
molar. Call outs of (a) SEM microstructure of human enamel (reprinted with 
permission via creative commons license from Pandya M, et al. Enamel 
biomimetics-fiction or future of dentistry. Int J Oral Sci 2019; 11:8.); (b) SEM 
microstructure of dog dentin; and (c) ground section of human dentin showing 
the s-shaped pathway of the dentinal tubules from the pulp to the DEJ 
(reprinted with permission from Snoddy AME, et al. An image analysis protocol 
for the quantification of interglobular dentin in anthropological tooth sections. 
Am J Phys Anthropol 2021; 174: 144–148). 

Table 1 
Published mechanical properties of human enamel.  

Reference Site Hardness (GPa) Elastic Modulus (GPa) 

E Mahoney 
(2000) 

1st molar 4.88 +/- 0.41 80.94 +/- 6.65 

S Habelitz 
(2001) 

3rd molar Parallel to rod 3.9 +/- 
0.3; Perpendicular to 
rod 3.3 +/- 0.3 

Parallel to rod 87.5 +/- 
2.2; Perpendicular to rod 
72.7 +/- 4.5 

SF Ang 
(2009, 
2010) 

3rd molar 5.7 +/- 0.3 86.4 +/- 11.7 

Y-R Jeng 
(2011) 

Premolar 4.48 +/- 0.23 92.72 +/- 3.09 

JL Cuy 
(2002) 

2nd, 3rd 
molar 

Surface > 6; Near DEJ <
3 

Surface > 115; Near DEJ 
< 70 

ME Barbour 
(2003) 

3rd molar 4.81 +/- 0.15 99.6 +/- 1.8 

EK Mahoney 
(2004) 

1st molar 3.66 +/- 0.75 75.57 +/- 9.98 

J Ge (2005) 3rd molar Rod 4.3 +/- 0.8; Sheath 
1.1 +/- 0.3 

Rod 83.4 +/- 7.1; Sheath 
38.5 +/- 4.1 

LH He 
(2006, 
2009) 

Premolar Surface 5 +/- 0.45; 
Inner layer 3.05 +/- 
0.41 

Surface 60–100; Inner 
layer 56.8 +/- 5.39 

B-B An 
(2012) 

Molar – Surface 80; Inner layer 
60 

A Braly 
(2007) 

3rd molar 6–7 120–130  

Table 2 
Published mechanical properties of human dentin.  

Reference Site Hardness (GPa) Elastic Modulus (GPa) 

E Mahoney 
(2000) 

1st molar 0.95 +/- 0.11 20.55 +/- 2.00 

L Angker 
(2003) 

1st molar Pulpal interface 0.52 
+/- 0.24; central region 
0.85 +/- 0.19; DEJ 0.91 
+/- 0.15 

Pulpal interface 11.59 
+/- 3.95; central region 
17.06 +/- 3.09; DEJ 
16.33 +/- 3.83 

W Franzel 
(2009) 

Molar 0.78 +/- 0.1 22.4 +/- 2.6 

D Ziskind 
(2011) 

3rd molar, 
premolar 

Peritubular dentin 1.34 
+/- 0.5; Intertubular 
dentin 0.60 +/- 0.2 

Peritubular dentin 29.3 
+/- 6.7; Intertubular 
dentin 17.4 +/- 3.5 

YL Chan 
(2011) 

Molar 1 +/- 0.1 19 +/- 2 

LE 
Bertassoni 
(2012) 

3rd molar Dry environment 1.43 
+/- 0.12; Hydrated 
environment 0.88 +/- 
0.11 

– 

C-F Han 
(2012) 

Molar 10◦ to dentinal tubule 
0.588; 80◦ to dentinal 
tubule 0.521 

10◦ to dentinal tubule 
16.15; 80◦ to dentinal 
tubule 13.28  
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indentations were made [five from the dentinoenamel junction (DEJ) to 
the pulpal interface in the vestibulo-oral (VO) direction and five from 
the pulpal interface to the DEJ in the disto-mesial (DM) direction]. In the 
vertical cross sections, 6–12 indentations were made from the crown base 
to the crown tip as determined by the length of the resulting section 
(Fig. 2). All indentations were made with a TI-0083 high-load Berkovich 
indenter (Bruker, Minneapolis, MN) on a high-load transducer using a 
controlled displacement to 5000 nm with a 5 sec load and 5 sec unload 
time. Load and displacement were continuously recorded at 200 Hz. 
Load-displacement data were used to derive E and H using the Oliver- 
Pharr method (Oliver & Pharr, 2004, 1992). Light microscopy was 
performed to confirm placement of indents in the target location. A ‘SYS’ 
plot analysis was performed to screen for structural compliance (Jakes 
et al., 2008). 

2.3. Scanning electron microscopy 

All samples were prepared for SEM with superficial demineralization 
with a 10 s rinse in 17% EDTA followed by a 1-minute rinse in distilled 
water. Deproteination was achieved with a 1-minute bath in 50% 
NaHOCl followed by a 1-minute rinse in distilled water. The samples 
were dehydrated through a series of 20-minute immersions in ethanol 
solutions of increasing concentration (25, 50, 75, 95 and 100%). Sam
ples were dried under ambient conditions for 10 min prior to storage in a 
desiccant chamber for 24 h. Samples were then adhered to SEM pins and 
sputter-coated with 10 nm thick coating of gold (Leica EM ACE600, 
Leica Microsystems, Buffalo Grove, IL). 

Samples were imaged with a high-vacuum SEM (LEO 1530, Zeiss 
Microscopy, White Plains, NY) at an accelerating voltage of 10 kV and a 
working distance of 30 mm. Six images were acquired for each trans
verse cross section at locations corresponding with the DEJ, the mid- 
dentin region and the inner dentin region near the pulpal interface in 

Fig. 2. Overview of experimental design. 
Blue box (left) represents transverse sections 
and red box (right) represents vertical sec
tions. Blue triangles represent locations of 
nanoindentation data and orange circles 
represent locations of SEM image acquisi
tion. Note the light microscopic image of a 
nanoindentation location from the present 
study in the nanoindentation (middle) box 
representing the typical contact area of the 
indentations. P = pulp; D = dentin; E =
enamel. In panel C, completion of image 
segmentation results in dentinal tubule phase 
highlighted in blue.   
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both the VO and the DM directions. Between three and 13 images were 
acquired for each vertical cross section corresponding approximately 
with the nanoindentation locations from the crown base to the crown 
tip. 

2.4. Image processing and analysis 

Individual SEM image files were imported into an image processing 
software (Dragonfly v2021.1, Object Research Systems, Montreal, 
Quebec). Images were segmented into two classes (dentinal tubules and 
intertubular dentin). Segmentation was performed either manually or 
with a segmentation trainer based on image quality, image heteroge
neity and tubule density (TD) (Details provided in online supplemental 
materials). The dentinal tubule class for each image was then converted 
into a new dataset that identified each individual dentinal tubule as a 
separate object. This step allowed calculation of image TD as tubules/ 
mm2. Image dentin area fraction (ratio of dentin area to overall surface 
area; DAF) is reported as a percentage. All segmentation was completed 
by one operator (JWS). 

2.5. Statistical analysis 

For the purposes of analyzing correlation between mechanical 
properties and microstructural features, a normalization procedure to 
match nanoindentation position with SEM image acquisition position 
was performed (Details provided in online supplemental materials). The 
statistical assessment of correlation after the normalization process 
involved fitting linear mixed effects (LME) regression models with the 
two variables of interest as the outcome (E or H) and fixed effect pre
dictor (DAF or TD) with a random nested effect of Section within Tooth. 
TD was determined to have a skewed right distribution and therefore a 
base e log-transformation of this variable was used to normalize the 
distribution. The LME model was run individually for all four 2-way 
combinations of the outcomes and predictors and separately for trans
verse and vertical directions. Correlation is then estimated as the coef
ficient of determination (R2) from the LME model. This distribution 
pattern for E and H in the transverse sections was mirrored between the 
VO and DM directions. Given the mirrored pattern, analogous positions 
in the VO and DM directions were combined for statistical analysis. 
Estimation of mean (95% CI) for each Section required fitting individual 
mixed effects ANOVA models with E, H, DAF, or TD as the outcome, 
Section as a fixed factor variable, and Tooth as a random effect. A similar 
analysis method was used for estimating mean (95% CI) for each Posi
tion with Position as the fixed factor variable and the rest of the model 
structure staying the same. This process was done separately in both the 
transverse and vertical directions. If the ANOVA p-value was significant 
then two-way post-hoc analyses with Tukey’s family-wise correction 
was used through the implementation of the emmeans function in R. All 
analyses were conducted in R for statistical computing v4.0. 

3. Results 

3.1. Samples 

A total of 10 tooth samples are reported from 10 dogs (Supplemental 
Table 1). After light microscopic and ‘SYS’ plot analysis, 40 and 15 
datapoints from transverse and vertical sections, respectively, were 
excluded due to evidence of poor indentation location or structural 
compliance. The remaining 210 and 128 datapoints from transverse and 
vertical sections, respectively, were available for analysis. Sixteen and 
nine SEM images were excluded from the transverse and vertical sec
tions, respectively, due to unacceptable resolution, leaving 134 trans
verse and 79 vertical section images available for microstructure 
analysis. The correlation analysis normalization process resulted in 110 
and 50 datapoints available for the transverse and vertical cross section 
analyses, respectively. 

3.2. Mechanical properties 

3.2.1. Elastic modulus 
Elastic modulus ranged widely (Supplemental Table 2), was aniso

tropic and heterogeneous. Structural anisotropy was appreciated with 
higher mean modulus in transverse than in vertical sections (p < 0.001). 
In transverse sections, the mean modulus decreased from the DEJ to the 
pulpal interface (p < 0.001) (Fig. 3A). E in the position immediately 
adjacent to the DEJ was lower than the position adjacent to it. Addi
tionally, E significantly increased from the crown base to the crown tip 
(p < 0.001) (Fig. 3B). E increased slightly (p = 0.259) from the outer 
vertical section (nearest DEJ) to the inner vertical section (nearest 
pulpal interface) (Fig. 3C). E increased in vertical sections (p < 0.001) 
from the crown base to crown tip with the position nearest the DEJ 
revealing a slight decrease (Fig. 3D). 

3.2.2. Hardness 
Significant variation was found in H. The values in the transverse 

sections were not significantly different than those in the vertical sec
tions, suggesting any possible anisotropy in H was too small to be 
detected using nanoindentation. In general, the distribution pattern 
followed that of E for both transverse and vertical sections. A statistically 
significant trend (p < 0.001) was observed with H decreasing from the 
DEJ to the pulpal interface in the transverse sections (Fig. 4A). H also 
increased (p < 0.001) from the crown base to the crown tip in the ver
tical sections (Fig. 4C). This pattern (p = 0.004) can also be appreciated 
by the difference in the mean transverse sectional values of sections 1 
and 5 (Fig. 4B). H in the outer vertical section was lower relative to the 
middle region and similar in value to the inner vertical section (Fig. 4D). 
The outer and central vertical sections and the central and inner vertical 
sections were significantly different (p = 0.015 and p = 0.009, 
respectively). 

3.3. Microstructural features 

3.3.1. Dentin area fraction 
Like E and H, DAF decreased from the DEJ to the pulpal interface in 

the VO and DM directions (Fig. 5A). However, unlike E and H, DAF did 
not differ from crown base to tip (p = 0.680) (Fig. 5B). The distribution 
pattern for vertical sections was similar to those in the transverse sec
tions. DAF in the outer vertical section was not significantly different 
from the middle region (p = 0.586) but the middle region was higher 
than the inner vertical section (p < 0.001) (Fig. 5C). The outer and 
middle vertical sections and the middle and inner vertical sections were 
significantly different from one another, respectively (p=<0.001). DAF 
generally increased from the crown base to the crown tip (Fig. 5D). A 
corresponding drop in DAF was noted near the DEJ at the crown tip. 

3.3.2. Tubule density 
TD increased (p < 0.001) from the DEJ to the pulpal interface in the 

VO and the DM directions (Fig. 6A). TD significantly increased from 
crown base to crown tip (p = 0.026) (Fig. 6B). These trends continued in 
the vertical sections. TD in the outer vertical section was lower 
compared to the central region and the central region was lower than the 
inner vertical section (Fig. 6C). The differences between vertical sections 
were not significant. TD for the vertical sections also suggested a trend of 
decreasing TD from the crown base to the crown tip (Fig. 6D). 

3.4. Correlations between mechanical properties and microstructural 
features 

There were poor to moderate correlations between mechanical 
properties and microstructural features (Figs. 7 and 8). Most correlations 
[TD/E (transverse); TD/H (transverse); DAF/E (transverse); DAF/H 
(transverse); DAF/H (vertical)] were statistically significant but with 
low R-squared values (p < 0.05; R-squared > 0.4). Higher correlation 
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was found between DAF and H/E [R2 = 0.437 and 0.466 for DAF/E and 
DAF/H, respectively] in transverse sections as compared to DAF and H/E 
[R2 = 0.129 and 0.213 for DAF/E and DAF/H, respectively] in vertical 
sections (Fig. 8). While correlation between mechanical properties and 
TD was higher in transverse sections compared to vertical sections and 
higher for H than for E, these correlations were poor [R2 = 0.032 (ver
tical sections – E/TD); =0.346 (transverse sections – H/TD)] (Fig. 8). 

4. Discussion 

This study achieved our aims, demonstrating anisotropy and het
erogeneity of, and characterizing the relationship between, E; H; and 
microstructural features of dog dentin. 

4.1. Heterogeneity in mechanical properties 

H and E decreased from the DEJ to the pulp and from the crown tip to 

the base with a decrease adjacent to the DEJ. These patterns are 
consistent with previous studies in human dentin (Jíra & Němeček, 
2014; R. Z. Wang & Weiner, 1997). The slight decrease adjacent to the 
DEJ may be explained by the presence of dentin phosphoproteins that 
are largely unphosphorylated (Reed et al., 2015; R. Wang & Weiner, 
1997). The wide range of values found in the literature and reported 
here may be explained by differences in sectioning specimens, specimen 
surface imperfections and individual subject variance (e.g., differences 
in mineralization during odontogenesis) (Angker et al., 2003). Due to 
the sigmoid path of the dentinal tubule, indentations are invariably 
performed in samples with varying tubule orientation, which has been 
shown to affect mechanical property measurements (Watanabe et al., 
1996). 

In the present study, TD ranged widely depending on location and 
orientation of the cross section evaluated. The upper end of the range is 
substantially higher than those values previously reported in human 
dentin and dog dentin (Carrigan et al., 1984; Dourda et al., 1994; Fosse 

Fig. 3. Mean and 95% confidence intervals for E as a function of combined transverse positions (A), transverse section (B), vertical section (C) and vertical position 
(D). For plots A and B, significance between positions and sections are noted with solid bars. Note the trend of increasing E from the crown base to the crown tip in 
plots B and D. In plots A and D, note the slight decrease in E near the DEJ. 
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et al., 1992; Garberoglio & Brannstrom, 1976; Ketterl, 1961; Koutsi 
et al., 1994; Mjör & Nordahl, 1996; Olsson et al., 1993; Pashley et al., 
1985; Robb et al., 2007; Schilke et al., 2000; Tronstad, 1973; Whittaker 
& Kneale, 1979). TD increased as a function of distance from the DEJ in 
both transverse and vertical sections and from the crown base to tip. 
DAF increased as a function of distance from the pulp in both transverse 
and vertical sections. DAF decreased in a coronoapical direction. Our 
findings are consistent with previous reports in human and dog dentin 
(Carrigan et al., 1984; Marshall et al., 1997; Robb et al., 2007; Whittaker 
& Kneale, 1979). Due to differences in methodology, species, teeth and 
testing regions, it is difficult to directly compare our results to previous 
studies. Dog dentin TD at the crown base has been reported to be ~ 
30,000/mm2-~47,000/mm2 for superficial and deep dentin, respec
tively (Robb et al., 2007). This is higher than the values in our study. 
However, previous studies measured only at the crown base and have 
only evaluated TD in a few locations. Our study characterized dentin 
microstructural features of the entire tooth volume in multiple planes 
and sections. 

4.2. Anisotropy in mechanical behavior 

Evidence of anisotropy in the mechanical properties was found. 
Dentin anisotropy may be anticipated when modeled as a two phase 
biocomposite in which peritubular dentin associated with the dentinal 
tubules is a hollow fiber, surrounded by the intertubular dentin matrix 
(Angker et al., 2003). When tested parallel to the direction of the fiber E 
can be defined by the Voigt composite model (Voigt, 1889). 

Ec = E1V1 +E2V2 (1) 

and when tested perpendicular to the fiber, E can be defined by the 
Reuss composite model (Reuss, 1929). 

1
Ec

=
V1

E1
+

V2

E2
(2)  

where Ec is the composite elastic modulus, E1 and V1 are the elastic 
modulus and volume fraction of the first constituent, respectively and E2 

Fig. 4. Mean and 95% confidence intervals for H as a function of combined transverse positions (A), transverse section (B), vertical position (C) and vertical section 
(D). Significance between positions and sections is noted with solid bars. Note the trend of increasing H from the crown base to the crown tip in plots B and C. 
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and V2 are the elastic modulus and volume fraction of the second con
stituent, respectively (Ashby & Jones, 2013; Mencik, 1992). These 
models predict that E will be different (potentially orders of magnitude 
different) depending on the testing direction. These simple models, 
however, are not perfectly suited to the complex hierarchical structure 
of dentin. Models attempting to account for the complexity of dentin 
have been employed with varying degrees of success (Bar-On & Daniel 
Wagner, 2012; Biswas et al., 2013; Kinney et al., 1999; Qin & Swain, 
2004; Wang & Qin, 2007). Most models still assume dentinal tubules to 
be isotropic, cylindrical inclusions with a non-tortuous path. In reality, 
indentation test direction will not be perfectly parallel or perpendicular 
to the dentinal tubules as assumed in the models. Also, because indi
vidual nanoindentation positions in vertical sections did not necessarily 
correlate with individual positions in transverse sections, a paired 
analysis could not be performed. Thus, while the transverse and vertical 
values reported here are evidence of anisotropy, they may not neces
sarily reflect the true nature of that anisotropy. 

4.3. Correlations between mechanical properties and microstructural 
features 

Within the limitations of the data reported here (i.e., limited to 
structural features of DAF and tubule density), our results, the first to 
attempt structure–function correlations in dog dentin, suggest the cor
relation between mechanical properties and microstructural features in 
dog dentin are poor to moderate. The strongest correlations were pre
sent between H/E and DAF in transverse sections. These correlations 
suggest that microstructure contributes to but is not the sole driver of 
dentin mechanical properties. Other investigators have suggested that 
the mechanical properties of dentin are largely driven by the micro
structural features (Craig et al., 1959; Fusayama et al., 1966; Garber
oglio & Brännström, 1976; Pashley et al., 1985). Human molar dentin 
microhardness and TD are strongly correlated (Pashley et al., 1985). 
While the distribution of DAF and TD are related to the mineralization 
gradient throughout the tooth, one does not necessarily depend on the 
other. For example, the DAF near the DEJ is high, yet the mechanical 

Fig. 5. DAF as a function of transverse position (A); transverse section (B); vertical section (C); and vertical position (D). Significant differences between variables are 
marked with a solid bar. 
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properties decrease in this region, likely due to a slightly lower mineral 
content (MacDougall et al., 1992). Mineral content is a significant 
contributor to mechanical behavior. Demineralization of enamel and 
dentin have been correlated with degradation of mechanical properties 
(Angker et al., 2004; Zafar & Ahmed, 2015). For example, H/E and 
mineral content correlate in demineralized carious dentin (Angker et al., 
2004). When dentin is exposed to phosphoric acid, a demineralizing 
agent used as a pretreatment in restorative dentistry, H is significantly 
reduced (Zafar & Ahmed, 2015). Dentin, however, in not a purely 
mineralized tissue. The organic constituent (primarily type 1 collagen) is 
approximately 33% (Nanci, 2013a). Collagen fibers also contribute to 
the mechanical properties of dentin (Ryou et al., 2012). An increase in E 
in irradiated teeth corresponds with a decrease in dentin protein/min
eral ratio (Reed et al., 2015). The results of this and other studies suggest 
that the other constituents may hold influence over the mechanical 
behavior of mammalian dentin. 

4.4. Limitations 

Some study limitations are relevant to consider. We used an indenter 
with a large contact area to minimize the chance of an indent contacting 
only one constituent (intertubular dentin or dentinal tubule). However, 
while this is unlikely, it is possible some indents were not distributed 
across both constituents and may have contributed to the poor corre
lation between mechanical properties and microstructural features. 
Similarly, the large contact area of the indenter used in this study served 
to spread contact across peri-tubular dentin (the dentin immediately 
surrounding the dentinal tubule) and the rest of the intertubular dentin. 
As such, differences between these two constituents were likely 
neutralized (see supplemental material for additional discussion). While 
our samples were hydrated until the moment of nanoindentation testing, 
no efforts were made to maintain hydration during testing. It is possible 
that the samples began to lose hydration during testing. Others have 
shown that hydrated dentin has lower H and E values compared to 
dehydrated dentin (Bajaj et al., 2006; Balooch et al., 1998; Jameson 

Fig. 6. Plots depicting TD as a function of transverse position (A); transverse section (B); vertical section (C); and vertical position (D). Significant differences 
between variables are marked with a solid bar. Note, significant differences are from p-values calculated on base e log-transformed data. 
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et al., 1993; Kahler, 2008; Kruzic et al., 2003; Ryou et al., 2012). In 
addition, our analysis of structure–function relationships focused on the 
structural features of DAF and tubule density. Other important structural 
features of dentin, such as arrangement of tubules, morphology of per
itubular dentin and structural hierarchy were not evaluated but may 
play a critical role in such relationships (Ji & Gao, 2004). The SEM 
sample prep process may have altered the morphology of the exposed 
dentinal tubules, which could have introduced error to the dentinal 
tubule and DAF measurements. To improve SEM resolution, all samples 
underwent superficial demineralization with a brief EDTA rinse. Despite 
this, final resolution results were sub-optimal, which could have altered 
the image segmentation process to effect DAF and tubule density values. 
In addition, the use of the same samples for nanoindentation and SEM 
image acquisition, necessary to correlate data, introduced some chal
lenges. We were unable to acquire an SEM image for each individual 
nanoindentation location. The normalization process used to match lo
cations may have introduced error in our correlation analysis. 

5. Conclusions 

The information in the present study provides insight into funda
mental structure–function relationships that would inform investigative 
modeling. Our results show that the mechanical properties of dog dentin 
are heterogeneous, reveal anisotropy and are consistent with human 
dentin. In addition, the microstructural features vary significantly, and 
the distribution pattern resembles that of human dentin. Dentin me
chanical properties and microstructure are moderately correlated with 
the best correlations between E/H and DAF. Our results also present 
several remaining opportunities for further investigation into the roles 
of other constituents (e.g., collagen/mineral content) on dentin me
chanical behavior. 
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