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Characterization of the porosity of human dental enamel and shear bond

strength in vitro after variable etch times: initial findings using the

BET Method

Trang T. Nguyena; Arthur Millerb; Maria F. Orellanac

ABSTRACT
Objectives: (1) To quantitatively characterize human enamel porosity and surface area in vitro
before and after etching for variable etching times; and (2) to evaluate shear bond strength after
variable etching times. Specifically, our goal was to identify the presence of any correlation
between enamel porosity and shear bond strength.
Materials and Methods: Pore surface area, pore volume, and pore size of enamel from extracted
human teeth were analyzed by Brunauer-Emmett-Teller (BET) gas adsorption before and after
etching for 15, 30, and 60 seconds with 37% phosphoric acid. Orthodontic brackets were bonded
with Transbond to the samples with variable etch times and were subsequently applied to a single-
plane lap shear testing system.
Results: Pore volume and surface area increased after etching for 15 and 30 seconds. At
60 seconds, this increase was less pronounced. On the contrary, pore size appears to decrease
after etching. No correlation was found between variable etching times and shear strength.
Samples etched for 15, 30, and 60 seconds all demonstrated clinically viable shear strength
values.
Conclusions: The BET adsorption method could be a valuable tool in enhancing our
understanding of enamel characteristics. Our findings indicate that distinct quantitative changes
in enamel pore architecture are evident after etching. Further testing with a larger sample size
would have to be carried out for more definitive conclusions to be made. (Angle Orthod.
2011;81:707–715.)
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INTRODUCTION

The introduction of composites and of the acid-etch
technique1 has fundamentally changed the approach to
clinical practice in orthodontics. Introduced by Buonocore
in 1955, phosphoric acid treatment applied to the enamel
surface creates a porous surface layer that, when
penetrated by a low-viscosity resin-bonding agent, facil-

itates interlocking between composite resin and enamel.
This enamel-to-composite interface is a critical factor that
enables brackets to be bonded to the tooth surface.

Current clinical techniques use 37% phosphoric acid
for 30 seconds,1 resulting in five types of demineral-
ization patterns in human dental enamel.2 Porosity,
surface area, and related bonding characteristics of
these different patterns are not completely understood,
and it is often assumed that a clinical ‘‘frosty’’
appearance provides sufficient evidence that the
etched surface is adequately prepared for bonding.

Much research has been devoted to characterization
of the physical and chemical properties of etched
enamel.3–8 Historically, scanning electron microscopy
(SEM) has been considered the gold standard in the
study of surface topography6–8; however, the qualita-
tive nature of the data makes comparisons among
studies difficult.

The Brunauer-Emmett-Teller (BET) gas adsorption
method has demonstrated the potential in a limited
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number of studies9,10 to provide quantifiable data on
topographic enamel properties such as surface area
and porosity. This method, described by Brunauer et
al.11 in 1938, determines the surface area of materials
via absorption of gases in multimolecular layers. Since
that time, the BET gas adsorption method has become
the most widely used standard procedure for the
determination of surface areas of finely divided and
porous materials.12 The small size of the krypton gas
molecule used in the BET method, with a diameter of
only 3.8 angstroms, is ideal for gaining easy access to
the system of pores in enamel, which ranges from 10
to 300 angstroms in diameter.13

In orthodontics, the use of bonding brackets has
become standard practice; however, even with ad-
vances in dental materials, bond failure rates range
from 0.5% to 16%.14–16 Increased bond failure results in
prolonged treatment time, which could result in a
higher prevalence of white spot lesions and eventual
caries. Thus, a better understanding of enamel
properties would provide additional insight that is
needed to improve upon the reliability of the enamel
bonding procedure.

The purposes of this study were (1) to quantitatively
characterize human enamel porosity and surface area
in vitro before and after etching for variable etching
times; and (2) to evaluate shear bond strength after
variable etching times. Specifically, our goal was to
identify the presence of any correlation between
enamel porosity and shear bond strength.

MATERIALS AND METHODS

Enamel Sample Preparation

Fifteen human first upper premolars extracted from
individuals as part of their orthodontic treatment were
used. Subjects’ ages ranged from 12 to 15 years.
Buccal enamel was sectioned with a water-cooled
diamond saw at low speed (Buehler, Lake Bluff, Ill).
The samples measured approximately 5 mm in width,
5 mm in length, and 5 mm in depth. All surfaces of the
sample were painted with one layer of red nail polish
(Revlon, New York, NY), except for the buccal
surfaces, which were manually polished with 280-
400-600-1200 grit silicon carbide papers (Buehler
Micropolish, Buehler) to provide a flattened, standard-
ized surface as a baseline finish.

Prepared samples were divided into three groups of
five samples each: group I was acid-etched with 37%
phosphoric acid solution (Ormco Etching Solution,
Ormco, Glendora, Calif) for 15 seconds, group II for
30 seconds, and group III for 60 seconds, followed by
5 seconds of water rinsing and 5 seconds of air
drying.

Gas Adsorption Measurement

Prepared samples were analyzed before and after
acid-etching at Micromeritics Analytical Services (Nor-
folk, Ga). Samples were degassed at 40uC for 16 hours
prior to analysis and then were placed in a sample tube
and heated under vacuum or flowing gas to remove
contaminants on their surfaces. The sample tube was
placed in the analysis port of a 2420 Accelerated Area
and Porosimetry System (Micromeritics) for automatic
analysis. The krypton adsorption isotherm was record-
ed at 120uK. Specific surface area, pore volume, and
pore size were calculated for each group according to
the standard BET method12 (Figure 1).

Shear Bond Strength Testing

Eighteen human molars were prepared as described
previously. Nine of the prepared samples were
analyzed via the BET gas adsorption method after
acid-etching. Each sample was mounted in the single-
plane lap shear device shown in Figure 217 and was
secured within one side of the two-piece Plexiglass
platform with dental stone (Die-Keen, Miles Inc, South
Bend, Ind). The etched enamel sample was prepared
with Ortho-Solo Plus (Ormco). Light-cured adhesive
(Transbond XT Light Cured Adhesive, 3M Unitek,
Monrovia, Calif) was used to bond an orthodontic
button (Ormco) to each enamel sample with a weight.
All samples were stored at room temperature (approx-
imately 21uC) in water for 24 hours to allow complete
polymerization of the resin components. After 24 hours,
the second side of the two-piece Plexiglass platform
was put in place and subsequently was filled with
dental stone to engage the orthodontic button.

Eighteen shear assemblies were made and tested in
a universal mechanical testing machine (Instron Model
1122, Instron, Canton, Mass) at a constant crosshead
speed of 1 mm/min. Shear bond testing simulates
vertical forces similar to biting forces as the two sides
of the Plexiglass platform are sheared apart.17 The
plates drive the force straight through the bond-tooth
interface, and the result is the amount of force (in MPa)
needed to disengage the orthodontic button from the
tooth surface.

RESULTS

Enamel Surface Area, Pore Volume, and Pore Size
After Variable Etch Times

The BET surface area, pore volume, and pore size
measurements for each of our groups are summarized
in Table 1.

Comparison of surface area measurements reveals
an increase in surface area for all three groups after
etching (Figure 3a). The increase in the 15-second
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etch group and in the 30-second etch group, at 354%
and 207%, respectively, is much more substantial than
the mild 14% increase seen in the 60-second etch
group.

Total pore volume increased in all three groups after
etching (Figure 3b). The greatest increase was ob-
served in the 30-second etch group at 344%. Changes
in the other two groups were much less dramatic in
comparison. Pore volume in the 15-second etch group
increased by 8% after etching, and pore volume in the
60-second etch group increased by 132%.

Conversely, average pore size decreased in all three
groups after etching (Figure 3c). The decreases in
pore size observed in the 15-second etch group and in
the 30-second etch group were comparable, at 51%
and 49%, respectively. A smaller decrease of 22% was
seen in the 60-second etch group.

Shear Bond Strength After Variable Etch Times

A great amount of variation in shear force was
observed among individual samples (Table 2). Great-
est variation was noted in the 15-second group,
where values ranged from 18 MPa to 45 MPa
(standard deviation [SD] 5 13). The 18-MPa reading,
however, may be a confounder, in that the sample
was found to be fractured before shear strength

testing was performed. The 30-second group and the
60-second group values displayed as much variation,
with values ranging from 36 MPa to 47 MPa (SD 5

6.22) and from 39 MPa to 51 MPa (SD 5 5.98),
respectively.

Mean shear strengths of our samples after 15-, 30-,
and 60-second etch times were 32.5 MPa, 43.6 MPa,
and 44.4 MPa, respectively (Figure 4). These are well
above the minimum clinical bond strength require-
ments reported in the literature—7.8 MPa for anterior
teeth18,19 and 20 MPa for posterior teeth.20,21

Correlation Between Enamel Architecture and
Shear Bond Strength

The BET surface area, pore volume, and pore size
measurements for each of our samples were com-
pared with shear strength, as summarized in Table 3.
These relationships are further illustrated in the
scatterplots shown in Figure 5. A correlation test was
used to determine whether any relationship could be
seen between shear force and various enamel
properties. The r2 values for all three scatterplots—
pore volume, surface area, and pore size—were 0.31,
0.06, and 0.16, respectively. This demonstrated the
lack of a linear relationship to shear strength values
and, thus, a very weak correlation.

Figure 1. BET gas adsorption method. (From Orellana MF et al., 2007, with permission.)

POROSITY OF HUMAN DENTAL ENAMEL AND SHEAR STRENGTH 709

Angle Orthodontist, Vol 81, No 4, 2011

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-15 via free access



DISCUSSION

Scanning electron microscopy (SEM) has been the
traditional method used to study the overall micro-
scopic ‘‘surface structure’’ of dental tissues3,7,8,22–24;
however, it is not a surface-specific technique. A
significant difficulty associated with the use of SEM in
examining etched enamel is the lack of consensus on
grading systems.10 Recent studies using the BET gas
adsorption method support the suggestion that enamel
porosity, surface area, and pore size are more
important toward an understanding of enamel topog-
raphy than is a defined etch pattern.10 Gas adsorption
has been studied theoretically for most of the 21st
century, and the simplest of the resulting theories has
provided the insight needed for most applications. Still,
the number of studies on dental enamel that used the
gas absorption method is limited.10,25,26 We sought to
expand on the knowledge of enamel topography by
using this same method in our studies to compare how
enamel properties are altered by acid-etching proce-
dures.

When phosphoric acid is applied to the dental
enamel surface, it dissolves the outer smear layer,
which is approximately 5 to 10 microns in thickness.
The outer 5 to 50 micron ends of the enamel prisms
are selectively dissolved as well.27 As a result,
microscopic pores and enamel crystallites are ex-
posed, resulting in a retentive surface for the primer.1 It
is assumed that this increase in the number of pores
and in surface irregularities results in a larger exposed
area of enamel, which creates a greater area for
bonding and higher subsequent bond strengths.28

Eventually, too much acid exposure will cause the
enamel crystallites to be gradually dissolved and

Figure 2. Diagram for shear assembly used for shear bond strength

testing. (Adapted from Watanabe LG et al., 1996, with permission.)

(A) Enamel specimen mounted on dental stone. (B) Enamel

specimen with button bonded to its surface. (C) Mylar. (D)

Dental stone.

Table 1. Surface Area, Pore Volume, and Pore Size of Enamel Samples Before and After Acid-Etching as Determined by the BETa Gas

Adsorption Method

Sample

BET Surface Area, m2/g Pore Volume, cm3/g Pore Size (A), Width

Before After Before After Before After

15seconds 1 0.2159 Individual Average 0.002795 Individual Average 219.6795 Individual Average

2 0.8832 0.9802 0.002795 0.003014 109.2229 106.2324

3 1.1432 0.005318 97.1758

4 0.9586 0.001256 80.2060

5 0.9356 0.002686 138.3247

30seconds 6 0.3148 1.1634 0.9675 0.001447 0.006471 0.006425 246.7882 80.2186 124.7631

7 0.7463 0.010005 298.1740

8 0.8522 0.001996 89.2411

9 1.3110 0.001883 58.7323

10 0.7645 0.011771 97.4496

60seconds 11 0.3453 0.7244 0.3927 0.001497 0.001455 0.003479 236.8995 85.3376 184.2273

12 0.1566 0.000448 267.7282

13 0.4161 0.001404 362.4030

14 0.2836 0.000460 72.5280

15 0.3827 0.000757 133.1395

a BET, Brunauer-Emmett-Teller.
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Figure 3. (a) Comparison of surface area, (b) pore volume, and (c) pore size before and after acid-etching as determined by the BET gas

adsorption method.
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broken down until the structure of enamel is de-
stroyed.29 It is assumed that the once-opened enamel
pores will slowly become obliterated by collapsing
enamel structures.

Figures 3a and 3b illustrate the changes in surface
area and pore volume that were observed after
variable etch times. When all three time points are
compared, a clear increase in surface area and pore
volume was evident after etching. This increased etch
time may have contributed to an increased number of
exposed pores and, thus, to increased surface area
and pore volume through the dissolving action of
phosphoric acid. After 60 seconds of etching, however,
both surface area and pore volume were much lower
than for the other time points. This finding may be due
to the aforementioned collapse of structures and the
obliteration of some pores, leading to an overall
decrease in both surface area and pore volume that
can be detected by the BET gas adsorption method.

Figure 3c shows the changes in pore size that were
observed after variable etch times. A comparison of all
three time points shows a decrease in pore size among
our samples as etch time increased. This can be
explained by the assumption that etching will lead to a
greater number of pores, but that the average size of
each pore is smaller. At the microscopic level, dental
enamel consists of a network of interprismatic and
intraprismatic compartments among a complex ar-
rangement of crystallites in enamel prisms.30 As
phosphoric acid is applied to the tooth, new, presum-

ably smaller microstructures are exposed to the
surface, thereby reducing the average pore size of
our samples. After 60 seconds of etching, however,
the average pore size does not decrease as much as
for other time points. This actually is in line with our
other findings in that it may be due to collapse of
structures and obliteration of smaller pores, making the
decrease in average pore size less dramatic in this
time group.

Minimum shear bond strengths of 5 to 7 MPa are
required for a successful clinical bond on anterior
teeth.19,31 On posterior teeth, because of functional
demands and wear, a minimum shear bond strength of
20 MPa is required to sustain an adequate clinical
bond.20,21 The shear bond strengths exhibited by
enamel samples in all three of our etch groups
(15 seconds, 30 seconds, and 60 seconds) are
presented in Figure 4. These shear strength values

Table 2. Summary of Shear Forces Required to Debond Brackets

After Variable Etch Times

Etch Time, sec

Shear Force Required to

Debond Bracket, MPa SD

15 18.7 13.51

15 33.1

15 45.7

30 46.8 6.22

30 47.5

30 36.4

60 39.6 5.98

60 42.5

60 51.1

Figure 4. Comparison of mean shear bond strengths after variable

etch times. Anterior teeth (solid), posterior teeth (dotted).

Table 3. Comparison of Surface Area, Pore Volume, and Pore Size of Enamel Samples vs Shear Strength Values

Etch Time, sec Shear Force, MPa BET Surface Area, m2/g BET Pore Volume, cm3/g BET Pore Size, A

15 18.7 0.7536 0.00156 82.7195

15 33.1 0.3434 0.00090 105.0193

15 45.7 0.6204 0.00405 261.1119

30 46.8 0.4664 0.00144 123.5823

30 47.5 0.3318 0.00308 371.3906

30 36.4 0.5443 0.00155 114.2676

60 39.6 0.4065 0.00092 90.4905

60 42.5 0.9796 0.00289 117.8721

60 51.1 0.4955 0.00972 78.4828
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Figure 5. Correlation between shear bond strength and (a) pore volume, (b) surface area, and (c) pore size.
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were found to be well above the minimum levels
considered clinically acceptable.

Pearson’s correlation test showed very little to no
relationship between shear strength and various enam-
el properties. Figures 5a through 5c illustrate a very
random distribution among nine samples in this portion
of the study. Natural variability in the arrangement of
crystallites is apparent in enamel prisms from within a
tooth and from tooth to tooth.30 These significant
variations in porosity apparently affect interprismatic
and intraprismatic compartments, both within a single
tooth and between tooth types.29 As a result, variable
permeability and differing responses to chemical and
mechanical exposures are often observed.29 Therefore,
the degree of shear bond strength exhibited by each
sample is dictated by underlying structural details
beyond pore size, pore volume, and surface area.

With the aim of controlling for the confounding
variable of inherent surface differences, samples were
polished before the etching procedure was undertak-
en. One of the limitations of this study is that
unpolished samples were not analyzed and compared
with polished samples.

Because of the sample size limitations of this study,
additional experiments will have to be conducted using
the BET method with a larger sample size to confirm
these findings and to identify new findings. This may
be a challenge, given the high cost of processing each
enamel sample. Also, some concerns have arisen
regarding how the BET gas adsorption method may
alter the general structure of enamel samples, some-
how affecting shear strength values.

We anticipate that this research will lead to a better
understanding of both dental enamel and the effects of
acid etching.

CONCLUSIONS

N The effect of acid-etching appears to differ at
60 seconds compared with effects at 15 and
30 seconds. Nevertheless, 15, 30, or 60 seconds of
etching time were all found to provide a shear bond
strength value that is clinically acceptable for
orthodontic brackets.

N Application of the BET gas adsorption method to
quantify enamel properties provides an alternative
view of the porous enamel structure.
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