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A B S T R A C T

Objectives: To investigate the elastic properties of human enamel using resonant ultrasound spectroscopy (RUS).
Methods: Six rectangular parallelepiped specimens were prepared from six human third molars. For all speci-
mens, the theoretical resonant frequencies were calculated using the Rayleigh-Ritz method, knowing the spe-
cimen mass density and dimensions, and using a priori stiffness constants. The experimental resonant frequencies
were measured and extracted by RUS. Then, the optimal stiffness constants were retrieved by adjustment of the
theoretical resonant frequencies to the measured ones based on the Levenberg-Marquardt method. The en-
gineering elastic moduli, including Young’s moduli, shear moduli, and Poisson’s ratios, were also calculated
based on the optimal stiffness constants.
Results: The five independent stiffness constants C11, C12, C13, C33, and C44 were 90.2 ± 6.65 GPa,
34.7 ± 6.90 GPa, 29.5 ± 4.82 GPa, 83.5 ± 8.93 GPa, and 37.0 ± 10.9 GPa, respectively. Young’s moduli E11
and E33, shear moduli G13 and G12, and Poisson’s ratios υ12 and υ13 were 71.7 ± 7.34 GPa, 69.2 ± 7.32 GPa,
37.0 ± 10.9 GPa, 28.1 ± 4.35 GPa, 0.303 ± 0.098, and 0.248 ± 0.060, respectively.
Significance: Elastic properties are critical for developing dental materials and designing dental prostheses. The
RUS method may provide more precise measurement of elastic properties of dental materials.

1. Introduction

Human teeth are primarily composed of enamel, dentin, and dental
pulp. Enamel is the hardest and stiffest structure of the human tooth,
covering the crown surface and protecting the inner tissue (He and
Swain, 2008). Enamel has a multi-level composition of inorganics
(mainly hydroxyapatite, about 96% in mass), organics, and water. The
basic constituent elements of enamel are enamel prisms, the nano-sized
fibril-like hexagonal hydroxyapatite crystals. The shape and arrange-
ment of enamel prisms vary with depth (Cui and Ge, 2007). Enamel is
not repairable once it is abraded or damaged. Therefore, alternative
materials must be used to repair or rebuild the tooth (Cui and Ge, 2007;
Cuy et al., 2002). Understanding the elastic properties and the me-
chanisms in relation to the compositional and hierarchical micro-
structure of enamel is critical for developing new approaches to con-
servative and restorative dentistry.

The methods of measuring enamel elastic properties mainly include
conventional macroscopic mechanical testing methods (Bowen and

Rodriguez, 1962; Ye et al., 1994; Stanford et al., 1958; Craig et al.,
1961) (e.g., stretching and compression), microscopic mechanical
testing methods (He and Swain, 2008; Cui and Ge, 2007; Zhang et al.,
2014; Habelitz et al., 2001; Zhou and Hsiung, 2006; He et al., 2006)
(e.g., nano-indentation), and acoustic methods (e.g., pulse-echo method
(Watanabe et al., 2004; Ng et al., 1989), ultrasonic interferometry
(Gilmore et al., 1970), and critical angle reflection method (Lees and
Rollins, 1972)). While these methods contribute to the understanding of
macro- and micro-level elastic properties of enamel, they also have
certain drawbacks. For example, macroscopic stretching and compres-
sion methods are destructive, and require a relatively large specimen
volume, which is difficult to acquire for human enamel (He and Swain,
2008). Nano-indentation is a good method for calculating the micro-
scale elastic moduli in different directions for a small-sized specimen,
but the results mainly reflect the local elastic properties of the micro-
structure, which are not necessarily representative of the elastic prop-
erties at the macro scale (He and Swain, 2008). Elastic properties can be
obtained in a non-destructive manner using ultrasonic methods by
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measuring the speed of sound, but these approaches require a minimum
volume of material with dimensions larger than the wavelength, which
can be challenging given the small dimensions of teeth. In addition,
obtaining the anisotropic elastic properties requires multiple time-
consuming measurements along the main axes of symmetry using both
shear and compression sensors (Bernard et al., 2013).

As Table 1 shows, there is no general agreement on the measure-
ment results of enamel elastic properties reported in the literature,
particularly for the elastic modulus. Ye et al. measured the elastic
modulus of human enamel in the range of 17.29–36.13 GPa by using
the stretching method (Ye et al., 1994). Stanford et al. and Craig et al.
compressed human enamel specimens and determined their elastic
moduli, which ranged from 62.74 to 95.84 GPa and from 8.27 to
37.23 GPa, respectively (Stanford et al., 1958; Craig et al., 1961). Cuy
et al. measured the elastic moduli of the human enamel surface to be
greater than 115 GPa using the nano-indentation method (Cuy et al.,
2002). Gilmore et al. measured the elastic modulus of bovine enamel in
the range of 32.4–131.0 GPa using ultrasonic interferometry (Gilmore
et al., 1970). Even the same macro-compression methods on the same
site did not yield consistent values for the elastic modulus, suggesting
that mechanical testing methods are not that accurate (Stanford et al.,
1958; Craig et al., 1961). These methods have significant limitations for
small-sized brittle materials. Therefore, there is a critical need to de-
velop an accurate method that can be used for these small-sized bio-
materials.

Resonant ultrasound spectroscopy (RUS) has been used as an ac-
curate and efficient method to characterize material elastic properties
since the 1990s (Migliori and Maynard, 2005; Migliori and Sarrao,
1997; Migliori et al., 1993). The basic principle of an RUS experiment is
(1) to measure a series of mechanical resonant frequencies of an object
by generating free vibrations with ultrasound excitations, (2) to predict
the theoretical resonant frequencies of the object with the Lagrangian
variational method using guessed stiffness constants (the forward pro-
blem), and (3) to determine the full stiffness tensor of the object by
adjusting the stiffness constants until the measured frequencies fit the
predicted ones (the inverse problem). RUS is considered as the most
accurate method to measure the stiffness constants of high Q (i.e.,
quality factor) solid materials, such as crystals or rocks. RUS allows all
stiffness constants of a small-sized specimen (typically between 1mm
and 1 cm in size, but even less than 1mm in size) to be measured in a
single rapid nondestructive experiment with high reproducibility
(Migliori and Maynard, 2005). Recently, Bernard et al. applied RUS
with enhanced signal processing methods to highly dissipative mate-
rials, such as bone, which broke the limit of the RUS method for
measuring stiffness constants of low Q materials (Bernard et al., 2013,
2014, 2015). Kinney et al. measured the elastic properties of human
dentin in both the dry and humid states using RUS (Kinney et al., 2003,
2004). Fan et al. used RUS combined with an improved resonant fre-
quency extraction method to estimate the full stiffness constants, as
well as engineering elastic moduli, including Young’s moduli, shear
moduli, and Poisson’s ratios, of human dentin specimens (Fan et al.,
2017).

RUS has proven to be an effective method for measuring the elastic
properties of biological hard tissues, but it has not been applied to
measure enamel to date. Our goal was to primarily extend our previous
RUS investigation of the elastic properties of human dentin to those of

human enamel at the macroscopic level. The results can provide re-
ferences to understand the structure and function of enamel, to com-
pare the elastic properties of different human dental tissues (e.g., dentin
and enamel), and to assist in the design, development, and evaluation
of clinical dental restorative materials.

2. Materials and methods

We will not detail here the entire procedure implemented to retrieve
the stiffness constants from RUS measurements. It has been described
extensively in reports to which the reader may refer (Bernard et al.,
2013, 2014, 2015; Migliori and Maynard, 2005; Migliori and Sarrao,
1997; Migliori et al., 1993; Fan et al., 2017). For the sake of clarity,
however, we briefly describe hereinafter the main steps. Fig. 1 shows a
diagram illustrating the three steps of an RUS experiment. The theo-
retical resonant frequencies were calculated using the Rayleigh-Ritz
method, knowing the specimen mass, its dimensions, and a set of a
priori stiffness constants. Then, the resonant vibrational modes were
ultrasonically excited and the resonant frequencies were extracted from
the measured vibrational spectrum. Finally, an iterative numerical
procedure, the Levenberg-Marquardt method, was used to adjust the
stiffness constants of the model and find the optimal set of stiffness
constants for which the theoretical resonant frequencies match the
measured ones. Finally, the engineering elastic moduli, including
Young’s moduli, shear moduli, and Poisson’s ratios, were calculated for
all specimens based on the optimal stiffness constants.

2.1. Experimental system

Fig. 2(a) contains a schematic of the RUS experimental system. The
enamel specimen was mounted on opposing corners between two shear
wave transducers (V154RM, Panametrics Inc., U.S.). A network ana-
lyzer (Bode 100, OMICRON electronics GmbH, Austria) was used to
output a swept-frequency signal as the excitation from the emitter. The
resonant signals were amplified by a broadband amplifier (HQA-15M-
10T, Femto Messtechnik GmbH, Germany), recorded by the vector

Table 1
Summary of previous research results regarding enamel specimens.

Group Method Scale Source Shape Symmetry Number Young’s Moduli

Ye et al. (1994) Stretching Macro- Human enamel Rectangular parallelepiped Isotropic 18 17.29–36.13 GPa
Stanford et al. (1958) Compression Macro- Human enamel Cylinder Isotropic 14 62.74–95.84 GPa
Craig et al. (1961) Compression Macro- Human enamel Cylinder Isotropic 12 8.27–37.23 GPa
Cuy et al. (2002) Nano-indentation Micro- Human enamel Surface Isotropic 3 > 115 GPa
Gilmore et al. (1970) Ultrasonic interferometry Macro- Bovine enamel Parallel slice Isotropic 4 32.4–131.0 GPa

Fig. 1. Flow chart of RUS.
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network analyzer, and imported into a computer for processing.

2.2. Specimen preparations

The specimens used in this study, collected from the Peking
University Hospital of Stomatology, consisted of six complete, fresh,
and non-carious third molars, removed based on the orthodontic needs
of six women aged 25–27 years. Before conducting the experiment,
approval was obtained from the Medical Ethics Committee of the ad-
ministering institution.

After tooth removal, the tartar and granulations were immediately
removed from the tooth surface. To roughly cut the occlusal region of
the enamel, a low-speed diamond saw (SYJ-150, Shenyang Kejing Auto
Instrument Co., Ltd., China) with 0.01-mm positioning accuracy was
used, as shown in Fig. 2(b). In order to prepare all specimens with the
same orientation and to solve the inverse problem accurately, axis 1
and axis 2 correspond to the two orthogonal axes perpendicular to the
main orientation of the enamel prisms and axis 3 corresponds to the
axis of symmetry with respect to the main orientation of the enamel
prisms, and perpendicular to the tangent direction of the enamel sur-
face. After being polished with 500-grade, 800-grade, and 2000-grade
abrasive papers, the standard rectangular parallelepiped specimen was
complete. The specimens were stored in saline to maintain a hydrated
state prior to experiment. All measurements were made on a fully hy-
drated specimen.

Mass densities of the enamel specimens were deduced from mass
measurements using an electric analytical balance (ME204E, Mettler
Toledo, Swiss). They were then scanned by micro computed tomo-
graphy (micro-CT, SkyScan1076, Bruker Micro-CT N.V., Belgium) at
70 kV, 142 μA, 10 W, Al 1.0mm filtering, and a voxel size of 9 µm. The
images acquired from micro-CT were reconstructed with NRecon soft-
ware (Bruker Micro-CT N.V., Belgium). The dimensions of the speci-
mens were calculated by Mimics 17.0 (Materialise, Belgium) and are
presented in Table 2. Fig. 3(a) shows a photo of a typical enamel spe-
cimen and Fig. 3(b) shows the reconstructed model.

2.3. Experimental resonant frequency measurements

The frequency response of the specimen, mounted between two
transducers, as shown in Fig. 2(a), was measured by the frequency-

sweeping mode with 100 Hz resolution. The frequency-sweeping range
was set to include at least the first 30 resonant frequencies. Six in-
dependent measurements were performed on each enamel specimen
with intermediate repositioning and six groups of experimental re-
sonant frequencies were obtained by seeking local peak amplitude
points in the spectra. A typical series of six resonance spectra of one
enamel specimen is shown in Fig. 4. The frequencies that occurred at
least two times out of six were selected, and their mean values, standard
deviations (SD), and coefficients of variation (CV) were calculated. The
mean values of the selected frequencies with standard deviations less
than 2 kHz and CV less than 0.3% were retained as the experimental
resonant frequencies (Bernard et al., 2013).

2.4. Theoretical resonant frequency calculations

According to the previous calculations using finite element analysis
(FEA) (Wen et al., 2014), human enamel is assumed to be a transversely
isotropic and inviscid material, with five independent stiffness con-
stants, as shown in (1), where C is the fourth order stiffness tensor.

=C

C C C
C C C
C C C

C
C

C C

0 0 0
0 0 0
0 0 0

0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 ( )
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44
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2 11 12 (1)

Based on the findings of a previous study (Wen et al., 2014), the
initial values of the elastic coefficients adopted for this study were
deducted to be: C11 = 82.96 GPa, C12 = 36.04 GPa, C13 = 34.66 GPa,
C33 = 92.89 GPa, and C44 = 22.90 GPa.

The theoretical resonant frequencies of an enamel specimen can be
obtained by finding the stationary points of the Lagrangian L given by
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where ρ is the specimen apparent tissue density, V is the specimen
volume, C are initial stiffness constants, f is the resonant frequency, and
ui is the displacement field. The equation was solved by the Rayleigh-
Ritz method (Migliori and Sarrao, 1997).

2.5. Stiffness constants

To obtain the final stiffness constants based on the experimental and
theoretical resonant frequencies, a cost function F(C) was defined as

=
=
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i

N
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exp

i
cal
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where fi
cal is the i-th calculated theoretical resonant frequency, fi

exp is
the i-th experimental resonant frequency, N is the number of theoretical

Fig. 2. Platform of the RUS experiment (a) and sampling of specimen (b).

Table 2
Mass and dimensions of the enamel specimens.

No. 1 2 3 4 5 6

Mass (mg) 51.0 31.0 24.0 30.1 21.1 40.0
Length (mm) 3.68 3.07 2.96 3.24 2.50 3.19
Width (mm) 3.04 1.98 1.88 2.12 1.48 2.86
Height (mm) 1.66 1.87 1.67 1.65 2.24 1.65
Density (mg/mm3) 2.746 2.727 2.583 2.656 2.546 2.657
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resonant frequencies, C is the stiffness tensor of enamel and, wi is the
weight, given by

=w f
f does not match f

f matches f
0

1/( ) .i
i
exp

i
cal

i
exp

i
cal

i
exp2

(4)

Under the convergent condition, the optimal stiffness tensor C was
the one that minimized F(C), using the Levenberg-Marquardt method
(Bernard et al., 2013).

According to the generalized Hooke’s law, the 6× 6 stiffness tensor
was constructed and numerically inverted to obtain the compliance
matrix C 1, from which the engineering elastic moduli were calculated.
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13
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where Ei are the Young’s moduli (GPa), Gij the shear moduli (GPa), and
υij the Poisson’s ratios (Migliori et al., 1993; Bernard et al., 2014, 2015).

3. Results

Individual values of the stiffness tensor for all measured specimens
are shown in Table 3. The mean values± SD for C11, C12, C13, C33, and
C44 are 90.2 ± 6.65 GPa, 34.7 ± 6.90 GPa, 29.5 ± 4.82 GPa,
83.5 ± 8.93 GPa, and 37.0 ± 10.9 GPa, respectively. Table 4 shows the
values for the engineering elastic moduli of the enamel specimens. The
mean values± SD for Young’s moduli E1 and E3 are 71.7 ± 7.34 GPa
and 69.2 ± 7.32 GPa, respectively; for Poisson’s ratios υ12 and υ13 are
0.303 ± 0.098 and 0.248 ± 0.060, respectively; and for shear moduli
G13 and G12 are 37.0 ± 10.9 GPa and 28.1 ± 4.35 GPa, respectively.

Fig. 3. Photo of a typical enamel specimen (a) and the reconstructed volume (b).

Fig. 4. Typical resonance spectra of the enamel specimen.

Table 3
Stiffness constants of the enamel specimens.

No. C11 (GPa) C12 (GPa) C13 (GPa) C33 (GPa) C44 (GPa)

1 92.0 26.3 32.7 94.1 29.7
2 96.7 43.5 23.4 72.3 51.9
3 84.8 41.8 29.6 93.8 27.3
4 96.6 30.5 31.9 83.6 32.6
5 80.0 30.1 24.0 76.8 30.7
6 91.3 36.2 35.3 80.3 50.0
Mean 90.2 34.7 29.5 83.5 37.0
SD 6.65 6.90 4.82 8.93 10.9
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4. Discussion

Researchers have used a variety of measurement techniques to ob-
tain elastic properties of dental materials (Bowen and Rodriguez, 1962;
Ye et al., 1994; Stanford et al., 1958; Craig et al., 1961; Zhang et al.,
2014; Habelitz et al., 2001; Zhou and Hsiung, 2006; He et al., 2006;
Watanabe et al., 2004; Ng et al., 1989; Gilmore et al., 1970; Lees and
Rollins, 1972). However, due to the small size of human enamel or
dentin specimens, accurate measurement of their elastic properties re-
mains challenging. The limitations of the measurement techniques have
led to large differences in the measurement results. As one of the most
accurate methods to measure the stiffness of high Q solid materials
(Bernard et al., 2013, 2014, 2015; Migliori and Maynard, 2005; Migliori
and Sarrao, 1997; Migliori et al., 1993; Kinney et al., 2003, 2004; Fan
et al., 2017) for small-sized specimens, RUS was applied to measure the
stiffness of six small-sized human enamel specimens in this study,
which is believed to be the first study to investigate the anisotropic
elastic properties of enamel using this method.

Stiffness constants and engineering elastic moduli (Young’s moduli,
shear moduli, and Poisson's ratios), are the primary parameters for
characterizing the elastic properties of enamel. Due to the difference in
microstructures and symmetries of different materials, the number of
independent stiffness constants for each material also varies. For ex-
ample, an isotropic material has two independent stiffness constants, a
transverse isotropic material has five independent stiffness constants,
and an orthotropic material has nine independent stiffness constants.
Similarly, the elastic properties of enamel are closely related to its
microstructure and symmetry. For simplification, it has been generally
assumed that enamel is isotropic (Bowen and Rodriguez, 1962; Ye et al.,
1994; Stanford et al., 1958; Craig et al., 1961; Zhang et al., 2014;
Habelitz et al., 2001). Considering the hierarchical assembled structure
of human enamel proposed by Cui et al., the enamel prisms on the
enamel surface are radially arranged in parallel, which presents a
higher hardness and elastic modulus (Cui and Ge, 2007). As the depth
increases, the orientation and alignment of enamel prisms change to
curved crosses, which leads to reduced values of the mechanical
properties. To describe the enamel materials more accurately, Wen
et al. first assumed that enamel specimens are transversely isotropic
based on the hierarchical structure and have five independent stiffness
constants C11, C12, C13, C33, and C44 (Wen et al., 2014). This study also
assumed that the specimens are transversely isotropic so that RUS is
highly appropriate to estimate the five constants of the enamel speci-
mens.

Comparing the resonance ultrasound spectra of the enamel speci-
mens from this study (Fig. 4) with the resonance ultrasound spectra
recorded for a dentin specimen in a previous study [(Fan et al., 2017),
Fig. 2], the resonant peaks of enamel were found to be sharper and the
overlaps between the peaks were found to be smaller, reflecting a
higher Q value of enamel compared to dentin. Consequently, experi-
mental resonant frequencies can be extracted with less ambiguity in the
case of enamel.

Compared to the stiffness constants of dentin similarly calculated by
the RUS method (Kinney et al., 2003, 2004; Fan et al., 2017), the

stiffness constants of enamel were higher, which might be attributed to
the higher mineralization of enamel and a denser and less porous ma-
terial structure of enamel material. This result was consistent with
previous researches (Ye et al., 1994; Stanford et al., 1958).

Despite an extensive literature review, there is no data found where
experimental measurement of the actual stiffness constants of pure
enamel material occurred under transversely isotropic conditions. Wen
et al. used FEA to estimate the five stiffness constants of enamel,
yielding values of 82.96 GPa, 36.04 GPa, 34.66 GPa, 92.89 GPa, and
22.90 GPa, respectively (Wen et al., 2014). All of Wen’s stiffness con-
stants were consistent with the measurement results in this study, ex-
cept for C44, which was higher in this study.

As discussed, the values of Young’s moduli of human enamel ob-
tained in previous studies vary widely. The diversity of the results may
come from the use of different measurement methods. Young’s modulus
measurement results in this study were in the range of 60.7–80.5 GPa,
which was consistent with the results of Stanford et al. (1958), but with
less measurement deviation. In addition, Poisson’s ratios υ12 (0.33) and
υ13 (0.25) and shear modulus G12 (24.8 GPa) measured by Wen et al.
(2014) with FEA were consistent with the measurement results of this
study. The reason for the smaller G13 measured by Wen et al. compared
to this study might be from their hypothesis of a simple enamel model,
which did not capture the complexity of the actual enamel structure.

For Poisson’s ratio υ12 and the shear modulus G13, the differences
among the specimens were about 30%. The main reason might be the
difference in characteristics between each specimen, the different cut-
ting sites among the specimens, as well as the preparation of the enamel
specimens.

Due to the brittleness of enamel, it is difficult to make specimens
that are pure enamel. The enamel specimens could contain some dentin
or small defects (Cuy et al., 2002; Stanford et al., 1958). Moreover, due
to the small size of the specimen, a very high geometrical quality of the
enamel specimen is not practicable, as shown in Fig. 3. These shape
imperfections would result in errors in the forward model for calcu-
lating the theoretical value of the resonant frequencies (Cai et al.,
2017).

To achieve more accurate measurements of elastic properties of
human enamel, future work is needed by using more accurate proces-
sing equipment to prepare more regular and pure enamel specimens to
reduce the theoretical calculation error, and using another theoretical
frequency estimation theory, such as FEA, to relax the size and shape
requirements of the enamel specimens.

It should be noted that only a limited number of specimens were
measured, so only preliminary results are shown. More studies are re-
quired to strengthen the conclusions.

In conclusion, RUS is an effective method to measure the en-
gineering elastic moduli of small-sized enamel specimens. The results of
this study pertaining to the stiffness constants and elastic moduli of
enamel can be used to understand the elastic properties of dental ma-
terials and provide valuable information for dental material develop-
ment and oral mechanics research.
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