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Holographic detection of a tooth structure deformation
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Abstract. An experimental technique to reveal the effects of dental
polymer contraction is established to choose the most appropriate
polymerization technique. Tooth deformation following a dental fill-
ing polymerization is analyzed using double-exposure holographic
interferometry. A caries-free, extracted human molar is mounted in
dental gypsum and different cavity preparations and fillings are made
on the same tooth. Dental composite fillings are polymerized by an
LED light source especially designed for this purpose. Holographic
interferograms are made for occlusal �class I�, occlusomesial �class II�,
and mesioocclusodistal �class II MOD� cavities and fillings. Maximum
intercuspal deformation ranges from 2 �m for the class I cavity to
14 �m for the MOD class cavity. A finite element method �FEM� is
used to calculate von Mises stress on a simplified tooth model, based
on experimental results. The stress varies between 50 and 100 MPa,
depending on the cavity type. © 2007 Society of Photo-Optical Instrumentation
Engineers. �DOI: 10.1117/1.2714056�
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1 Introduction

Polymerization shrinkage of dental composites is still a cause
of serious clinical problems such as loss of bonding between
composite and a tooth, or microfractures of a tooth tissue,
both resulting in premature dental filling failure.1 In addition,
stress caused by polymerization contraction may also cause
postoperative sensitivity.2 It is difficult to directly measure
stress induced by dental composite contraction, as it is distrib-
uted inside the tooth. Instead, the resulting deformation of a
tooth surface is measured and the stress is estimated.

The current research is performed in several directions.
One deals with linear and volumetric contraction of pure com-
posite layers �outside the dental cavity�.3–7 The second, clini-
cally more relevant approach focuses on measuring tooth de-
formation induced by the composite inside the dental cavity.
Changes in tooth structure and the resulting cuspal
deflection8–11 due to polymerization shrinkage are detected by
several measurement techniques: microscopy,12 strain
gauges,13 interferometry,14 and photoelasticity.15,16

The third, computational, approach analyzes both deforma-
tion and the resulting stress, using the finite element
method17–20 �FEM�. This is essentially a computer simulation
that gives detailed information about shrinkage stresses, but
does not take into consideration specific differences in human
teeth which vary considerably in their coronal morphology
and mechanical properties.21 Therefore, the same results for
numerical and experimental studies cannot be expected, be-
cause the total shrinkage and the resulting stress are depen-
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dent on the cavity shape, tooth tissue structure, and the prop-
erties of the composite material, bonding system, and
polymerization process.

As can be seen, a method connecting experimental mea-
surements of dental deformation with numerical calculation of
internal stress is necessary. First, complete deformation field
should be measured, and then the FEM should be applied to
determine stress inside the tooth.

Holography offers a solution to the problem of the defor-
mation field measurement. In particular, laser interferometry
by holography is a nondestructive method for measurement of
mechanical deformations of different structures and materials.
Deformation is seen as a system of dark and bright fringes
superposed on the 3-D holographic image. The fringes are
maps of the investigated structure deformation and represent
an extremely sensitive picture of displacements caused by me-
chanical stress.

Holographic interferometry was used previously to inves-
tigate various dental tissues or dental implants.22–26 To our
knowledge, this paper is the first holographic study of a com-
plete tooth deformation field induced by dental composite
shrinkage. The holographic interferometry method was used
�in vitro� to determine the total deformation at any point of the
tooth surface. Based on experimental data, the resulting stress
was calculated using the FEM.

2 Method
Caries-free extracted human third molars were used. They
were kept in a saline solution at 4°C to preserve their biologi-
cal and mechanical properties. Just before measurement, the
1083-3668/2007/12�2�/024026/7/$25.00 © 2007 SPIE
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tooth was mounted in an inclined position using dental gyp-
sum, in a manner shown in Fig. 1. After drying, a good me-
chanical contact between the tooth and gypsum was obtained,
enabling stability during holographic measurements.

Standard cavity preparations and restorations were made
�class I, class II, and class II MOD� and the configuration is
shown schematically in Figs. 2�a�–2�c�. They were cut using a
diamond coated burr attached to the water-cooled air turbine.
Each cavity was prepared for dental composite placement by
the “Prompt L Pop” adhesive system according to the manu-
facturer’s �3M ESPE, Seefeld, Germany� instruction. Conse-
quently, the cavities were filled in one increment �bulk tech-

Fig. 1 Tooth mounted in dental gypsum in an inclined position.
Fig. 2 Standard dental cavity configurations: �a�
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nique� with a commercially available dental composite resin
“Filtek Z 250” �3M ESPE, Seefeld, Germany�.

Dental composite resin was polymerized by an LED light
source, specially designed for research purposes. LED diodes
�42 of them in total, with 10 mW of optical output power,
each� were mounted on the hemispherical holder �Figs. 3�a�
and 3�b��. The light source produced an evenly illuminated
circular spot �more than 1 cm in diameter� at the center of a
sphere where the tooth was placed, illuminated, and a dental
filling was polymerized. This enabled contactless operation, in
contrast to commercial devices, where the LED lamp tip
should be in complete contact with dental polymer.

Operation without contact is important in holographic re-
search, where extreme mechanical stability is required. Addi-
tionally, possible heat transfer from the LED to the tooth is
negligible, because LEDs dissipate only a small amount of
heat and the tooth is 30 mm from the lamp.

The tooth surface must be painted to improve fringe vis-
ibility in the resulting holographic interferogram.26,27 A paint
layer must be thin, but opaque to laser radiation and capable
of drying fast. A silver marker �PX-20�L� produced by Mit-
subishi Pencil Co. Ltd.� served this purpose perfectly.

Double-exposure holograms were produced using a simple
split beam setup �Fig. 4� with 10-mW power, 632.8-nm wave-
length HeNe laser. The LED lamp was positioned above the
tooth to induce polymerization. The first holographic expo-
sure �of 5-s duration� was made before polymerization. The
LED lamp was turned on for the time period necessary to
induce complete polymerization. Subsequently, the LED
source was turned off and the second holographic exposure
�5 s� was made. Therefore, two holographic images were re-
corded on the same holographic photosensitive material �sil-
ver halide glass plate, Agfa 8E75HD�.

Following the standard chemical processing �development,
fixing, bleaching, and drying�, the hologram plate was re-
turned to its original position and prepared for reconstruction
and analysis. On reconstruction two coherent images were
seen—one corresponding to the undeformed and the other to
the deformed state of the tooth. Interference of these two
class I, �b� class II, and �c� class II MOD.

March/April 2007 � Vol. 12�2�2



Pantelic et al.: Holographic detection of a tooth structure deformation…
images produces a series of dark and bright fringes—an inter-
ferogram.

The holographic interferogram was made first for the oc-
clusal cavity �class I�, and then the same procedure was

Fig. 3 LED lamp used during experiments produces even illuminatio
dimensions in millimeters and �b� photograph of an LED lamp.

Fig. 4 Holographic interferometry setup: LA, laser; BS, beamsplitter; M

LED lamp.
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repeated for the occlusomesial cavity �class II� and the me-
sioocclusodistal cavity �class II MOD�. All cavities were
made in the same tooth specimen by gradually increasing the
cavity dimension from class I to class II MOD type.

a circle with more than 1 cm diameter: �a� technical drawing with

r; L, diverging lens �pinhole filter�; HP, holographic plate; T, tooth; LD,
n on
, mirro
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3 Results of Holographic Measurements
As a general conclusion, it was found that a larger volume of
composite material �due to a larger cavity� induced more
strain. Photographs show a series of interferograms obtained
for occlusal cavity �class I, Figs. 5�a� and 5�b��, occlusomesial
cavity �class II, Figs. 6�a� and 6�b��, and mesioocclusodistal
cavity �class II MOD, Figs. 7�a� and 7�b��. Figures 5�a�, 6�a�,
and 7�a� are the original photographs, while in Figs. 5�b�,
6�b�, and 7�b� dark fringes are emphasized by lines with num-
bers indicating the corresponding deformation in micrometers
�i.e., deformation is constant along each line or fringe�.

Obviously, number of fringes increases with an increased
cavity size. An occlusal cavity produced only one, barely vis-
ible, fringe at the tooth cusp �Figs. 5�a� and 5�b��. Fringe
number increases to 7 for the occlusomesial cavity �Figs. 6�a�
and 6�b��, and for mesioocclusodistal cavity �Figs. 7�a� and
7�b��, 12 fringes are visible. Knowing the wavelength of the

Fig. 5 Tooth hologram reconstruction of �a� class I cavity and �b� c
micrometers�.

Fig. 6 Tooth hologram reconstruction of �a� class II cavity and �b� c

micrometers�.
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laser radiation �633 nm�, it was concluded that maximum de-
flections range from, approximately, 1 �class I cavity� to
7 �m �class II MOD cavity�.

In our experiment, we could see only one side of a tooth,
while the other was completely invisible. It can be assumed
that roughly the same deformation was produced on the hid-
den side, since a tooth is almost symmetrical with respect to
the mesiodistal line, and cavities were also intentionally
drilled symmetrically �see Fig. 1�. Therefore, the resulting in-
tercuspal movement ranges from 2 to 14 �m �double of what
was observed on one side of the tooth�.

4 Mechanical Model and Finite Element
Calculation of Mechanical Stress

The FEM is a powerful tool in dentistry. However, its results
should be treated more as an estimate, rather than an exact

avity with contour lines drawn �numbers designate deformation in

cavity with contour lines drawn �numbers designate deformation in
lass I c
lass II
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picture of the actual stress distribution inside the dental tissue.
This is due to natural variability in properties of teeth, differ-
ences in characteristics of dental polymers, and because of
approximations made during modeling and calculation.

Teeth were previously modeled in many ways, and stress
and strain were calculated. Two-dimensional �2-D� and 3-D
models were constructed by approximating a tooth with a
cylinder28 or a parallelepiped.17 More realistic mechanical
models were obtained by computerized tomography29 �CT� or
laser scanning of a real tooth.30

In general, results obtained by approximating a tooth17,28

are quite similar to more comprehensive models.18,30 Stress
distributions are comparable and numerical values of maxi-
mum von Mises stress are roughly the same.

Therefore, a simplified tooth model was developed, similar
to one described in Ref. 17. The tooth was approximated, as
shown in Fig. 8, with a cube made of enamel �Young’s modu-
lus 60 GPa, Poisson’s ratio 0.3 �Ref. 17��, with its interior
composed of dentin �Young’s modulus 15 GPa, Poisson’s ra-
tio 0.31 �Ref. 17��. It was assumed that materials are linear
and isotropic, as usually accepted in the literature.30 Interfaces
between dental filling, dentine, and enamel were treated as
rigid. Mesh was refined up to 19,089 nodes, and 11,526 10-
point tetrahedral elements to test the model for convergence.

The bottom surface of a parallelepiped was rigidly con-
strained, so that the model actually approximates a tooth cusp.
This was reasonable since the stress is only slightly trans-
ferred to the tooth root, as shown in FEM study of Ausiello et
al.30

Different types of cavities were made in a digital model
�Figs. 2�a�–2�c�� and analyzed using the FEM. It is known
that dental composite contracts volumetrically and isotropi-
cally. We have, therefore, assumed that the composite exerts
constant pressure on the cavity walls.

The exact value of the pressure exerted by the composite

Fig. 7 Tooth hologram reconstruction of �a� class II MOD cavity an
deformation in micrometers�.
on the cavity walls is not known. Therefore, the pressure on
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the cavity sides was varied until the deformation of the model
matched that observed experimentally. This is an iterative pro-
cedure that starts with an arbitrarily chosen value of the cavity
internal pressure. A resulting deformation field is calculated
using the FEM and deflections are compared to the holo-
graphic interferogram. If the difference between the model
and experiment is unacceptably high, internal pressure is
changed and model recalculated. The procedure is repeated
until experiment and theory are within the measurement un-
certainty �of the order of one interference fringe—0.633 �m�.
Luckily, this is achieved in 5 to 10 iterations, making the
procedure not too time consuming. The resulting deformation
patterns, shown in Figs. 9�a�–9�c�, compare well with experi-

class II MOD cavity with contour lines drawn �numbers designate
d �b�
Fig. 8 Simplified mechanical model of a tooth.
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mentally recorded deformation fields �Figs. 5–7�. Related von
Mises internal stress was calculated for each cavity type �Figs.
10�a�–10�c��.

We found that the maximum von Mises internal stress var-
ies from 50 to 100 MPa, depending on the cavity type. It was
the highest in the case of class I cavity, lower in the class II
type, and the lowest in the MOD cavity. Note that the preced-
ing calculations produce only “the order of magnitude” of
stress. A more exact model would require tomographic tooth
analysis.

The stress obtained in our research �50 to 100 MPa�,
agrees with literature data.18,31 It reaches a rather high value,
if compared to mechanical strength of dentin �40 to 140 MPa,
see Refs. 32 and 33� and enamel �11.5 to 95 MPa, see Refs.
32 and 34�. Therefore, we can conclude that there is a real
danger of damaging dental tissues. Luckily, areas of high
stress are localized to cavity edges �as can be seen in Figs.
10�a�–10�c�� and may cause confined effects �microcracking,
composite debonding�.

5 Discussion and Conclusions
Tooth tissues have microscopic features �the so-called prisms
in enamel, with approximately 5 �m diameter and 2 to 4 �m
microtubules in dentin� that strongly scatter and diffract light,
as shown in many research papers.35–38 During polymeriza-
tion, a tooth is subjected to deformation of up to 14 �m �as
we found holographically�, which is large compared to dimen-

Fig. 9 Tooth deformation as calculated by the FEM for the cases of �a�
contours represent deformation in micrometers �as shown in the bar o

Fig. 10 Von Mises stress distribution in a tooth with a �a� class I cavity

stress in megapascals �as shown in the bar on the right side of the figure�.
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sions of dental microstructures. This necessarily induces ma-
jor changes in the profile of a back-scattered light wave.

In double-exposure holography, two significantly different
wavefronts produce interference fringes with very high
density—well above the resolving power of a detection sys-
tem �camera or eye�. This is exactly what we have in our
experiment: wavefronts before and after polymerization are
quite different. The final outcome is that fringes become prac-
tically invisible.

To verify the assumption that polymerization contraction
induces internal changes of dentin and enamel, we made
double-exposure tooth interferogram without polymerization.
Between exposures, the tooth was deliberately translated
�without deformation�. As a result, fringes with high-contrast
were obtained after processing. Thus, we can conclude that if
a tissue is not deformed, high-contrast fringes are obtained. If
it is deformed, the interference pattern vanishes due to inter-
nal distortion of dental microstructures.

The purpose of this paper was to introduce holography as a
measurement method for the tooth deformation field, due to
composite polymerization contraction. It was found that the
number and shape of the resulting interference fringes depend
on the particular tooth and dental cavity design. In general,
total deformation was the smallest at the tooth root and the
largest at its cusp. We found that total intercuspal displace-
ment is between 2 and 14 �m, which is comparable to a
numerical study18 where the calculated deformation was 10 to

s I cavity, �b� a class II cavity, and �c� a class II MOD cavity. Colored
right side of the figure�.

lass II cavity, and �c� class II MOD cavity. Colored contours represent
a clas
n the
, �b� c
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20 �m. The strain due to setting of composite restoration was
quantified previously by measuring cuspal movement,12,36,39

with similar experimental results.
The resulting stress was calculated using the FEM applied

to the simplified tooth model. Correspondence with measure-
ments was established, and the resulting maximum stress was
estimated between 50 and 100 MPa. To achieve more exact
picture of dental stress, tomographic methods should be used.

Finally, holographic interferometry has indirectly indicated
that there are alterations in internal structure of dental tissues
caused by polymerization contraction of composite material.
This was verified by the almost total absence of an interfer-
ence pattern in the case of an unpainted tooth surface.
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