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a b s t r a c t

Objective. This investigation was to generate (1) guidelines for designing a tensometer that

satisfies the necessary accuracy and sensitivity requirements for measuring polymerization

stress (PS), and (2) a formula for calculating PS. Polymerization stress remains one of the most

critical properties of polymeric dental materials, yet methods that can accurately quantify

PS have been limited in part due to the complexity of polymerization, and in part due to the

instrumentation itself.

Method. In this study, we performed analytical and finite element analyses on a

cantilever-beam based tensometer that is used to evaluate shrinkage stresses during the

polymerization of dental restorative composites.

Results. The PS generated by a commercial dental composite determined using our new

tensometer agrees with the predicted trend when the beam length and/or specimen height

is varied.

Significance. This work demonstrates the importance of beam dimension and component

relative rigidity to the accuracy of PS evaluation. An analytical solution is also derived for the

vertical beam deflection, which can be used for any combination of bending and shearing to

properly calculate the PS. In addition, an easy-to-conduct calibration procedure is provided

that is desirable for periodic tensometer recalibration.

Published by Elsevier Ltd on behalf of Academy of Dental Materials.

1. Introduction

Human tooth structures (both their mineral and proteina-
ceous components) are adversely affected by caries, and the
resulting cavities usually do not fully regenerate. Therefore,
they require reconstruction utilizing adhesive and restora-
tive and dental materials. Polymeric dental composites have
been used widely in the restoration of tooth decay or cav-
ity that occurs by primary caries or traumatic events. These
materials, along with appropriate adhesive systems, are noted
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for their efficacy in restoring the function and appearance of
tooth structure. However, failure of these dental restorations
due to secondary caries is a major concern, and replacement
of failed restorations creates extra pain, anxiety, and eco-
nomic burdens for the patients [1]. Dental restorations fail for
a variety of reasons [2]. For example, the stresses magnified
(stress singularity) at or near the tooth/composite interface
due to the mismatch of tooth and restorative mechanical
properties are important contributors to failure. The polymer-
ization shrinkage that occurs during the composite curing
process has been implicated as a major stress source for the
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interfacial stress singularity [3,4]. This shrinkage can lead to
marginal microcracks and subsequent microleakage at or near
the composite-tooth interface, permitting bacteria to pass
beneath the restoration surface and ultimately resulting in the
secondary caries.

Polymerization stresses (PS) of resin-based dental materi-
als have been measured using a variety of methods. Those
interested in methods traditionally used to quantify the PS of
polymeric dental materials may refer to the existing literature
[5–8]. In general, the development of PS is measured through
perturbing physically constrained specimens, and the result-
ing PS can be deduced through a corresponding governing
equation for the response of constraints to the perturbation.
Our interest here is not to propose a new method or to com-
pare the relative merits of existing methods. Instead, the aim
of this study is to assess and improve a widely used cantilever-
beam based instrument [7] in terms of the applicability of a
formula for deducing PS from the constrained polymerization
shrinkage. The necessity of this type of measurement is that
the instrument be sufficiently sensitive to accurately detect
shrinkage, manifested in beam deflection.

The aforementioned tensometer was designed and con-
structed by the American Dental Association Foundation
(ADAF) located at the National Institute of Standards and
Technology [7]. Using this device, composite (or resin) spec-
imens are mechanically attached to a cantilever beam via
a quartz rod adhesively in contact with the specimen, and
the specimen is also adhesively attached to a fixed lower
rod. Upon polymerization, the composite shrinkage stress
induces a deflection in a calibrated cantilever beam, and the
beam deflection is measured using a linear variable differen-
tial transformer (LVDT). The PS is calculated through a beam
formula according to the measured deflection [7]. The original
publication also noted that the level of tensometer compli-
ance can be conveniently adjusted by varying the specimen
position along the beam span to match that of a variety of
clinically relevant restorative configurations. In a separate
work, a similar tensometer was coupled to an IR soectrometer
and used to determine the conversion dependent develop-
ment of shrinkage and stress [9]. In addition, the relationships
between PS development and the physical/chemical evolution
of network structure associated with dental polymers were
examined [9].

In this study, the importance of relative rigidities between
tensometer components and the testing materials on the
instrument sensitivity is demonstrated. As a result, revised
design criteria have been proposed for instrument fabri-
cation to achieve more reliable measurements. Also, we
have expanded the formula for extracting PS from the
tensometer response through the elasticity theory when
beam shearing is important. This formula has been vali-
dated by finite element analysis. A tensometer constructed
according to the new design criteria was used to quantify
PS by varying beam locations and heights. By comparing
the analytical solution with experimental results, the new
instrument gives the correct trend in PS development as
a function of beam length. The same trend is not attain-
able from the original instrument [7]. In addition, a very
simple, straightforward, and portable calibration method is
developed; this simple calibration method can avoid extra

instrumental setups and unnecessary experimental proce-
dures.

2. Measurement methodology and
experiments1

2.1. Theory

The fundamental concept governing the operation of a
cantilever-beam based tensometer is that PS is related to beam
deflection [7]. Fig. 1a presents a photograph of the typical
tensometer setup. The composite specimen in a cylindrical
geometry is bonded to quartz rods via silane-coupling chem-
istry. The top surface of the upper rod (shrinkage-transmitting
rod) is mechanically attached to the cantilever beam by means
of a collet, while the lower rod is affixed to the base stand by a
separate collet. As light transmits through the lower rod onto
the specimen, the irradiation process initiates polymerization
resulting in shrinkage, which exerts force causing the beam to
deflect. LVDT is used to measure the beam deflection, ı· The
force, F, is derived based on the configuration shown in Fig. 1b
through the following equation:

F = 6ıEI

a2(3� − a)
(1)

where � and a are the distances between the clamped edge and
the LVDT and sample location, respectively. E and I(= wh3/12)
are the Young’s modulus and the moment of inertia of the
beam; h and w are the height and width of beam cross-section,
respectively. The polymerization stress, �, is simply the force
divided by the cross-section area of specimen, A, as follows:

� = F

A
(2)

The formula shown in Eq. (1) is derived based on a linear
elastic system and Euler–Bernoulli beam theory [10] in which
the vertical deflection of a beam is assumed to arise from
bending while deflection due to shearing is negligible. Under
these stated conditions, the beam length is much greater than
the beam depth (large slenderness ratio, i.e., length/depth
ratio (�/h)). It should be emphasized that the effective beam
length (span) of the tensometer configuration shown in Fig. 1b
should be the length of “a”, where the sample is located and
polymerization stress is exerted. Therefore, the aspect ratio
of the beam in this study is defined as the ratio of effective
beam length to beam height (a/h). Fig. 2 shows the displace-
ments calculated using Eq. (1) and the analytical solution that
includes bending and shearing at the LVDT location as a func-
tion of span/depth ratio for various values of a/�. The analytical
solution is derived from the elasticity theory that includes
bending and shearing and will be discussed in more detail

1 Certain commercial materials, equipment, and software are
identified in this paper in order to specify adequately the
experimental and analysis procedures. In no case does such iden-
tification imply recommendation or endorsement by the National
Institute of Standards and Technology (NlST) nor does it imply that
they are necessarily the best available for the purpose.
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