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Abstract

Aim
To precisely quantify the circumferential strains created along the radicular dentin of maxil-
lary incisors during a simulated clinical procedure of lateral compaction.

Methods

Six miniature strain gauges were bonded on the roots of fourteen recently extracted maxil-
lary central incisors that were subjected to root canal instrumentation. The strain gauges
were bonded at three levels (apical, middle, and coronal) and four aspects (buccal, lingual,
mesial, and distal) of the roots. Each tooth was embedded in a PVC cylinder containing
polyvinyl-siloxane impression material. Root filling was then performed by simulating the
clinical procedure of lateral compaction using nickel-titanium finger spreaders. The force
applied to the spreader and the strains developing in the surface root dentin were continu-
ously recorded at a frequency of 10 Hz.

Results

The highest strains that developed during lateral compaction were in the mesial and distal
aspects at the apical level of the root. The magnitudes of the maximal mesial/distal strains
at the apical as well as the mid-root levels were approximately 2.5—-3 times higher than
those at the buccal/lingual aspects (p = 0.041). The strains decreased significantly (p<0.04)
from the apical through the mid-root levels to the coronal level, yielding gradients of 2.5- and
6-fold, respectively. The mesial and distal strains were consistently tensile and did not differ
significantly; however, the buccal strains were generally 35—-65% higher than the lingual
strains (p = 0.078). Lateral compaction resulted in the gradual build-up of residual strains,
resulting in generation of a 'stair-step' curve. These strains declined gradually and almost
completely disappeared after 1000 sec.
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Conclusions

With proper mounting of several miniature strain gauges at various levels and aspects of
the root, significant circumferential strains can be monitored under clinically relevant com-
paction forces. The residual strains at the end of lateral compaction are not stored in the
dentin but decrease gradually to negligible levels.

Introduction

Lateral compaction, frequently cited as the 'gold standard' technique for root canal filling, is
one of the most commonly used methods and is utilized by more than half of all practitioners
worldwide [1-3]. Traditionally, lateral compaction was applied using hand spreaders [4], but it
is currently applied mainly using finger spreaders. Such spreaders exert less lateral force on the
canal walls and allow for greater tactile sense [5]. Nickel-titanium (NiTi) finger spreaders are
preferred over the less elastic stainless steel ones [5]. They generate less stress during lateral
compaction [6], have better penetration capabilities [7-9] and result in decreased apical micro-
leakage in endodontically treated teeth [10].

The apical force applied through finger spreaders during compaction of gutta-percha,
which is currently the most commonly used root filling material, exerts pressure on the mate-
rial, resulting in circumferential tensile stresses on the canal surface [11]. Such stresses are a
concern, especially when preexisting micro-cracks are present in the dentin, with potential
propagation from a subcritical to a critical length [12]. These cracks may subsequently develop
into vertical root fracture (VRF). Such micro-cracks in radicular dentin might be created by
rotary NiTi instruments through the process of canal instrumentation [13, 14].

Because a relationship between lateral compaction and root fracture has been proposed [11,
15-17], the characterization of strains created in radicular dentin during lateral compaction
has been a research area of much interest. Their magnitude is important because crack initia-
tion and propagation are mainly controlled by tensile strain [16, 18]. Such localized strains
have been previously studied using fracture mechanics analysis [11], finite element analysis
(FEA) [19-24], photoelastic models [25, 26] and strain gauges [4, 15, 27-29].

Previous studies using strain gauges have revealed a lack of differences between apical and
mid-root strains (as measured on the buccal surface) and higher strain generation resulting
from hand spreaders compared with stainless steel (SS) finger spreaders. The limitations of
these prior studies involve the use of strain gauges with large dimensions, with lengths of both
3.18-5.84 mm [4, 15, 28, 30] and 1.57 mm [27]. Gauges with large dimensions measure the
average strain over that area and may thus obscure strain peaks that could be detected over a
much smaller area; the reported, insignificant strain readings have been below 50 micro
strains (uS) [4, 15, 27-28, 30]. In all of these studies, only the buccal surface was chosen as the
strain gauge mounting site because clinically, the fracture plane is typically buccal-lingual
[31-33]. In a more recent study, four miniature strain gauges (0.79-1.57 mm gauge length)
were bonded between the apical and middle third of maxillary and mandibular incisor roots
on the buccal, lingual, mesial and distal surfaces; they were subsequently loaded by a hand
spreader via a loading machine until fracture [29]. Such loading does not simulate the clinical
procedure of lateral compaction, which is typically repetitive in nature. The surface strains
that were monitored on maxillary incisors roots were consistently tensile on the proximal sur-
faces (607-2893 uS) and were much lower (either compressive or tensile) on the buccal-lin-
gual surfaces (-324 to +254 puS). The same trend has been reported for mandibular incisor
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roots, with values of 462-11608 uS and -3894 to -199 uS for the mesial-distal and bucco-lin-
gual surfaces, respectively [29]. However, these surface strains were obtained using a destruc-
tive model, with applied loads that reached, at fracture, levels of ~120-215 N and ~62-88 N
for the maxillary and mandibular incisors, respectively. These loads greatly exceed the 15- to
30-N range of force that is used in daily clinical practice during the process of root canal obtu-
ration [34-35]. Moreover, no attempts have been made to monitor the strains along the roots.
Such attempts were performed using FEA [19-20] or photoelastic models [25], showing that
the highest strains that developed in root dentin during lateral compaction were located
around the tip of the spreader, especially in the apical area. However, real teeth were not used
in these models; thus, they only approximate the mechanical properties of dentin and the
morphologies of teeth. Furthermore, the clinical procedure was not adequately simulated in
these studies.

The aim of this study was to quantify the local circumferential strains created in the radicu-
lar dentin of maxillary incisors during a clinically simulated procedure of lateral compaction.
The working hypothesis was that with proper mounting of multiple miniature strain gauges,
accurate registration and differentiation of the circumferential strains at the various levels and
aspects of the roots could be obtained under clinically relevant compaction forces and proper
simulation of the clinical procedure.

Materials and Methods

Single-rooted, intact maxillary central incisors that were extracted for periodontal reasons were
collected. The study protocols were approved by the Tel-Aviv University Ethics Committee,
and each patient signed an informed consent form. After cleaning, the teeth were stored in
saline containing 0.01% thymol at 5°C

Radiographs were used to verify the presence of a single patent root canal. Teeth were
checked for pre-existing cracks in their roots using transmitted light (Sendolight- Sjédings Sen-
doline, Kista, Sweden) and a stereo-microscope at x20 magnification [36]; those that were
found to have cracks were omitted from the study. Sixteen incisors that fulfilled all of the inclu-
sion criteria were included in the current study and used within two weeks of extraction.

Endodontic access cavities were prepared, and canals were negotiated with #15K files, estab-
lishing a working length at 1 mm short of the apical foramen. Root canals were prepared using
ProFile files (Dentsply-Maillefer, Ballaigues, Switzerland) up to size 35/.04, which were oper-
ated at 300 rpm to working length, and the apical 2mm was then further prepared with K files
(Zipperer, Dentsply-DeTrey) up to size 50. The resulting preparation had a .04 taper, excluding
the apical 2 mm which had a .02 taper. RC-Prep (Premier, Philadelphia, PA, USA) was used
with each instrument, and irrigation with 1 ml of 3% sodium hypochlorite was performed after
the use of each instrument. The teeth were maintained at 100% humidity until experimenta-
tion. The moisture of the inner side of the root was maintained by the continuous presence of
saline in the canal.

Strain gauges

Six miniature strain gauges (EA-06-031DE-350 or EA-06-031EC-350, Micro Measurement
Group, Raleigh, NC) with an active gauge length of 0.79 mm were bonded to the surface of
each root. The roots were divided into coronal, middle and apical thirds, measuring from the
CE]J to the apex, and the strain gauges were bonded in three levels at the middle of the root
thirds. Seven configurations, with two teeth per configuration, were applied as follows

(B = buccal, L = lingual, M = mesial, and D = distal):
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Fig 1. The experimental setup. (A) Maxillary central incisor with 6 miniature strain gauges mounted and wired according
to configuration A. Three buccal gauges are shown (the three lingual gauges are not shown in the image). (B) Radiograph
of the maxillary central incisor at the end of the lateral compaction procedure demonstrating the 6 mounted and wired
strain gauges (mesial-distal view).

doi:10.1371/journal.pone.0156461.g001

1. apical (B+L), middle (B+L), coronal (B+L) (Fig la and 1b)
. apical (M+D), middle (M+D), coronal (M+D)
. apical (B+L+M+D), middle (B+L)

[ I S

. apical (B+L+M+D), middle (M+D)
5. apical (B+L+M+D), coronal (M+D)
6. middle (B+L+M+D), coronal (M+D)
7. middle (B+L+M+D), coronal (B+L)

In each configuration, the strain gauges were mounted to measure circumferential strains.
To compare the results obtained with the miniature strain gauges to those previously pub-
lished using large gauges, a larger EA-06-125BT-120 strain gauge with an active gauge length
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of 3.18 mm was bonded to the buccal apical third of the roots of two additional incisor control
teeth. These larger strain gauges were identical to those used by Dang and Walton [4] and by
Lertchirakarn et al [15].

After completion of the lateral compaction procedure in these two control teeth, the strain
gauges were carefully removed, and 6 miniature strain gauges were mounted on each tooth
according to configuration D. The lateral compaction procedure was repeated.

Strain gauge bonding

The strain gauge mounting protocol used in the present study was developed with and per-
formed by the Department of Experimental Engineering, Vishay Israel, Netanya, Israel. The
surface of the root was polished, and a thin layer of special epoxy cement was applied (M-Bond
AE-10 Micro Measurements Group). Special cyanoacrylate cement (M-Bond 200, Micro Mea-
surements Group) was used to bond the gauges to the root surface. The whole process was con-
ducted under an operating microscope at x10 magnification. The humidity of the inner side of
the root was maintained throughout the mounting procedure by the continuous presence of
saline in the canal. The strain gauges were wired and connected to the measuring setup in a
three-wire quarter Wheatstone bridge circuit design. They were then connected to a computer-
ized data acquisition system (System 5000, Micro Measurement Group).

Strain and force measurement setup and data collection

Each tooth was embedded in a PVC cylinder (3 cm diameter x 4.5 cm height) containing poly-
vinyl-siloxane impression material (Provil Novo M, Heraeus Kulzer, Wehrheim, Germany) to
the level of the cementoenamel junction (CEJ), with the connecting wires extending coronally
through the impression material.

The cylinder containing the tooth was placed on a horizontal plate equipped with a weigh-
ing load cell (Tedea, Netanya, Israel), which was wired to the same data acquisition system.
Strain and force channels were calibrated between successive experiments.

A total of 7 data arrays were continuously acquired and registered as plots during the pro-
cess of lateral compaction, including 6 strain plots and one force plot, all of which were
obtained with a measurement frequency of 10 Hz. The plots appeared on a computer screen
and were not observed by the operator who performed the lateral compaction; they were then
stored as digital files for future reference and analysis.

Root filling procedure

Lateral compaction was performed with the goal of simulating the clinical process as closely
as possible. The root canal was filled with AH-26 (Dentsply-DeTrey, Konstanz, Germany)
using a lentulo spiral filler and the master cone inserted to working length. Lateral compac-
tion was applied using a NiTi finger spreader (NiTi B finger spreader, Dentsply-Maillefer,
Ballaigue, Switzerland). For each spreader insertion, the length of entry, from a reference
point at the incisal edge, was measured and recorded. Accessory cones (Dentsply-DeTrey)
were added until the canal was full and no further spreader insertion was possible. The clini-
cal use of spreaders was mimicked by applying a back-and-forth quarter circle rotating move-
ment when the spreader was pushed inside of the canal. The spreader was always inserted
along the palatal wall of the canal, with the force applied parallel to the long axis of the root.
All lateral compaction procedures were performed by a single operator who was an experi-
enced endodontist.
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Statistical analysis

Comparison of the mean maximal strains (as measured or normalized by the force applied at
the maximal strains) at different locations along the roots was conducted using the paired t-
test with a level of significance of 0.05.

Results

Root dentin surface strain plots as a function of time, which were generated during the lateral
compaction procedure for one of the control teeth, are presented in Fig 2. Lateral compaction
was composed of several successive single cycles of spreader insertion, each resulting in a peak
of strain. The single large gauge mounted on the buccal-apical surface of the root registered
very small strain values of 20 uS (Fig 2A). However, when six miniature gauges were mounted
on the same root, a very different comprehensive pattern was registered (Fig 2B). The buccal
maximal strain obtained from the same location as in Fig 2A increased to +125 uS. Moreover,
proximal strains as high as 700 uS on both the apical mesial and distal aspects, as well as an api-
cal lingual strain of -100 uS, were detected for the same root (Fig 2B).

The clear and persistent finding from the output of the seven configurations assessed in this
study was that the highest strains recorded during lateral compaction were in the mesial and
distal aspects of the apical level of the root, and the strains decreased significantly from the api-
cal through the mid-root to the coronal level (Fig 2B). Moreover, in all experiments, lateral
compaction consisting of successive cycles of spreader insertion caused the gradual build-up of
residual (offset) strains, resulting in generation of a 'stair-step' plot (Figs 2B and 3A).

Fig 3A and 3B present the apical mesial and distal strains derived from one of the teeth,
which had the strain gauge configuration B (apical M+D, middle M+D, and coronal M+D)
combined with relevant vertical force applied during the compaction procedure. The manner
in which the spreader was used simulated the clinical lateral compaction procedure. This phe-
nomenon is clearly reflected in the 2 diagrams shown in Fig 3A & 3B by the peaks of the force
and the outcome of the strain, which are related to each spreader insertion cycle.

Measurement of the length of entry at each spreader insertion cycle from a fixed reference
point and determination of the location of the tip of the spreader relative to the center of the
strain gauge permitted the definition of a zone located between 2.0 mm apical and up to 1.0
mm coronal to the center of the gauge. This zone, which was termed the 'activation zone',
yielded the highest strains when it was reached by the spreader during insertion (cycles 2-6 in
Fig 3A). Each insertion of the spreader generated strains that followed the force, provided that
the spreader tip was within the 'activation zone'. When the spreader no longer entered the 'acti-
vation zone' during subsequent insertions, the force induced minimal strains in the area of that
specific gauge. However, residual strains remained.

Fig 3C shows a magnification of one compaction cycle (spreader insertion started, spreader
insertion ended, spreader maintained within the gutta-percha and spreader removed). Charac-
teristic behaviors of force and strains were observed. When the force induced by the spreader
increased, the strains increased, but this occurred after a lag of approximately 0.5-0.75 s. When
the spreaders were left in place while the practitioner selected an accessory cone and did not
exert any manual vertical force, the strain was maintained but decreased slowly. When the
spreader was removed (to allow for insertion of an accessory cone) and no force was applied,
the strains quickly diminished (Fig 3C). In all experiments, residual strains persisted at the end
of the procedure.

From the force and strain plots, the following two parameters were further considered: the
maximal strain developed for each strain gauge during the procedure and the related force. The
following two variables were calculated: the maximal strain normalized relative to the matched
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Fig 2. The monitored strains induced by lateral compaction in one of the control teeth. (A) A large strain gauge
(125BT strain gauge) mounted on the buccal surface at the apical level of the root. (B) Six miniature strain gauges mounted
on the buccal, lingual, mesial and distal aspects at the apical level of the root and on the mesial and distal aspects at the

mid-root level of the same root as in A.

doi:10.1371/journal.pone.0156461.9002
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Fig 3. Force and strain registration during lateral compaction. (A) Strain measurements from two strain
gauges located on the mesial and distal surfaces at the apical level of the root. (B) Force applied during
lateral compaction. (C) The 4™ force and strain cycles are enlarged to facilitate detailed analysis. Note the
beginning of spreader insertion, which is followed after a short lag by an increase in strain. When spreader
insertion is complete and the spreader is maintained in position, no force is applied, and the strain slowly
declines. Faster strain relaxation occurs after removal of the spreader, followed by the return of the strain to
near background levels.

doi:10.1371/journal.pone.0156461.g003
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force, and the maximal minus the offset strain normalized by the same force. These results are
presented in Fig 4 for all 12 locations of strain gauges on the roots derived from the seven mea-
surement configurations.

The magnitudes of the maximal proximal strains at the apical level as well as the mid-root
were approximately 2.5-3 times higher than the buccal/lingual strains (p = 0.041) (Fig 4).
There was a gradual but significant decline in both proximal and buccal/lingual strains from
the apical level through the mid-root to the coronal level of the root. The apical strains were
2.5-fold higher compared with the mid-root strains (p = 0.037) and 6-fold higher compared
with the strains at the coronal level (p = 0.013) (Fig 4). The mesial and distal strains did not dif-
fer significantly; however, the buccal strains were generally 35-65% higher than the lingual
strains (p = 0.078). The lowest strains were recorded at the coronal level, and they were positive
(tension) or negative (compression).

As previously stated, residual strains persisted at the end of each lateral compaction proce-
dure (300 pS in Fig 2B and 110 uS in Fig 3A). Maximal residual strains of as high as 400 uS
were detected by the screening of all sample sizes. These strains were later followed by continu-
ous registration of strains at a lower frequency of 2 Hz for an additional 1000 seconds after
completion of the lateral compaction. The residual strains decreased gradually. Nevertheless,
small residual strains of 30 uS remained.

The vertical forces applied during the fourteen lateral compaction procedures, including all
sample teeth, ranged from 12 N (usually for the earliest cycles of spreader insertion) to 36 N
(usually for the maximal strain or later condensation cycles). The mean compaction force in
the maximal strain cycles was 28.75+2.16 N.

Discussion

Using multiple minijature strain gauges enabled us, for the first time, to exactly quantify the cir-
cumferential strains along the root that were induced by finger spreaders during lateral com-
paction. The working hypothesis was thus supported because with proper mounting of several
miniature strain gauges at the various levels (apical, middle or coronal) and aspects (buccal, lin-
gual, distal or mesial) of the roots, appreciable circumferential strains were monitored under
clinically relevant compaction forces. Due to the limited availability of teeth fulfilling the inclu-
sion criteria, not all possible combinations of the six miniature strain gauges were tested; never-
theless, the seven chosen configurations chosen enabled us to clearly differentiate the strains
obtained from the various levels and aspects of the roots.

The highest strains were observed in the mesial and distal aspects of the apical level of the
root, consistent with the reports of Walton et al. [37] and Saw and Messer [28], with the caveat
that those studies focused on the buccal aspect alone. Saw and Messer [28] used large strain
gauges with an active gauge length of 3.18 mm mounted on the buccal aspect of the root, and
they reported that the strains during lateral compaction were 70% higher in the apical com-
pared with the coronal third of the root. With six miniature 0.79-mm strain gauges bonded at
three levels of the root in various configurations, we demonstrated that a larger gradient of
strain existed between the apical and coronal third of the root. The apical strains were 2.5- and
6-fold higher compared with the mid-root and coronal strains, respectively.

Such differentiation between the magnitudes of strains at different levels and aspects of the
root could not be achieved using strain gauges with larger dimensions, such as those used in
previous studies [4, 15]. This observation was clearly demonstrated in the control teeth, for
which both a single large gauge and six miniature gauges were tested on the same teeth (Fig 2).
Moreover, the array of strain gauges in the different configurations allowed us to determine the
locations of the highest strains along the surface of the root.
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The magnitudes of the maximum proximal strains at the apical level as well as the mid-root
were 2.5-3-fold higher than those at the buccal/lingual aspects. The proximal strains were con-
sistently tensile, whereas on the buccal-lingual surfaces, they were either tensile or compressive;
strains were more often compressive at the coronal level and in the lingual aspect, suggesting
the involvement of bending or non-axial loading. Such behavior is attributed to the non-uni-
form angle of force delivery while obturation causes bending and consequently longitudinal
(coronal-apical) strains. Such strains might influence the magnitude of circumferential strains
due to the Poisson behavior of the dentin, which has been reported to have a value of 0.31 [12].

The tensile strains on the proximal surfaces are much more significant, not only because of
their higher magnitudes but also because dentin fracture in damage-tolerant models results
from tensile stresses [18]. In agreement with the current study, high tensile strains on the prox-
imal surfaces and much lower (tensile or compressive) strains on the buccal-lingual surfaces
have been reported previously by Lertchirakarn et al. [29] in a destructive model of loading to
failure of the maxillary and mandibular incisors using hand spreaders. However, there are no
similarities between that model and the clinical process of lateral compaction. Moreover, forces
exceeding 10-fold of that which is applied in daily practice by endodontists cannot be extrapo-
lated to clinical lateral compaction procedures.

Important variables that may account for the differences in circumferential strains between
teeth include the hydration of the dentin and the dentin wall thickness. Weight loss by evapora-
tion from human dentin at 22.3°C and 53.2% relative humidity has been reported to be rapid
and non-linear, reaching 3.33 + 0.63% after 7 days [38]. Dehydrated dentin exhibited a linear
stress-strain relationship with three-point bending testing, whereas hydrated and rehydrated
dentin was characterized by a lower proportional limit and greater strain [39]. Stress at fracture
did not differ significantly between hydrated, dehydrated, or rehydrated dentin in bending or
tensile tests, whereas strain at fracture and fracture energy were significantly greater for
hydrated and rehydrated than for dehydrated dentin [39, 40]. Thus, it can be postulated that if
the dentin in the current study underwent some degree of dehydration, the strain levels would
have been higher in the fully hydrated state. This is the reason that careful attention was
exerted to keep the dentin moist throughout the experiment. This was achieved by maintaining
moisture on the inner side of the root by the continuous presence of saline in the canal, until
the lateral compaction procedure was performed. To ensure that this procedure had no influ-
ence on the functioning of the strain gauges, a mounting protocol that utilized an inner thin
layer of special epoxy cement (hydrophobic) under the cyanoacrylate cement was used.

Finite-element models demonstrated that the decreased radius of curvature of the inner
root canal walls had a strong effect on the stress distribution due to spreader- induced stresses
within the canal during the lateral compaction procedure. Uneven wall thickness in the differ-
ent aspects of the root and, in particular, a reduction in the proximal wall thickness also had
some influence [29, 41]. Reduction of proximal thickness compared to buccal-lingual thickness
is less typical in central incisors and more typical in mandibular incisors, mesial roots of man-
dibular molars, and upper premolars [41].

Previous studies investigating spreader-induced root strains by axial static loads operated
through universal testing machines have the benefit of highly standardized force [4, 6, 36, 42,
43]. However, FEAs have clearly demonstrated that the distribution of stress within root dentin
during lateral compaction is completely dependent on model assumptions of spreader opera-
tion and procedural inconsistencies [20, 22, 44]; for example, those associated with axial rota-
tion during translation. The model used in the present study aimed to apply finger spreaders
by manual insertion with back-and-forth rotation, simulating the routine clinical procedure of
lateral compaction. Therefore, to overcome the lack of standardization of force, normalization
of the strains by force was needed. The mean compaction force in the maximal strain cycles
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was 28.75+2.16 N, which is within the acceptable 15- to 30-N mean range used in routine daily
practice for root canal obturation [34-35], but forces as high as 36 N were also detected.

Normalization of strain by force, with or without subtracting the offset strain, did not
change the results qualitatively but could have slightly diminished the differences. For example,
the ratios between the maximal mesial variables and the buccal ones at the apical level of the
root were 3.16, 3.08 and 2.87 (Fig 4) for the maximal strain, maximal strain normalized by the
applied spreader load, and maximal minus offset strain normalized by the applied spreader
loads, respectively.

The successive compaction cycles, allowing for the insertion of accessory cones, resulted in
generation of a pseudo 'stair-step’ curve with a gradual increase in offset strain. Similar behav-
ior to the gradual increase in offset strain during the lateral compaction procedure has been
described previously by Dang and Walton [4], who postulated that these strains are stored in
dentin and remain quiescent for life or until additional stresses applied through restoration or
mastication convert them into complete fractures. The results of the present study reject the
above assumption because the residual strains at the end of the procedure declined gradually to
almost negligible levels after 1000 sec.

The strains for a specific strain gauge developed when the tip of the spreader entered the
zone defined as the 'activation zone' of that strain gauge. After generalizing all of the lateral
compaction procedures utilized in the present study, the 'activation zone' could be defined as
the area between 2.5 mm apical and up to 1.5 mm coronal to the center of the gauge. This zone
was especially pronounced at the apical level of the root. This concept supports previous stud-
ies showing that the highest strains that develop in root dentin during lateral compaction pro-
cedures are around the tip of the spreader, especially in the apical area [19, 20, 25].

Manual insertion of the spreader during lateral compaction simultaneously involved three
components: translation, axial rotation and apical compaction force. The current model
involved the output of all three components: the degree of translation is derived from the pene-
tration depth measured from a predetermined fixed point, the extent of apical compaction
force is derived from measurements of the load cell, and axial rotations are registered in the
force and strain plots. Focusing on a single compaction cycle with numerous measurements
due to a high frequency of data collection enabled us to divide the maneuver into several steps:
spreader insertion initiation, spreader insertion completion, spreader maintenance within the
gutta-percha and spreader removal. Thus, the detailed strain and force plots generated might
serve not only as a research but also as a training tool.

Generally, the plot of the generated strains follows that of the force; however, a phase lag of
0.5-0.75 sec existed between the cause (force) and outcome (strain) at the start of force induc-
tion by the spreader, as well as upon removal of the spreader. There was a negligible phase lag
between the force and the strain after completion of translation of the spreader. The apical com-
paction force applied adjacent to gutta-percha leads to pressure in the gutta-percha, resulting in
circumferential tensile stresses on the canal surface [11]. Because the mechanical properties of
gutta-percha correspond to a typical viscoelastic, partially crystalline material [45], the phase lag
might be due to creep compliance of the gutta-percha, and initial deformation of the investment
material can be a contributing factor. When the spreader was left in place with no application of
force, the strain declined slowly, potentially due to stress relaxation of the gutta-percha.

It cannot be precluded that canal preparations with different sizes and tapers may affect
strain development at the outer surface of the root. Similarly, other types of spreaders, such as
stainless steel finger spreaders or hand spreaders, may also affect the strain generation. Never-
theless, such parameters were beyond the scope of the present study.

Characteristic clinical reports have provided evidence that VRFs occur more frequently in
the buccal-lingual direction [15, 33, 46]; however, in the present study, maximal
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circumferential external strains developed on the proximal surfaces. This apparent contradic-
tion has been previously explained by Lertchirakarn et al [29, 41] in an FEA study of VRF.
The authors postulated that when the canal shape or the external root cross-sectional shape is
not circular but oval, the stress distribution becomes asymmetrical, with a tendency for the
highest stresses to occur in the buccal-lingual direction on the inner canal wall. Fracture thus
initiates from the site of greatest curvature of the root canal wall and propagates to the outer
root surface. This phenomenon was more evident in the mandibular incisor, with its more
pronounced oval root shape and ribbon-like canal shape [29, 41]. Chai and Tamse [17], in a
2-dimensional fracture mechanics analysis, recently approved and extended that explanation
to roots with 2 canals and an isthmus. Hence, VRF is not the direct outcome of hoop stresses
that are uniformly distributed around the canal but rather is a result of asymmetrical stress
concentrations.

However, one must bear in mind that fracture mechanics and FEA do not take into account
important parameters and make many simplifications. Ovoid canals are turned into elliptic
cavities, all materials (dentin, periodontal ligament, bone, gutta-percha, and spreader) are
assumed to be isotropic and linearly elastic, canal wall pressure is unrealistic, and lateral com-
paction is not divided into several cycles. Thus, the applicability of those models to the clinical
lateral compaction procedure is questionable, and whether the outer surface root strains
directly registered by the strain gauges in the current study can predict VRF merits further
investigation. Future research should focus not only on the absolute values of these strains but
also on changes in their patterns during the lateral compaction procedure.

Conclusions

1. With proper mounting of several miniature strain gauges at the various levels and aspects of
the root, appreciable circumferential strains can be monitored under clinically relevant
compaction forces.

2. The highest strains develop in the mesial and distal aspects at the apical level of the root.
These strains are consistently tensile.

3. There is a six-fold gradient of strain between the apical and coronal levels of the root.

4. The successive compaction cycles allowing for the insertion of accessory cones results in
generation of a pseudo stair-step curve with a gradual increase in offset strain.

5. The residual strains at the end of lateral compaction are not stored in dentin but decline
gradually and almost completely after 1000 sec.
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