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Statement of problem. No study has evaluated the efficacy of auxiliary tooth preparation elements for crowns
with originally reduced resistance form.
Purpose. This study evaluated the effects of different auxiliary preparation features on the resistance form of
crowns with reduced axial wall and total occlusal convergence.
Material and methods. An Ivorine tooth was prepared on a milling machine with 20-degree total occlusal
convergence (TOC), 2.5 mm of occlusocervical dimension, and a shoulder finish line. This design lacked geometric
resistance form. The crown preparation was subsequently modified to include mesiodistal grooves, mesiodistal boxes,
buccolingual grooves, occlusal inclined planes, an occlusal isthmus, and reduced TOC in the axial wall from 20 to 8
degrees TOC in the cervical 1.5 mm of the axial wall. The grooves and boxes were placed into the tooth with the same
20-degree TOC as the initial axial walls. Ten standardized metal dies were used for each preparation design. Stan-
dardized complete metal crowns were fabricated for all specimens. The metal crowns were cemented on metal dies with
resin-modified glass ionomer cement. A strain gauge was placed at the mid-lingual cervical area of each crown
preparation margin. The resistance of each specimen was evaluated when force was applied at a 45-degree angulation
to the long axis of the die in a lingual to buccal direction. The peak loads during crown dislodgment, as well as the
tensile stress at the mid-lingual cervical area, were measured using a universal testing machine (Kgs) for each specimen.
The control group consisted of 10 dies, with the original crown preparation having no geometric resistance form and
no auxiliary preparation features. Strain gauges provided the force (Kgs) that resulted in electric currency disrupt at the
crown/die interface, thus providing data regarding the force required for slight crown micromovement (2 �m). Data
between control and experimental groups were compared using the Mann-Whitney U test (��.05).
Results. Proximal grooves, proximal boxes, buccolingual grooves, occlusal inclined planes, and occlusal isth-
muses were not effective at increasing a crown’s resistance to dislodgement when the tooth preparation lacked
resistance. The only crown modification that offered enhanced resistance form when compared with the control
group was the reduced TOC in the cervical half of the axial wall.
Conclusion. Within the limitations of this in vitro study the crown preparation modification that significantly
enhanced the resistance form of a compromised tooth preparation was reducing the TOC at the cervical aspect of
the axial wall. Placing auxiliary retentive features such as grooves and boxes into a compromised tooth preparation
(2.5 mm occlusocervical dimension and 20-degree TOC) was not effective when these retentive features pos-
sessed the same 20-degree TOC as the prepared axial walls. (J Prosthet Dent 2004;91:33-41.)

CLINICAL IMPLICATIONS

In this in vitro study, for a compromised situation in which a crown preparation had reduced
resistance form (reduced axial wall height and/or reduced total occlusal convergence), the
auxiliary preparation element that most effectively enhanced resistance form of the crown was
reducing the cervical total occlusal convergence from 20 to 8 degrees.

Resistance form is defined as “the features of a tooth
preparation that enhance the stability of a restoration
and resist dislodgment along an axis other than the path
of placement.”1 The tooth preparation designs that offer
resistance form to a tooth have been studied extensively;

however, the initial reports in the literature were focused
on the retention form of tooth preparations.2-4 The sig-
nificance and clinical relevance of resistance form were
subsequently investigated.5-12 Several parameters can af-
fect the resistance of a tooth to forces applied on an axis
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other than the path of placement.5 The parameters can
be divided into those that are related to the tooth prep-
aration design and those related to the crown fabrication
and modification.

Reisbick and Shillingburg5 were the first to investi-
gate the features of a crown preparation that increased
resistance form. They reported that the placement of
interproximal grooves and boxes increased the resis-
tance form of the tooth preparation. In addition, they
reported that the placement of boxes was more effective
than prepared grooves. Woolsey and Matich6 confirmed
Reisbick’s theory, emphasizing the importance of the
location of the grooves. Grooves placed in an interprox-
imal location can offer improved resistance over grooves
placed in a buccolingual location provided that the
forces are applied in a buccolingual direction. Potts et
al,7 Kishimoto et al,8 and Owen9 further emphasized the
importance of the placement of grooves to the resistance
form of a tooth preparation.

Other preparation design features in a crown prepa-
ration may affect the resistance form. The total occlusal
convergence (TOC),10,11 the occlusocervical dimension
of the preparation design,12 and the diameter of the
crown preparation12 have been reported as important
factors that affect the resistance form. A linear relation
has been documented for these parameters and the final
resistance form. However, Parker et al13 and Zucker-
man14 demonstrated through a mathematical analysis
that the resistance form has an “on-off nature.” The
controversy of whether the form of resistance is linear or
has an “on-off” nature still remains, as in vitro studies5-7

have demonstrated conclusions different from mathe-
matical analysis. The findings of such studies suggest
that increasing the height and diameter of the crown
preparation and decreasing the total occlusal conver-
gence decrease the likelihood that a crown will be dis-
lodged under function.

In vivo studies13,15-19 have shown that TOC is not
consistent and deviates from the definition of an “ideal”
resistance form. Tooth location is a critical factor in

achieving adequate resistance form in preparation
taper.13,18,19 The molar region frequently possesses the
most inadequate total occlusal convergence.13,18,19 It
has been reported that in consistently overtapered
crown preparations, auxiliary elements such as grooves
are rarely used.13

The design of the occlusal surface of the preparation
can also affect the resistance form of a crown prepara-
tion. Zuckerman14 has shown by using a mathematical
model that the placement of inclined planes on the oc-
clusal surface of a crown preparation rather than a flat
surface can increase the resistance form. The same can be
achieved by the placement of an occlusal isthmus.

The resistance form of a crown preparation can be
further improved by re-preparing the apical portion of
the axial walls at a reduced or more “ideal” TOC.14 This
modification reduces the diameter of the boundary cir-
cle that defines the areas of the preparation that can
potentially offer resistance. However, the mathematical
models of Zuckerman14 and Parker et al13 have used the
assumption that an intimate and uniform contact exists
between the crown and the die. Several studies have
shown that because of the space needed for the cement,
and because of casting limitations, such an intimate and
uniform contact does not exist.20-24 Other authors have
reported that the compressive strength of the cement
between the internal surface of the crown and the tooth
surface is a determining factor regarding the resistance
of a crown.25,26 The purpose of this study was to evalu-
ate the effect of auxiliary preparation elements and oc-
clusal surface modifications on the resistance form of a
complete metal crown in the molar area.

MATERIAL AND METHODS

A master die was fabricated by preparing an Ivorine
tooth (Columbia, Long Island, NY) that was set in a
plastic base.7 The master die was prepared using a mill-
ing machine (AF 30, Type 1369; LGA, Nürnberg, Ger-
many) with a 10-degree tapered acrylic resin bur (Cone

Fig. 1. Control Group: A, Mesiodistal and B, faciolingual view.
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cutter bur H356S-060; Brasseler USA, Savannah, Ga)
resulting in a 20-degree TOC. This amount of TOC was
selected since it represents the average angle practitio-
ners have been demonstrated to clinically perform in the
molar area.18,19 A 0.9-mm–deep shoulder finish line was
prepared. The completed tooth preparation possessed
an occlusocervical dimension of 2.5 mm, an internal
faciolingual dimension of 8.0 mm, and an external fa-
ciolingual dimension of 9.8 mm (Fig. 1). The occluso-
cervical/faciolingual ratio was .26 when the external
tooth dimension was used in the ratio calculation. The
ratio was .31 when the faciolingual dimension between
the prepared facial and lingual walls was used to calculate
the ratio. Neither ratio met the minimally acceptable
value proposed for molars.27 The occlusal surface was
prepared with a flat form by using a 0-degree nonta-
pered acrylic-resin finishing bur (Parallel cutter carbide
milling bur H364E-023; Brasseler USA) and by placing
the Ivorine tooth at a 90-degree angle to the long axis of
the bur. A 0.5-mm–wide bevel was placed between the
axial walls and the occlusal surface of the preparation at
45 degrees to the occlusal surface (Fig. 2).

The tooth preparation was judged to lack adequate
resistance form according to recently proposed crite-
ria.27 To further evaluate the potential resistance form
of this tooth preparation, the faciolingual distance
between the most apical areas of the buccal and lin-
gual axial walls at the mesiodistal center of the pre-
pared tooth was measured with a caliper (Darby Den-
tal Supply Inc, Pompano Beach, Fla). This
measurement determined the radius of the boundary
circle within which the preparation design would not
offer any resistance form, according to Zuckerman.14

The occlusal surface of the preparation was reduced so
that the axial walls were included within the boundary
circle. In this way, the tooth preparation had no math-
ematical resistance form.

One impression was made of the definitive prepara-
tion using high-viscosity vinyl polysiloxane impression
material (Aquasil LV; Dentsply International Inc, York,
Pa) loaded in a custom-made tray fabricated from pho-
topolymerized acrylic resin (Triad; Dentsply Interna-
tional Inc). The impression of the definitive Ivorine
tooth preparation was used to fabricate 10 wax patterns
(Pro-Art; Ivoclar Vivadent Inc, Amherst, NY) of the

Fig. 2. A 2.5-mm axial wall height with 20-degree TOC was
prepared on die, so crown preparation lacked resistance
form.

Fig. 3. External force was applied with universal testing ma-
chine at 45-degree angle to each crown.

Fig. 4. Two interproximal grooves centered on mesial and
distal surfaces of tooth.
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tooth preparation numbered 1 to 10 to identify the die
number. Two sprue formers were placed (Tri-wax; Pro-
Art, Williams, Amherst, NY) at the lateral aspect of the
wax patterns. Two wax patterns were attached to each
crucible former and invested (Fastfire; Whip Mix, Lou-
isville, Ky). A ratio of 20:4 of special liquid to distilled
water was used.

Base metal alloy (Will-Ceram Litecast–B, composi-
tion: Ni 77.4%, Cr 12.8%, Mo 4%, Al 3.3%, Be 1.8%, Fe
1%; Pro-Art, Williams) was used to fabricate 10 metal
dies. Die lubricant (“Keen Lube”; Belle de St Claire,
Chatsworth, Calif) was applied to the surface of the
metal die. A wax pattern of the definitive crown (Pro-
Art, Williams) was then made on this die.28 Soft wax
(“Cervical wax”; Pro-Art, Williams) was used for the
area around the margin of the wax patterns. A recipient
site for the tip of the universal testing machine was
carved at the buccal site of the pattern. A vinyl polysi-
loxane material (Aquasil HV; Dentsply International
Inc) in a custom tray was used to make an impression of
the definitive wax pattern. This impression was used as a
mold to standardize the fabrication of 10 crowns using
the same investment, special liquid to distilled water
ratio, and metal as described for the fabrication of the
metal dies. Use of a base metal alloy for the crowns
offered enhanced compressive strength and resistance to
deformation during testing.29

The fit of each crown was visually verified under a mi-
croscope (Model Z30L; Leica Inc, Buffalo, NY). Disclos-
ing material (Occlude; Pascal, Bellevue, Wash) was used to
identify areas that prevented complete seating of the resto-
rations. The intaglio surfaces of the castings were adjusted
to allow complete seating of the crowns. The crowns as
well as the metal dies were subjected to airborne-particle
abrasion using 50-�m Al2O3 before cementation.

The first 10 crowns were cemented onto the metal
dies with a resin modified glass ionomer (Vitremer; 3M,
St. Paul, Minn). A 5-kg load20 was applied to the crown
while the cement was setting. Each crown was loaded for
a minimum of 2 minutes. The cement was allowed to set
for 24 hours. One strain gauge (Pre-wired strain gauges;
Omega Engineering Inc, Stamford, Conn) was placed at
the midlingual cervical area of the preparations. The
strain gauges were secured with cyanoacrylate (Super
glue; Super Glue Co, Rancho Cucamonga, Calif). The
purpose of the strain gauges was to identify the first signs
of crown dislodgement. Strain gauges recorded discon-
tinuity of electricity through the gauge caused by slight
micromovement along the area where the strain gauge
was attached (midlingual area of the crowns). According
to the manufacturer, 2 �m of micromovement results in
a paucity of electric supply through the strain gauge.
Because strain gauges did not measure “strain” but the
actual force under which slight micromovement on the

Fig. 5. Interproximal grooves transformed to interproximal
boxes.

Fig. 6. Two grooves prepared into mid-buccal and mid-
lingual surfaces.

Fig. 7. Occlusal surface prepared with inclined planes par-
allel to original inclined planes of cusps.

Fig. 8. Prepared occlusal isthmus.
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crowns occurs and paucity of electric supply, no strain
gauge calibration was performed. One active arm was
used on the bridge amplifier (model 3800; Measure-
ments Group, Raleigh, NC) for each crown specimen.

The cemented crowns were loaded with a gradually
increased external force (Kgs) applied at a 45-degree
angulation7 from a lingual to buccal direction by a uni-
versal testing machine (model 1125; Instron Corp, Can-
ton, Mass) (Fig. 3). The force was applied at the lingual
inclined plane of the buccal cusp (Fig. 3). Records were
made of the force required for crown dislodgement in
the universal testing machine. The force in Kgs required
for interruption of current on the strain gauges (2-�m
micromovement) was also recorded.

The Ivorine tooth used for the initial group was mod-
ified by preparing 2 interproximal grooves centered on
the mesial and distal surfaces of the Ivorine tooth.5-9

This die served as the definitive die for this group and
was tested to determine the effect of grooves on resis-
tance. The grooves were prepared using a carbide bur
(171; Darby Dental Supply Co) and the same milling
machine. The grooves were extended from the occlusal
surface of the preparation to the level of the finish line.6

The faciolingual dimension of the grooves at their cer-

vical termination was 1.0 mm. The grooves were 1.0
mm in mesiodistal depth (Fig. 4). An impression was
made using the previously described materials and
method as for the initial crown preparation for the con-
trol group. Ten metal dies and 10 crowns were fabri-
cated. The crowns were again disclosed and internally
adjusted for complete seating. After confirmation of
complete seating under the microscope, the crowns
were evaluated for resistance by finger pressure to detect
whether they were displaced. The restorations were ce-
mented with resin reinforced glass ionomer cement us-
ing the same protocol. The restorations were dislodged
using the same angulation in the universal machine. The
dislodging force, as well as the tensile stress at the mid-
cervical area, was recorded.

The interproximal grooves were then transformed to
interproximal boxes5,8 using the same carbide bur and
extending the grooves buccally and lingually. This re-
sulted in proximal boxes with 3 mm of faciolingual di-
mension at the gingival floor. The boxes were 1.0 mm in
mesiodistal depth (Fig. 5). By following the same pro-
tocol of die and crown fabrication and measurement of
lateral dislodging force and mid-cervical stress, the effect
of interproximal boxes on crown resistance was assessed.

Sculpting wax (Pro-Art, Williams) was applied to the
interproximal boxes of the Ivorine tooth to block out
the prepared boxes.7 Two grooves (1 mm in mesiodistal
and faciolingual dimensions) were prepared into the
midbuccal and midlingual surfaces of the tooth using
the same carbide bur and extending the grooves mesio-
distally until they reached the desired dimensions (Fig.
6). An impression of the Ivorine tooth was made, and 10
metal dies were cast. By using the same impression in-
dex, 10 crowns were fabricated and their resistance to
dislodging forces was measured. The strain gauges again
provided a measurement of the tensile stress at the cer-
vical area.

Two more crown modifications were evaluated. The
occlusal surface was prepared with inclined planes paral-
lel to the original inclined planes of the cusps.14 Wax was
placed to seal the buccal and lingual grooves previously
prepared. The occlusal surface was prepared at a 30-
degree angulation to follow the original cusp inclina-
tions of the unprepared tooth. Two inclined planes were
prepared: buccal and lingual (Fig. 7). The Ivorine tooth
was placed on the holder of the milling machine to stan-
dardize the 30-degree angulation. A 0-degree tapered
acrylic resin bur was used. After the fabrication of 10
metal dies and 10 complete metal crowns, the resistance
of the crowns was recorded by following the previously
described protocol. The occlusal surface was further
modified by incorporating an isthmus, 1 mm in occluso-
cervical depth and 1.5 mm in faciolingual dimension21

(Fig. 8) using a 4-degree tapered acrylic resin finishing
bur (Cone cutter H356S-031; Brasseler USA) in the

Fig. 9. Apical 1.5 mm of crown prepared with reduced TOC
of 8 degrees.

Fig. 10. One control and 6 experimental groups (n�10 dies
and crowns).
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milling machine. The effect of the isthmus on the resis-
tance form was measured using the same protocol.

After restoring the prepared site of the Ivorine tooth
with wax, the original preparation was further modified
using the same 4-degree tapered acrylic resin finishing
bur on the milling machine and preparing the apical
portion of the crown with a reduced TOC of 8 degrees
(Group 6).14 The reduced TOC was present in the cer-
vical 1.5 mm of the prepared axial surfaces. This addi-
tional reduction resulted in a preparation with cervical
dimensions of 7.6 mm at the internal axiogingival line
angles of the shoulder (Fig. 9). The resulting finish line
depth was 1.1 mm. Ten metal crowns were then fabri-
cated, and the resistance and cervical stress of the crowns
were measured using the same protocol. In total, 1 con-
trol and 6 experimental groups were formed (Fig. 10),
each having 10 metal dies and 10 crowns.

Statistical analysis

Using a Mann-Whitney U test (��.05), the values
obtained from the strain gauges and those obtained by
the universal testing machine were compared between
the different groups. Parametric tests were not used be-
cause the data were not normally distributed according
to Lillifors test for normality; therefore, nonparametric
tests were used.

RESULTS

The data from the strain gauges, as well as the me-
chanical forces required for the mechanical dislodge-
ment of the crowns, were recorded (Tables I and II).
When evaluating the data obtained through the univer-
sal testing machine, the Mann-Whitney rank test dem-
onstrated that the values observed by reducing the TOC
of the original preparation design at the cervical area
were significantly higher than all the other modifications
(Table III). Interestingly, no significant difference was
observed between the control group and any of the
crown preparation modifications except for reducing the
TOC at the cervical 1.5 mm of the axial wall.

Similar observations were made when evaluating the
data obtained through the strain gauges. The only
crown preparation modification that offered signifi-
cantly increased values as compared to the control group
was the modification in which the TOC had been de-
creased from 20 to 8 degrees in the cervical 1.5 mm of
the axial wall (Table IV).

DISCUSSION

This study demonstrated that in a laboratory simula-
tion of a clinically compromised complete-coverage
tooth preparation including reduced occlusocervical di-
mension, increased TOC, and a reduced occlusocervi-
cal-to-occlusolingual dimension ratio, the crown prepa-
ration modification that offered the greatest resistance

form was the preparation of the die with 8 degrees of
total occlusal convergence at the apical 1.5 mm of the
axial wall. The other tooth preparation modifications
were not effective.

In this study, grooves and boxes were not effective at
increasing resistance form for a short tooth preparation
with 20 degrees TOC. The grooves and boxes may not
have been effective because they were placed into the
tooth following the existing 20-degree TOC of the axial
walls. Perhaps they would have been effective if they had
been formed with less TOC, such as the 8 degrees of
TOC present in the cervical portion of the axial walls of
Group 6 that proved to be effective at increasing resis-
tance to dislodgement.

By applying this modification of decreased TOC, the
outline of the crown preparation became located be-
yond the margins of the boundary circle described by
Zuckerman.14 According to Zuckerman’s theory,14 the
design of a crown preparation has an “on-off nature.” A
boundary circle defines the presence or the lack of resis-
tance in a crown preparation.14 If the outline of the
prepared tooth is located within the circle, there is suf-
ficient resistance; if the outline is located beyond the
circle, the crown lacks geometric resistance. This study
did not support Zuckerman’s theory for the specific
form and dimensions of the tooth preparation indica-
tions used. This lack of support may have been due to
the intervening space and material located between the
internal surface of the crown and the prepared tooth
surfaces.

Teteruck and Mumford20 investigated the degree of
adaptation with different crown modifications. It was
consistently found that along grooves and interproximal
boxes there was an increased gap or loss of adaptation
between the die and the crown. In preparations with
grooves, the positive contact area observed between the
die and the crown was located at the groove/occlusal
surface region and never in the cervical region, which
theoretically would offer the greatest resistance. Simi-
larly, a lack of intimate adaptation of the casting was also
consistently found at the area of the boxes. The reason
for the reduced internal adaptation in those different
casting shapes is not known.21 The geometric form
might have had some restrictive effect on the setting
expansion of the investment. In an in vitro study, Fu-
sayama and Ogata22 demonstrated that if a column, a
crown, or an MOD onlay were cast, a difference existed
in the amount of casting shrinkage. Casting shrinkages
in different mold forms vary, depending on the degree in
which mold walls reduce the shrinkage of solidifying
alloys. Kono and Fusayama21 also found that irregularly
shaped castings exhibit a higher degree of shrinkage
compared to a rod-shaped casting. In addition, Morey23

also found different degrees of shrinkage on different
crown shapes. Morey concluded that for a given alloy,
the inherent casting shrinkage is determined only by its
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coefficient of thermal expansion and its solidus temper-
ature, and the actual or observed casting shrinkage is
decreased by a varying amount depending on the size
and shape of the casting.

Teteruck and Mumford20 demonstrated in more
than 300 complete crown castings that the apical one
third of the casting is in close proximity to the axial
wall, as opposed to the cervical two thirds of the cast-
ing where an increased distance from the axial wall
was consistently seen. Although the authors were un-
able to provide an explanation for this phenomenon,
the observations were later confirmed by Mahler and
Ady.24 These observations regarding the inherent
limitations of a casting procedure, incorporate a clin-
ical variable unaccounted for in the mathematical
models that assume intimate crown to preparation
contact. In addition, the castings in the present study
were subjected to airborne-particle abrasion. This

procedure was performed because it has been clini-
cally recommended27 before cementation; it provides
enhanced retention to the crowns.2 On the other
hand, airborne-particle abrasion may have compro-
mised some of the internal adaptation of the crowns.
It is unknown how this may have affected the results
in this study.

In this study, the wax was applied directly onto the
metal dies. It has been shown that the degree of ad-
aptation or misfit of a crown that has been waxed onto
a metal die is less than for a crown waxed on a stone
die.28 Metal dies were used to avoid fracture or dis-
tortion of the die during testing. Alternatively, the
crowns in the current study could have been dupli-
cated in the form of stone dies and the waxing per-
formed on stone dies.

The rationale for using base metal alloy in this
study was its high compressive strength, which allows

Table I. Strain gauge measurements (Kgs): first micromovement

Resistance
test

Control
group

Mesiodistal
grooves

Mesiodistal
boxes

Buccal-lingual
grooves

Occlusal
inclined
planes

Occlusal
isthmus

Reduced
TOC

1 70.05 119.72 200.72 190.69 259.11 192.85 334.50
2 149.89 58.05 85.34 97.65 108.33 106.27 269.81
3 86.98 132.29 193.16 291.25 127.22 50.54 193.21
4 105.03 98.09 100.49 153.09 165.80 52.96 186.85
5 107.48 128.62 132.42 158.4 99.11 123.12 126.25
6 177.72 79.50 109.64 142.51 264.38 79.77 180.36
7 139.13 111.20 182.20 256.23 194.12 200.12 346.16
8 150.82 104.00 157.75 121.2 134.64 41.53 153.70
9 128.61 59.62 128.66 99.54 165.80 176.17 195.80

10 122.76 130.71 178.35 142.87 121.22 113.51 112.13
Mean 123.85 102.18 146.87 165.34 163.97 113.68 209.88

SD 32.39 28.09 41.18 63.98 59.058 59.46 81.16
CV 0.26 0.27 0.28 0.39 0.361 0.52 0.39

CV, coefficient of variation.

Table II. Universal testing machine data (Kgs): loosening of crown

Resistance
test

Control
group

Mesiodistal
grooves

Mesiodistal
boxes

Buccal-lingual
grooves

Occlusal
inclined
planes

Occlusal
isthmus

Reduced
TOC

1 73.66 142.39 241.35 190.69 244.22 244.22 569.11
2 149.89 74.57 91.55 97.65 196.94 196.94 371.50
3 126.62 137.16 206.77 331.26 50.54 50.54 277.96
4 114.75 123.75 100.49 153.09 108.80 108.80 231.71
5 107.48 265.41 219.50 166.31 164.70 164.70 223.66
6 193.83 95.08 133.21 271.98 103.14 103.14 199.34
7 139.13 121.32 182.20 268.37 200.12 200.12 446.51
8 150.82 134.29 183.64 208.32 41.53 41.53 223.38
9 148.15 59.62 164.21 99.54 216.16 216.16 360.77

10 153.31 138.73 178.35 142.87 113.51 113.51 223.32
Mean 135.76 129.23 170.18 193.09 143.97 143.97 312.73

SD 32.41 55.77 49.07 77.40 0.48 0.48 121.99
CV 0.24 0.43 0.29 0.40 0.003 0.003 0.39

CV, coefficient of variation.
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the metal to resist deformation if excessive forces are
applied. However, Eden et al29 has shown that base
metal alloys have inferior fit on a metal die. In that
study, waxing was performed on metal dies as in the
current study. The use of a base metal alloy may be a
limitation of this study.

To test the crowns, a recipient site for the tip of the
universal testing machine was formed as an extension on
the facial surface of the crowns. The projection pro-
duced a lever arm that permitted leverage to be trans-
mitted to the crown that would not occur clinically and
may compromise the application of these data to a clin-
ical complete coverage crown.

In the original model described by Zuckerman14 and
supported by Parker,13 the axial-occlusal angle was sharp
and had no bevel preparation. The fabrication of the
bevel in the present study offered a reduced axial wall
height that deviated slightly from the mathematical
model described by Zuckerman.

Regardless of the inherent limitations of any casting
procedure or technical modifications that could offer an
improved internal adaptation, there will always be a
space between a crown and a die. This space will be

Table III. Mann-Whitney U test for strain gauge
measurements

Pairs compared Comparison P value

Control vs mesiodistal
grooves

NSD .165

Control vs mesiodistal boxes NSD .190
Control vs buccal-lingual

grooves
NSD .143

Control vs occlusal inclined
planes

NSD .165

Control vs occlusal isthmus NSD .579
Control vs reduced TOC Control � reduced TOC .003
Mesiodistal grooves vs boxes Grooves � boxes .023
Mesiodistal grooves 1 vs

buccal-lingual grooves 3
Mesiodistal grooves 1 �

buccal-lingual
grooves

.009

Mesiodistal grooves vs
occlusal inclined planes

Mesiodistal grooves �

occlusal inclined
planes

.011

Mesiodistal grooves vs
occlusal isthmus

NSD .971

Mesiodistal grooves vs
reduced TOC

Mesiodistal grooves �

reduced TOC
�.0001

Mesiodistal boxes vs buccal-
lingual grooves

NSD .796

Mesiodistal boxes vs occlusal
inclined planes

NSD .739

Mesiodistal boxes vs occlusal
isthmus

NSD .165

Mesiodistal boxes vs reduced
TOC

NSD .075

Buccal-lingual grooves vs
occlusal inclined planes

NSD .912

Buccal-lingual grooves vs
occlusal isthmus

NSD .143

Buccal-lingual grooves vs
reduced TOC

NSD .143

Occlusal inclined planes vs
occlusal isthmus

NSD .105

Occlusal inclined planes vs
reduced TOC

NSD .105

Occlusal isthmus vs reduced
TOC

Occlusal isthmus �

reduced TOC
.011

Table IV. Mann-Whitney U test for universal testing
machine measurements

Pairs compared Comparison P value

Control vs mesiodistal
grooves

NSD .280

Control vs mesiodistal
boxes

NSD .105

Control vs buccal-lingual
grooves

NSD .089

Control vs occlusal
inclined planes

NSD .247

Control vs occlusal isthmus NSD .796
Control vs reduced TOC Control � reduced

TOC
�.0001

Mesiodistal grooves vs
boxes

NSD .089

Mesiodistal grooves 1 vs
buccal-lingual grooves 3

Mesiodistal grooves �

buccal-lingual
grooves

.019

Mesiodistal grooves vs
occlusal inclined planes

NSD .105

Mesiodistal grooves vs
occlusal isthmus

NSD .796

Mesiodistal grooves vs
reduced TOC

Mesiodistal grooves �

reduced TOC
�.0001

Mesiodistal boxes vs
buccal-lingual grooves

NSD .631

Mesiodistal boxes vs
occlusal inclined planes

NSD .739

Mesiodistal boxes vs
occlusal isthmus

NSD .579

Mesiodistal boxes vs
reduced TOC

Mesiodistal boxes �

reduced TOC
�.0001

Buccal-lingual grooves vs
occlusal inclined planes

NSD .739

Buccal-lingual grooves vs
occlusal isthmus

NSD .315

Buccal-lingual grooves vs
reduced TOC

Buccal-lingual
grooves � reduced
TOC

.011

Occlusal inclined planes vs
occlusal isthmus

NSD .315

Occlusal inclined planes vs
reduced TOC

Occlusal inclined
planes � reduced
TOC

.004

Occlusal isthmus vs
reduced TOC

Occlusal isthmus �

reduced TOC
�.0001
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occupied by the cement. Based on this observation, mul-
tiple authors10,12,29 have indicated that this film of ce-
ment is the key to determining the resistance of a crown.

In a computer study, Wiskott et al25 demonstrated
that the axis of rotation in resistance is not at the
crown margin but resistance to lateral dislodgement is
a function of the distribution of compressive force
vectors acting on the cement interface. Wiskott et al12

indicated that the limiting taper theory developed by
Parker13 as a mathematical model may not be valid
since a linear relationship was found between the oc-
clusocervical dimension of the axial wall and the di-
ameter of the tooth preparation. Weed and Baez10

found a high linear relation between the total occlusal
convergence of a crown preparation and the corre-
sponding resistance. Wiskott et al26 confirmed the fact
that the compressive strength of the cement is the
parameter that determines the amount of resistance of
a specific preparation design.

CONCLUSIONS

Within the limitations of this study, the following
conclusions are offered relative to the effectiveness of
several tooth preparation modifications on the resistance
form of teeth prepared with 2.5 mm of occlusocervical
dimension, 20 degrees of TOC, and an occlusocervical/
faciolingual dimension ratio below 0.4.

1. Decreasing the TOC from 20 to 8 degrees in the
apical 1.5 mm of the reduced axial surfaces significantly
increased resistance form.

2. Two proximal grooves or 2 proximal boxes or 2
grooves (mid-buccal and mid-lingual) that followed the
existing convergence of the axial walls (20 degrees) did
not significantly enhance resistance form.

3. Preparing the occlusal surface so it possessed
inclined planes that paralleled the original inclined
form of the occlusal surface (30 degrees relative to the
long axis of the tooth preparation) did not signifi-
cantly enhance resistance form.

4. Preparing an occlusal isthmus 1 mm deep and 1.5
mm wide did not significantly improve resistance form.

5. The most effective method of enhancing resistance
form in a tooth preparation that lacks resistance is to
decrease the total occlusal convergence of the cervical
portion of the prepared axial walls.
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