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Statement of problem. Clinicians have used resistance form as a basis for determining guidelines for prep
aration design to ensure clinical success of cemented cast restorations. Disagreement on whether clinical success 
follows the on-off or linear nature of resistance form continues. 

Purpose. The purpose of this study was to evaluate the number of cycles required to dislodge a cemented com
plete crown casting under a cyclic lateral load as a function of taper and to compare this rclationship for the 

resistive and nonresistive ranges of taper. 

Material and methods. Three dies were milled from stainless steel at each of the following tapers: 4, 8, 12, 
16, 20, 24, 28, and 32 degrees. A gold-palladium metal-ceramic alloy crown was fabricated for each die, 
cemented, and subjected to lateral cyclic loading until failure or 1,000,000 cycles. The limiting taper for the 
dies with their given height and base was 26.6 degrees. Dies with taper less than 26.6 degrees had resistance 
form, whereas dies with taper larger than 26.6 degrees did not. A linear regression (a= .05) was us cd to evaluate 
the relation of cycles at dislodgement to taper. 

Results. The average number of cycles to crown dislodgement or completion for each taper (SD), in units of 
10,000, was as follows: 4 degrees, 100 (0); 8 degrees, 100 (0); 12 degrees, 93.54 (16.56); 16 degrees, 61.33 
(38.47); 20 degrees, 25.73 (34.67); 24 degrees, 4.33 (7.36); 28 degrees, 0.06 (0.08); and 32 degrees, 0.05 
(0.09). The crowns in the resistive area less than 26.6 degrees that demonstrated failure showed a linear regression 
with a correlation coefficient of -0.995 between the average number of cycles to dislodge the crown and the taper. 
The slope was significantly different from zero (P=.0048), with a value of -7.58 and a standard error of 0.53. 

Conclusion. The number of cycles required to cause crown dislodgement was linear after 12 degrees in the 
resistive area and nearly zero for preparations in the nonresistive area. The limiting taper concept closely predicted 
the transition point where the slope of the graph of cycles to dislodgement as a function of taper abruptly 
changed. (J Prosthet Dent 2006;95:456-61.) 

CLINICAL IMPLICATIONS 

This study suggests that clinical success or failure of cemented cast restorations follows the on-off 
nature of resistance form, and this resistance form is a reasonable basis for determining mini
mally acceptable taper. 

C liniCians have used resistance form as a basis 
for detl�rmining guidelines for preparation design to 
ensure clinical success of cemented cast restorations. 1 
Resistance form is defined as the features of a tooth prep
aration that enhance the stability of a restoration and 
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resist dislodgement along an axis other than the path 
of placement.2 In oral function, the strongest forces 
are apically directed and can generate torque or leverage 
on the casting. These forces may be the predominant 
factor in the dislodgment of cemented castings.3 
Resistance form is illustrated geometrically, if the prep
aration wall interferes with the arc of rotation of the 
casting caused by this torque or leverage:,-16 Lewis 
and Owen 17 showed that all points that are occlusal to 
the point of intersection (Fig. 1, A, point E) between 
the perpendicular line from the opposing margin and the 
side of the preparation have resistance form, and that all 
points gingival to it do not. Shillingburg et al3 called this 
point the tangent point. Therefore, in Figure 1, A, E 
is the tangent point and the segment from E to B has 
resistance form; the section from A to E does not. The 
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Fig. 1. A .. To evaluate resistive zone of preparation (ABeD), 
Lewis and Owen 16 showed that all points occlusal to point 
of intersection (point f) between perpendicular line from op
posing margin and side of preparation have resistance form 
and all points gingival to it do not. Point f is tangent point, 
and segment from f to B has resistance form; section from 
A to f does not. Vertical projected height of fB is called resis
tive height, and vertical projected height of fA is called non
resistive height. B, Zuckerman showed that circle centered on 
base of preparation with radius equal to half of base intersects 
side of preparation at tangent point.15 Point f is intersection of 
both Zuckerman circle and Lewis and Owen perpendicular, 
so techniques are consistent. 

vertical projected height of EB is called the resistive 
height, and the vertical projected height of EA is called 
the nonresistive height. Cement under compression is 
many times stronger than cement under shear or tensile 
forces and is found only for points occlusal to the tan
gent point in the resistive region.3 

There is conflict in the literature regarding the 
true method for determining this tangent point.l� 
Zuckerman 16 showed that a circle centered on the 
base of the preparation with a radius equal to one half 
of the base intersects the side of the preparation at the 
tangent point. This circle can also be used to determine 
the resistive and nonresistive zones. Zuckerman's tech
nique shown in Figure 1, B, is consistent with results 
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of the perpendicular technique of Lewis and Owen,17 

as shown in Figure 1, A. Point E is the intersection of 
both the Zuckerman circle and the Lewis and Owen per
pendicular, so they both yield the same results. This 
determination of the tangent point that separates the 
resistive zone from the nonresistive zone of the prepara
tion is considered the valid technique.18 

Parker et al8 developed a method to determine if the 
taper at a point on a preparation offers resistance form 
and defined the concept of limiting taper that divides the 
resistive from the nonresistive tapers. The authors describe 
the "on-off" nature of resistance form and suggest that 
providing resistance form makes a reasonable standard 
for minimally acceptable preparation taper. Their theory 
predicts that clinical success or failure would follow the 
"all or none" nature of resistance form. This is supported 
by a clinical investigation that showed most preparations 
of dislodged restorations did lack resistance form.12 

Wiskott et al14 developed an experimental design that 
used a spinning abutment analog and crown to generate 
a cyclic lateral force applied to fatigue the cement. It was 
asserted that this cyclic force may be similar to what 
would occur clinically. The results showed a linear rela
tion between the variable measured and taper. Wiskott 
et al14 concluded that the effect of taper is progressive; 
no distinct limiting taper can be assessed experimentally 
and clinical success or failure following the all or nothing 
nature of resistance form is unrealistic. Weed and Baez13 

also found a linear relation between the torque required 
to dislodge a casting and taper. This controversy as to 
whether clinical success follows the "all or nothing" 
nature of resistance form, or is linear, remains.IO,l1,18,19 

The goal of this study was to resolve this conflict us
ing the experimental design concept ofWiskott et al.14 

The purpose was to evaluate the number of cycles 
required to dislodge a cemented complete crown casting 
under a cyclic lateral load as a function of taper and to 
compare this relationship for the resistive and nonresis
tive ranges of taper. If there is a linear relationship across 
the resistive/nonresistive boundary (the limiting taper), 
then the concept by Wiskott et al14 of a progressive 
increase is supported. If the graph of cycles-to-failure 
versus taper is not linear as taper is increased across the 
limiting taper boundary, then the theory that clinical 
success or failure follows the all or nothing nature of 
resistance form, and that resistance form provides a 
reasonable theoretical basis for determining minimally 
acceptable taper, is supported. 

MATERIAL AND METHODS 

A pilot study was conducted by the authors to estab
lish the research methodology and develop the equip
ment and recording devices. Three dies were milled 
from stainless steel at each of the following tapers: 4, 8, 
12, 16, 20, 24, 28, and 32 degrees. Each die was milled 
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Fig. 2. Dimensions of stainless steel die. (A) 6.2 mm; (8) 11 
mm; (C) 10 mm; (0) 4 mm; (E) 1 mm. 

with a base of 11 mm and a height of 4 mm to approxi
mate the size of a molar tooth preparation?O Each 
die had a I-mm shoulder margin around the base of the 
die. The opposite ends of the dies were machined to a 
diameter of 6.2 mm. This enabled the dies to be inserted 
into a standard dental polishing lathe with the die end 
facing out (Fig. 2). 

An aluminum jig was fabricated with an II-mm inter
nal diameter (Fig. 3), and crown analogs were made for 
each of the dies by placing the die in the jig and pouring 
a f]owable mix of acrylic resin (GC Pattern Resin; 
GC America, Alsip, Ill) into the tube. After the acrylic 
resin polymerized, it was removed from the tube and 
smoothed with emery cloth prior to removal from the 
die. A notch was made across the die-crown junction to 
orient the crown back on the die for the best possible 
fit. The crowns were removed from the dies, sprued, 
and invested using a phosphate-bonded investment 
(HS Investment; Microstar Dental LLC, Lawrenceville, 
Ga). The crowns were cast in a gold-palladium metal
ceramic alloy (Foundation; Jensen Industries Inc, 
North Haven, Conn). The cast crown analogs were fitted 
to their respective dies by careful adjustment using an in
dicator spray (CheckMate; Whip Mix Corp, Louisville, 
Ky). The crowns were then mounted on a machinist's 
lathe (Dashin Prince Machine Lathe, 13 X 40 951735; 
Jesco Machinery Ltd, Taichung, Taiwan), and holes 
were drilled through to the occlusal intaglio surface. 
These holes were then tapped to a size 10-32 machinist's 
screw. A second hole 2 mm in diameter was then drilled 
perpendicular to the main hole to serve as a ven t for excess 
cement. 

To prepare the die-crown apparatus for testing, a 0.5-
inch 101-32 screw was used to attach a s/16-inch ball 
bearing assembly to the end of the crown. The crown 
was then attached to the die using glass-ionomer cement 
(Ketac Cem Aplicap; 3M ESPE, St. Paul, Minn). The ce
ment capsules were activated and mixed according to the 
manufacturer's directions. A coating was applied to the 
walls of the crowns, and then the dies were seated into 
the crowns with the notches aligned. The die/crown 
specime:ns were then placed into a cementation jig where 
an occlusal load of 4.8 kg was applied for 10 minutes. 
After the cement set, excess cement around the crown 
margins was removed using a sharp lab knife. 
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Fig. 3. Cross section of stainless steel die in aluminum crown 
forming jig. (A) die; (8) machined aluminum base; (C) alumi
num tube machined to 1 1-mm internal diameter; (0) 
machined external alignment tube; (E) acrylic resin pattern. 

The testing apparatus 

An optical disc was attached over the stem of the die
crown complex and inserted into a standard dental pol
ishing lathe (Red Wing; Handler Mfg, Westfield, NJ). A 
machined aluminum housing with a set screw was used 
to attach a 2-kg weight to the ball bearing assembly at
tached to the crown (Fig. 4). The weight was not applied 
to the crown until the test began. Two pairs of infrared 
emitters and detectors were positioned to count the 
revolutions of the optical disc and to detect the failure 
of the crown. The dental lathe and infrared emitters 
were controlled by a computer, which stored informa
tion on each specimen as it was being tested and after 
the crowns failed. When the cement bond between the 
crowns and dies failed, the crowns tell off and the infra
red detector automatically stopped the counter and shut 
off the dental lathe. The counter was programmed to 
count up to 1,000,000 revolutionsH or cycles to failure. 

Each taper was tested 15 times,S times on each of the 
3 dies for each taper. After each test was completed, the 
crown and die were cleaned by a 10-minute ultrasonic 
cleaning in a cement removing solution (Tartar, Light 
Stain, and Permanent Cement Remover; L and R Mfg 
Co, Kearny, NJ). The dies and crowns were then lightly 
airborne-particle abraded using sO-j.Lm aluminum oxide 
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Fig. 4. Experimental apparatus. (A) Dental lathei (B) optical 
disc to detect revolutionsi (C) stainless steel die inserted 
into lathei (0) housing with ball bearing to hold cemented 
crowni (E) infrared sensors to detect revolutionsi (F) infrared 
sensors to detect presence or absence of crowni (G) weight. 

powder (Perblast Micro; Bego, Bremen, Germany), 
rinsed in water, and dried. 

Calculating the resistive height and limiting 
taper boundary 

To compare the nature of the transition as taper is 
increased across the boundary between resistive and 
nonresistive tapers, it was necessary to determine the 
value of the taper at that boundary. The formula for 
the limiting taper of a symmetric straight-walled prepa
ration is given by the following formulaS: 

T = 0.5 X arcsine (2H/B) 

or the equivalent: 

SinlT = (2H/B) 

T refers to the taper or axial inclination of one side, 
whereas the T in the corresponding formula given by 
Shillingburg et al3 (T = arcsine (2rjW) refers to the 
total occlusal convergence (which is twice as large as 
the taper of one side) and explains why the formulae 
differ by a factor of 0.5. 

The height of the metal die was 4 mm. The base from 
margin to margin was 11 mm. With I-mm shoulders on 
each side of the base, the width from the center of rota
tion (the outside of the I-mm margin) to the opposite 
wall of the preparation (the inside of the 1-mm margin) 
was 10 mm. Substituting these values, 

2 x (H/lI) = 2 x (4/10) = 0.8 

and 

T = 0.5 x arcsine (0.8) = 26.6 degrees. 

If the graph of cycles versus taper is linear across this 
boundary (as taper is increased past 26.6 degrees), 
then it supports the concept that clinical success does 
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Table I. Actual and calculated results 

Taper Average cycles to Nonresistive Resistive 
(degrees) failure or end' SD' height (mm) height (mm) 

4 100.00 0 0.70 3.30 
8 100.00 0 1.38 2.62 

12 93.54 16.56 2.03 1.97 
16 61.33 38.47 2.65 1.35 
20 25.73 34.67 3.21 0.79 
24 4.33 7.36 3.72 0.28 
26.6 NA (calculated) NA 4.00 0.00 
28 .06 .08 4.15 -0.15 
32 .05 .09 4.49 -0.49 

'Expressed in units of 10,000. 

not follow the "all-or-none" nature of resistance 
form. If the graph is not linear across this boundary, 
then it supports the concept that resistance form is suf
ficient and necessary to ensure that the taper is adequate 
for clinical success. 

The following formulae derived from those previ
ously described can solve for H, the height of the non
resistive region. 

Sin (2T) = 2H/B 

The nonresistive height H can be solved by: 

H = 0.5 X B x sin (2T), 

and the resistive height is the height of the preparation 
(4 mm) minus the nonresistive height. A linear regres
sion (a=.05) was used to evaluate the relation of cycles 
at dislodgement to taper. 

RESULTS 

The average number of cycles (SD), in units of 
10,000, to crown dislodgement or completion for each 
taper was as follows: 4 degrees, 100 (0); 8 degrees, 
100 (0); 12 degrees, 93.54 (16.56); 16 degrees, 61.33 
(38.47); 20 degrees, 25.73 (34.67); 24 degrees, 4.33 
(7.36); 28 degrees, 0.06 (0.08); and 32 degrees, 0.05 
(0.09). Table I shows the actual and calculated results. 
Figure 5 shows the number of cycles to dislodgement ver
sus taper. Three distinct regions can be seen within the 
graph. In region A, the graph is horizontal and includes 
the range of tapers where the crowns did not dislodge 
but the cyclic force was stopped after 1 million cycles. 

In region B, crowns are dislodged and the number of 
cycles required to dislodge the crowns is decreasing in a 
linear fashion as the taper is increased. For the 4 points in 
this region, linear regression provides a correlation coef
ficient of -0.995 between the average number of cycles 
required to dislodge the crown and the taper. The slope 
was significantly different from zero (P=.0048), with a 
value of -7.58 and a standard error of 0.53. The esti
mated x-axis intercept taper at which the number of 
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Fig. 5. Number of cycles to crown dislodgement is graphed 
as function of taper. Three distinct regions can be seen within 
graph. (A) Graph is horizontal and includes range of tapers 
where crowns did not dislodge but cyclic force was stopped 
after 1 million cycles. (B) Crowns are being dislodged, and 
number of cycles required to dislodge crowns is decreasing 
in lineal- fashion as taper is increased. (C) Vertical line repre
senting limiting taper coincides with boundary between B 
and O. (D) Horizontal line is near zero. Number of cycles 
to failure expressed in units of 10,000 cycles. In B, graph 
has steep negative slope and at limiting taper boundary 
abruptly flattens into horizontal line near zero. Linear relation 
in B does not continue across boundary between resistive and 
nonresi5.tive tapers. 

cycles to dislodgement is zero (the crown does not stay 
on at all) is 24.1 degrees. 

Section C of the graph shows a horizontal line near 
zero. For ease of expression and interpretation, the mea
sured number of cycles to failure that ranged from zero 
to 1 million was expressed on the graph in units of 
10,000 cycles. The average number of cycles to dis
lodgement (units of 10,000 cycles) for the 2 points in 
this section is 0.0569, or 569 cycles. Note that the ver
tical line representing the limiting taper coincides with 
the boundary between sections B and C. In section B, 
the graph has a steep negative slope and flattens abruptly 
at the limiting taper boundary into a horizontal line near 
zero. It is not possible for the linear relation seen in sec
tion B to continue across the x axis since negative cycles 
are not possible. 

Graphing the cycles to failure as a function of the per
centage of the height that is resistive (Fig. 6) illustrates 
that the number of cycles required to dislodge crowns 
with no resistance form (percent less than zero) is nearly 
zero. The slope changes abruptly as the preparation be
comes resistive, and the number of cycles required for 
dislodgement increases rapidly with the increase in the 
percent of the height that is resistive. 

DISCUSSION 

The testing apparatus for this experiment was fabri
cated considering the cyclic load design developed by 
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Fig. 6. Number of cycles to crown dislodgement is graphed 
as function of resistive height expressed as percentage of total 
height (4 mm). In nonresistive region (percent resistive height 
less than 0), number of cycles required to dislodge crowns is 
nearly zero. Slope changes abruptly as preparation becomes 
resistive, and number of cycles required for dislodgement in
creases in linear fashion as percent resistive height increases. 
Limiting taper in Figure 5 corresponds to a value on x axis 
where percent resistive area is zero. 

Wiskott et all4 to evaluate failure by fatigue. The depen
dent variable that Wiskott et al14 measured was the force 
required to cause half the specimens to fail after a million 
cycles. However, if the taper is such that none of the 
specimens can last a million cycles even with a load of 
zero, the variable may be considered unacceptable, as 
it is unable to provide a measurement. For this study 
the dependent variable was the number of cycles re
quired to cause fatigue of the cement and dislodgement 
of the crown under a constant load. 

Based on this study, the linear nature of the graph 
changes abruptly as taper is increased across the bound
ary between resistive and nonresistive tapers. The effect 
of taper is not progressive across this boundary as pro
posed by Wiskott et al. 14 The limiting taper is at the 
boundary between sections B and C on the graph 
(Fig. 5), so the assertion by Wiskott et al14 that no 
distinct limiting taper can be assessed experimentally is 
incorrect. The limiting taper predicted the boundary 
between section B and C in Figure 5. Insofar as the 
experimental design can be assumed to mimic clinical 
reality, it is seen that values of cycles to failure for tapers 
larger than the limiting taper are near zero, and for ta
pers less than the limiting taper increase rapidly; clinical 
success or failure following the "all or none" nature of 
resistance form is realistic based on these results. 

Wiskott et al14 drew a distinction between the limit
ing taper concept and the "more refined" approach of 
Hegdahl and Silness.7 He correctly noted that from their 
diagram, as taper is increased, the cement area under com
pression tends to approach zero, and this effect is progress
ive as taper is increased up to the limiting taper. It is across 
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this limiting taper boundary that as taper is increased resis
tance form is lost, the relationship is no longer linear, and 
cement no longer has a compressive zone but only the 
weaker tensile forces. Thus, resistance form is a reasonable 
basis for determining minimally acceptable preparation 
taper. Preparations that have resistance form provide 
zones of cement compression, whereas those lacking resis
tance form have only shear and tensile zones, which are 
much weaker than compressive strengths. The concept 
of clinical success reflecting the "all or none" nature of 
resistance form is in agreement and supported by the 
concepts presented by Hegdahl and Silness? 

Although the cyclic load testing apparatus may mimic 
the cyclic intraoral forces that result in failures after 
crowns have been in service for periods of time, the 
force-ta··failure evaluation used by Weed and Baezl3 
produced similar results. The authors evaluated the load 
required to force cemented castings from metal dies. 
The results indicated a linear graph similar to the B por
tion of Figure 6, and to the linear results obtained by 

Wiskott et al. 14 Although failure may involve a differ
ent mechanism, the results predict that if the experi
mental testing system of Wiskott et al14 is applied to 
tapers that increase past the limiting taper, a nonlinear 
result will be seen. Both cyclic and noncyclic loading 
tests are expected to produce similar results, warrant
ing future study. 

An explanation for why both Wiskott et al14 and Weed 
and Baez13 found only a linear relationship is that their 
range of taper did not increase across the boundary be
tween re:;istive and nonresistive preparations. The tapers 
were not increased past the limiting taper value. In clin
ical situations with uneven marginal ridges and rounded 
surfaces of 2-plane preparations, it is easier to lose resis
tance form than with symmetrically machined, perfectly 
flat-planed metal dies.8,19 Although it may seem unreal
istic ta increase the tapers to the values required, clinical 
preparations certainly result in many nonresistive prep
arations, and to study this population, tapers must be 
increased past the limiting taper. 

There are a myriad of factors that contribute to the suc
cess or failure of fixed dental prostheses. While they start 
with the preparation of teeth, the simple goal of this study, 
there are also the factors of modified preparation tech
niques, such as grooves, impression techniques, laboratory 
techniques, prosthesis materials, cementation techniques, 
and luting agents, which deserve additional study. 

CONCLUSIONS 

Within the limitations of this study, the following 
conclusions were drawn: 

1. The number of cycles required to cause crown dis
lodgement was nearly zero for preparations lacking 
resistance form and increased rapidly with increasing 
resistive height. 
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2. The graph was not linear across the resistive/nonre
sistive boundary, but was linear on the resistive side 
up ta the stopping point of 1,000,000 cycles. 

3. The limiting taper predicted the transition point in 
the graph. 

4. Using resistance form as a guideline for minimally 
acceptable preparation taper is reasonable. 
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