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Adequately Prepared? A Study 
Using an Innovative Computer 
Application to Measure 
Clinical Crown Convergence 
Angles Achieved by Students 
at a UK Dental School

ABSTRACT
This study examined the total occlusal convergence angles created for full coverage crown 

preparations by students at a UK dental school. Working casts of 82 clinical crown prepara-
tions were scanned using a 3D scanner. Stereolithographic files were uploaded to Preppr, a 
crown preparation analysis application. Mean bucco-lingual convergence angle were 19.6° 
(+/-11.7) and mesial-distally 17.8° (+/-11.1). Smallest bucco-lingual convergence angles were 
achieved for canine teeth with the largest on molar teeth. The smallest mesio-distal values 
were on canine teeth with the largest on molar teeth. Ideal total convergence angles (4-14°) 
were achieved in 23% of bucco-lingual preparations and 33% of mesio-distal preparation. Re-
sults for clinically acceptable angles (10-20°) were 30% and 40% respectively. There were 
no statistically significant differences between tooth types for mean bucco-lingual values. 
(p=0.623), mesio-distal mean values were statistically different by tooth type (p=0.003). 
Mean values for mandibular molars were significantly higher than for maxillary incisors 
(p=0.001) and mandibular molars had significantly higher values than maxillary canines 
(p=0.045). Results in this study were comparable to those of other students and qualified 
clinicians, with a minority of preparation achieving ideal values.

INTRODUCTION
The effects of different total occlusal convergence angles (TOC) or tapers on 

the clinical success of full coverage crowns have been extensively investigated 
both in vivo and in vitro. The angle formed by the opposing walls of a crown 
preparation when viewed in a given plane forms the total convergence angle.1 
The majority of research examining TOC has been laboratory based with a 
paucity of research examining the convergence angles achieved by clinicians 
intra-orally.2,3 When assessing TOC, two key concepts must be considered, re-
tention and resistance form. Retention is the ability of a crown to resist forces 
acting to dislodge it along its path of insertion, resistance is the ability of the 
crown to resist forces acting to dislodge it in a direction other than the path of 
insertion.1 Jorgensen found an inverse relationship between TOC angles and 
retention,4 TOC has also been shown to be a key determinant of the resistance 
form of an abutment.5 The greater the TOC of a crown preparation, the lower 
the forces needed to dislodge the restoration.6
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Shillingburg7 recommends a taper of 2° to 7° for each axial 
wall, giving an ideal TOC angle of 4° to 14°, Tylman8 stated that 
4° to 10° was ideal. Goodacre et al.9 state that TOC angles of 
10-20° are clinically acceptable with other papers in the litera-
ture in agreement.5,10-14 These recommendations must be bal-
anced against the findings of Mack,10 that a minimum TOC of 
12° was needed to be visually certain of avoiding undercuts. 

The undergraduate Bachelor of Dental Surgery (BDS) degree 
at the University of Aberdeen Dental School (ADS) is a 4-year 
graduate entry programme with students holding a first de-
gree in a subject related to healthcare or biological sciences. 
Students holding an undergraduate degree before starting 
their dental studies is the norm in some countries but is unu-
sual within the UK.

This study was a retrospective assessment of TOC angles 
achieved by undergraduate students preparing full coverage 
crowns on patients in a clinical environment. All the scanned 
models within this study had been assessed by a clinical su-
pervisor and deemed suitable for crown fabrication prior to 
the restoration being placed. 

This paper utilized a computer application called Preppr 
which was developed at the University of Otago, New Zealand 
for the measurement of crown preparations as part of a study 
on the use of technology in dental teaching. The software has 
been used in a number of studies,15-18 to analyse crown prep-
arations but has not been used in the UK before. Although 
designed as a tool for teaching, the application can be used 
in any clinical environment where scanners are available and 
which are able to produce an STL file. 

Studying the TOC angles produced by students served a 
number of purposes. It provided feedback on teaching out-
comes and quality assurance for the programme. The study 
also allowed for comparison with students at other dental 
schools and the results achieved by qualified clinicians. The 
clinical success of a crown is influenced by the quality of the 
preparation; therefore, it is important to know the adequacy 
of crown preparations made by students. Whilst there are a 
number of requirements for a clinically adequate crown prep-
aration, the total convergence angle provides a good indicator 
of the manual skills of the clinician. 

Materials and methods
This study examined 82 full coverage crown preparations 

made in a clinical setting during the academic year 2014/2015. 
Preparations were carried out by a total of 59 3rd, 4th and 5th 
year students. This represented all the crown preparations 
carried out during this period and reduced the risk of selec-
tion bias. 

Impressions were taken in Vinyl Polysiloxane (VPS) (Coletene 
Affinis). VPS impression materials have been shown to have 
greater dimensional stability than other elastomeric impres-
sion materials at 1, 6 and 24 hours after the impression has 

been made.19 At Aberdeen, students are required to cast their 
impression on the day it is made. A type 4 dental stone (Fuji 
Rock EP) was used to create the working cast. This stone has 
a low expansion rate, less than 0.08% on setting.20 Working 
casts are then stored in a designated area away from any 
sources of moisture that may affect the dimensional stability 
of the working cast. The dental laboratory at ADS works on a 
two-week production cycle. Working casts of crowns included 
in the study were collected after completion of the treatment 
and scanned on a weekly basis. 

To assess the TOC of the crown preparation, a code number 
was assigned to each working cast to blind the assessor to the 
student who made the preparation. Casts were then scanned 
in a desktop 3D scanner (Amann Girrbach Ceramil Map300). 
The scanner was a 4 axis, blue strip light scanner with an ac-
curacy of less than 20 micrometres.21 The software created a 
stereolithographic (STL) file which was exported to Preppr for 
assessment of the TOC. 

Figure 1 shows the output from the application. 3D crown 
models can be rotated until perpendicular planes in the me-
sio-distal [MD] and bucco-lingual [BL] are in the desired po-
sition for measurement. Preppr then sectioned the 3D scan 
in the MD and BL planes to create cross sectional outlines. 
The researcher placed measurement circles on the finish 
lines, the cervical portion and occlusal aspects of the prepa-
ration. Preppr uses a Bezier polynomial equation to isolate 
fixed points within the measurement circles and then calcu-
lates the angles between the points to generate the measure-
ment for the TOC.22 Measurement data were then recorded in 
a spreadsheet. The co-ordinates used for measurement were 
recorded by the software to allow for reproducibility. Tiu et 
al.15,17 describe, in more detail, the processes used when cal-
culating preparation parameters and the underlying design of 
the application.

Samples were grouped by tooth type and by arch, maxillary 
or mandibular. Data were entered into a statistical analysis 
programme (SPSS V.24). Descriptive statistics were used to de-
termine mean total convergence angles for the bucco-lingual 
[BL] and mesio-distal [MD] planes with the range, standard de-
viation and 95% confidence interval for each tooth type. 

Inspection of boxplots revealed the data to be normally dis-
tributed as assessed by Shapiro-Wilk’s test (p > 0.05) with no 
outliers. There was equality of variance using Levene’s test 
for equality of variance (BL p = .192, MD p = .220). One-way 
ANOVA with Tukey’s post hoc analysis was used to test for dif-
ferences in mean TOC angles between tooth types. 

Results
There were 82 clinical crown preparations within the study. 

The sample consisted of 29 premolars, 28 molars, 20 incisors 
and 5 canine tooth preparations. Table 1 shows the mean, 
standard deviation, range, and 95% confidence interval for all 
82 preparations with data given by tooth type and arch.
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Incisor, canine and premolar preparations had mean values 
for both BL and MD planes that were within a clinically ac-
ceptable range of 10-20°. Only the MD convergence angles of 
incisors and canines were within the ideal range of 4-14° as 
described in the literature.7,8 Within this sample, the percent-
age of preparations within this ideal range was 23% for BL and 
33% for the MD plane. The percentage of preparations with 
a clinically acceptable TOC was 30% for BL and 40% for MD 
convergence angles. 

The tooth type with the smallest mean MD total convergence 
angle was the canine (9.7° +/-11) and that with the largest was 
the molar preparation (23.5° +/-12.1). The smallest mean BL 
total convergence angles were found on canines (15.9°+/- 6.6) 
with the largest mean BL values found on molar teeth (21.3° 
+/-12.1).  Bucco-lingual mean total convergence angles were 
higher for incisors and canines with mesio-distal TOC being 
higher for premolars and molars. Molar preparations had the 
highest mean values with both BL and MD being greater than 
20°. 

All preparations showed a large range due to the presence 
of some undercuts and over tapered preparations. Within the 
sample, 15% (n=12) of preparations were found to have un-
dercuts but this had not prevented crowns from being fab-
ricated and placed. Premolars (n=7) were the most undercut 

tooth type. Table 2 gives details on these specimens. Values for 
undercuts ranged from -2.4° to -4.6° BL and -0.5° to -8.8°MD.

For premolars and molars, mandibular mean total conver-
gence angles in both BL and MD planes were higher than max-
illary values. For canines, the MD TOC was higher for mandib-
ular preparations and the BL higher on the maxillary. There 
were no mandibular incisor preparations within the study. 
Mandibular premolar and molar preparations had the highest 
mean total convergence angles. The BL plane for mandibular 
premolars had the highest mean value within the study with 
39.5° (+/-14.3), mandibular molars had the second highest 
with 25.6° (+/-11.9) in the MD plane. The lowest mean values 
were for the MD aspects of maxillary canines (6.2° +/-5.6) and 
maxillary incisors (11.6° +/-6.8).

Mesio-distal mean TOC angles were statistically different for 
the different tooth types, [F(6,75) = 3.759, p=0.003]. Mean MD 
TOC angles for mandibular molars were significantly higher 
than for maxillary incisors (p=0.001) and mandibular molars 
had a significantly higher MD TOC than maxillary canines 
(p = .045). There were no statistically significant differences 
between tooth types for mean bucco-lingual TOC angles. 
[F(6,75)=0.735, p=0.623].

Figures: 

 

Figure 1: Preppr data output screen with TOC values given in the BL (12.2o) and MD planes 

(14.6o). 

 

Figure 1: Preppr data output screen with TOC values given in the BL (12.2°) and MD planes (14.6°).

p34

© 
De

nn
is 

Ba
rb

er
 L

td



ejprd.org - Published by Dennis Barber Journals.		  Copyright ©2019 by Dennis  Barber Ltd. All rights reserved. 

European Journal of Prosthodontics and Restorative Dentistry (2019) 27,  32–38

• • • • • • • • • • • • • • • • • • • • • • Adequately Prepared? A Study Using a Novel Computer Application... • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •EJPRD

Table 1. Mean TOC, range, standard deviation and 95% confidence interval by tooth type and arch.

  PLANE MEAN SD RANGE 95% C/I [+/-]

ALL TEETH [N = 82] BL 19.6 11.7 51.6 2.6

  MD 17.8 11.1 58.2 2.4

Maxillary [N = 48] BL 19.5 9.7 46.2 2.8

  MD 14.8 9.5 52.8 2.8

Mandibular [N = 34] BL 19.6 14.0 51.6 4.9

  MD 22.0 11.8 52.6 4.1

INCISORS [N = 20] BL 20.1 9.2 36.6 4.3

  MD 11.6 6.8 28.3 3.2

Maxillary [N = 20] BL 20.1 9.2 36.6 4.3

  MD 11.6 6.8 28.3 3.2

Mandibular [N = 0] BL - - - -

  MD - - - -

CANINES [N = 5] BL 15.9 6.6 15.2 8.3

  MD 9.7 11.0 31.2 13.7

Maxillary [N = 3] BL 17.6 6.7 14.7 16.7

  MD 6.2 5.6 31.2 13.9

Mandibular [N = 2] BL 13.2 5.6 11.2 50.3

  MD 14.9 3.7 7.4 33.2

PREMOLARS [N = 29] BL 18.1 13.0 45.0 4.9

  MD 17.9 9.2 42.2 3.5

Maxillary [N = 15] BL 20.4 11.1 44.9 6.2

  MD 17.5 7.6 29.3 4.2

Mandibular [N = 14] BL 39.5 14.3 44.1 8.3

  MD 18.4 10.7 42.2 6.2

MOLARS [N = 28] BL 21.3 12.1 49.4 4.7

  MD 23.5 12.1 49.8 4.7

Maxillary [N = 10] BL 17.6 8.6 27.7 6.2

  MD 19.8 11.4 44.4 8.1

Mandibular [N = 18] BL 23.4 13.3 49.4 6.6

  MD 25.6 11.9 44.7 5.9
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Discussion
This retrospective study examined the clinical total conver-

gence angles achieved by dental students. There is evidence in 
the literature that students produce lower values of taper during 
clinical competency examinations (when they know they are be-
ing observed) than those prepared clinically.23-25 By carrying out a 
retrospective study, this effect was avoided and a more accurate 
indication gained of the total convergence angles prepared.

Achieving adequate retention and resistance form requires a 
complex recipe. This paper has focused on one specific ingredi-
ent and should not be seen as undermining the importance of 
other aspects of crown preparation such as abutment height. The 
effect of abutment height has been discussed in the literature 

with multiple studies6,26,27 discussing the relationship between 
abutment height and TOC. Yoon et al.28 demonstrated that the 
increased abutment height of central incisor teeth allowed for ta-
per angles greater than would be unacceptable in shorter abut-
ments. Additionally, the increased height to base ratio allowed 
for an increase in taper angles. Woolsey and Matich26 found that 
a 3 mm occlusion-cervical height gave adequate resistance at a 
10° but inadequate resistance at 20°.

This study, along with a number of other studies,3,9-11,29,30 dem-
onstrates that achieving ideal TOC is clinically difficult even for 
qualified dentists and restorative / fixed prosthodontic special-
ists. In the present study, 23% of BL and 33% of MD preparations 
were found to have ideal total convergence angles with 30% of 
BL and 40% of MD preparations having clinically acceptable val-
ues. This study of student clinical crown preparations found that 
depending on tooth type between 9% and 35% of the BL surfaces 
of preparations were in the ideal range with 6.4% to 31.3% of the 
MD preparation surfaces in the ideal range. The percentage of 
preparations with TOC angles in the clinically acceptable range is 
0.85% to 43% for the BL aspect and 3% to 43% for the MD aspect. 
Table 3 compared results from the present study with those of 
other dental students. The percentage of preparations with ideal 
and acceptable total convergence angles in the present study 
was comparable to those achieved by dental students at other 
institutions within the UK and globally.14,25,29,31-35

It is useful to compare the results achieved by dental students 
with those of qualified dentists as, in the UK, dental students 
are able to practise independently immediately on graduation. 

Table 2. Undercuts by tooth type and plane.

Undercut by tooth 
type & plane

BL MD

Incisor [N = 2] - 2

Canine [N = 1] - 1

Premolar [N = 7] 5 2

Molar [N = 2] 1 1

Table 3. Mean convergence angles within ideal and clinically acceptable ranges 

Study

% of preparations within 
ideal range 4-14

% within acceptable 
range 10-20

BL MD BL MD

University of Aberdeen 23 33 30 40

Noonan & Goldfogel24 - - 19.5 13.2

Al-Omari et al25 9 16 24 34

Patel et al22 - - 13 - 43 3 to 43

Rafeek et al26 - - 20 24

Rafeek et al15 20-35 20-30 - -

Aleisa et al27 - - 38.6 26.5

Sato et al12 12.7 - 16.3 6.4 - 31.3 - -

El - Mubarak et al28 - - 0.85 8.5

- Data not given or unable to be computed        
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Patel et al.29 found that clinical staff and general dentists produced 
mean TOC of 14 to 17°, Nordlander et al.36 showed that general 
dentists and specialists produced TOC angles of around 19 to 20°: 
other studies within the literature reveal qualified dentists and 
specialists produce mean total convergence angles ranging from 
15 to 25°.12,14,37-39 Seen within this context the mean values, 19.6° 
+/-11.7 BL and 17.8° +/-11.1 MD found within this study were 
comparable with values achieved by other dental students and 
qualified dentists. 

Mean TOC for incisors, canines and premolars were higher buc-
co-lingually than mesio-distally, for molar teeth the opposite was 
found. This finding has previously been reported in the literature.17 
Maxillary incisors and canines had their largest total convergence 
angles in the BL plane. The short palatal wall of maxillary anterior 
teeth is easily over tapered and clinicians can also fail to respect 
the two-plane nature of the labial reduction which can also con-
tribute to increased tapers, this may be especially prevalent with 
inexperienced clinicians. Multiple studies of student crown prepa-
rations have found the BL plane of maxillary anterior teeth to have 
higher total convergence angles than the MD plane.25,35 

Posterior tooth preparations teeth tend to have larger TOC an-
gles relative to anterior teeth. There is a number of factors that 
contribute to this; the increased difficulty of accessing the distal 
aspect of posterior teeth, the reduced occluso-cervical height of 
molar abutments and the mesial inclination of these teeth.9,12,30,36 
Mandibular teeth have been found to be more likely to have an 
increased TOC compared with maxillary teeth,5, 38 with mandibular 
molars being found to have the highest TOC of any tooth.8 Within 
the present study, mandibular premolars had the highest BL TOC 
and mandibular molars had the highest MD TOC.

Within this study, 15% of preparations were found to have un-
dercuts. Studies by Tiu et al.16,17 examining crown preparations of 
New Zealand dental students found up to 9% of specimens were 
undercut. A systematic review2 of student clinical crown TOC an-
gles found that of 12 published studies11,13,14,25,29,31-35,40,41 on student 
clinical crown preparations, only one paper.33 discussed samples 
with undercuts and these were removed from the results. Rafeek 
et al.33 found that 12% of the dies available for their study con-
tained an undercut. The remaining papers did not discuss un-
dercut and are potentially at risk of selection bias. Future studies 
should state clearly if preparations with undercuts were removed 
from the sample or included. 

If a clinician was to prepare a tooth with a greater than ideal 
TOC, the use of adhesive cements can to a certain extent amelio-
rate this. Zidan et al.42 and El-Mowfy et al.43 found that the use of 
adhesive cements provided similar retention and resistance val-
ues for crown preparations with large TOC angles when compared 
to preparations with much lower TOC angles and cemented with 
a traditional luting cement. Despite the fact that modern adhe-
sives allow for preparations with increased convergence angles, 
there are still sound biological and mechanical reasons for lim-
iting crown TOC. Crowns experience repetitive dynamic loading 
during mastication and parafunction which results in compres-
sive, tensile and shear forces being applied to the prosthesis and 
the cement.44 By limiting TOC, clinicians not only preserve tooth 
structure and reduce stress to the pulp but also limit the forces 

and loading being transmitted to the luting material.45 In vitro 
studies have shown that increasing TOC reduces the retention of a 
cemented crown.4,42,46 Clinicians should therefore aim to produce 
small convergence angles in order to reduce the biological cost 
to the tooth and limit the stress placed on the cement substrate. 

This study has made use of an innovative computer application 
that provided a simple and quick means to measure TOC meas-
urement and which allowed for reproducibility of measurements. 
The increasing use of digital technology within dentistry, will make 
future studies easier to conduct as data collection becomes a rou-
tine part of digital workflows. Utilising this data, future research 
may be able to relate prepared TOC angles to the long term clini-
cal success of fixed prosthetics. This will allow for meta-analysis 
of data and realistic recommendations for crown convergence 
angles. 

Conclusion
This study examined the clinical total convergence angles pro-

duced by students at the University of Dental School by using 
an innovative crown preparation computer application that had 
not previously been used in the UK. Crown preparation TOC an-
gles were comparable with those produced by dental students 
at other institutions and to qualified clinicians. This paper found 
that for students and qualified clinicians, achieving ideal total 
convergence angles is clinically challenging with only a minority 
of preparations achieving ideal total occlusal convergence angles. 
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