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Purpose: To evaluate and compare the occlusal fit of zirconia crowns designed using a digital articulator
method and the traditional method in a self-controlled clinical trial. Materials and Methods: Two zirconia
crowns each were prepared for 12 patients with a single posterior tooth defect using two different methods:
a digital articulator method and the traditional method. In the traditional method, casts were scanned using
a model scanner, and the relative positions of the maxillary and mandibular arches were determined by the
intercuspal occlusion of the casts. In the digital articulator method, casts were mounted on a mechanical
articulator and scanned, and the relative positions were determined by their respective positions in the
articulator. Additional dynamic occlusal adjustments of the digital articulator crowns were performed. Both
groups of zirconia crowns were milled in a five-axis milling machine. The time required for occlusal adjustments,
the occlusal contacts, the occlusal contact distributions, the number of occlusal contacts, the relative occlusal
forces, and patient satisfaction (visual analog scale score) were evaluated. Wilcoxon test, McNemar test,
and paired t test were used to compare the parameters between the two methods. Results: The occlusal
adjustment times for the digital articulator and traditional method crowns were 327 + 226 seconds and 395 +
338 seconds, respectively (P> .05). There were no significant differences in occlusal contacts, occlusal contact
distributions, number of occlusal contacts, relative occlusal forces, or VAS scores between the two methods
(P > .05). Conclusion: A digital articulator method for single-crown restoration was applied successfully.
Crowns fabricated using a digital articulator or the traditional method can achieve acceptable occlusal fit for
single-crown restorations. Int J Prosthodont 2021,34:13-20. doi: 10.11607/ijp.6570

estoration of an occlusion is an important issue in restorative dentistry."2 Improper
occlusal treatment may lead to occlusal trauma, interferences, and various other
problems. Occlusion has a close relationship with the dental tissues, the tem-
poromandibular joints, and the masticatory muscles.3* Nowadays, through intraoral
or model scanning and digital designing and manufacturing, different types of precise
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restorations can be fabricated.> However, during the process of digital designing, the
software traditionally removes only the occlusal parts that produce static interferences
with antagonist teeth and do not analyze dynamic occlusion.® Additionally, only a
customized occlusal plane and mean-value articulator can be used to identify and
adjust lateral interferences.”® These limitations lead to requirements of more time
and effort during clinical adjustments of the restorations.?

The mechanical articulator is a commonly used auxiliary device in prosthesis de-
sign and fabrication.® With the application of CAD/CAM technology in dentistry,
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Fig 1 Condylar parameters of mandibular movements measured by the ARCUSdigma sys-

tem. The bite fork used is also used for mounting casts, and the value of the horizontal
condylar slope and the Bennett angle are set for the digital articulator in the CAD software.

Fig 2 Mounting of the maxillary and mandibular casts using the recorded values on the
articulator (PROTARevo 7).

researchers began to explore methods for updating mechanical articulators
with computer software and established various initial virtual articulator sys-
tems."='3 The digitalized mechanical articulator was called the “digital articu-
lator” or the “mathematically simulated articulator.”'3 The digital articulator
is a direct tool that guides occlusal adjustment and has multiple advantages
over the mechanical articulator.* When the digital articulator is combined
with dental computer-aided design (CAD) software, both static and dynamic
occlusion can be taken into consideration, which can significantly improve
the quality of the clinical prosthesis and address the difficulties associated
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with occlusal adjustments in compli-
cated cases.'>1°

Considerable research has been
performed to find better ways of us-
ing a virtual articulator and enhanc
ing its accuracy.'”-22 The mechanism
of operation of the digital articula-
tor is relatively complex and highly
dependent on software and hard-
ware; therefore, few studies have
evaluated the accuracy of digital
articulators, especially those with
fully adjustable parameters, in clini-
cal restorations. The objective of this
study was to assess the occlusal ac-
curacy of crowns designed using a
digital articulator and to compare it
to crowns fabricated using the tra-
ditional method. The null hypothesis
was that the occlusion of complete
crowns fabricated with the digital
articulator method compared to
the traditional method would have
no differences in occlusal fit, mani-
festing as no differences in occlusal
adjustment time, occlusal contacts,
relative occlusal force (ROF), or pa-
tients’ subjective evaluations.

MATERIALS AND METHODS

Study Participants

This study was registered with the
Chinese Clinical Trial Registry and
the World Health Organization
(ChiCTR-INR-16008559). Ethics
committee approval was obtained
from the Peking University School of
Stomatology Biomedical Institutional
Review Board PKUSSIRB-201523086).
This study was conducted in
accordance with the tenets of the
Declaration of Helsinki and the
Good Clinical Practice guidelines.
Informed consent was provided by
each participant.

The sample size calculation was
based on the number of patients
required to demonstrate a 120-sec
ond difference in mean occlusal
adjustment time between the two
methods using paired-sample t test.
Based on a significance level of .05,
a power of 80%, and an SD of 132
seconds for occlusal adjustment
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time,23 the sample size was calculated to be a total of
12 for both methods.

The inclusion criteria were as follows: patients (1) aged
between 18 and 60 years of age; (2) requiring a com-
plete crown restoration on a single tooth; (3) with no
clinical symptoms (eg, sensitive percussion, peripyema,
pain, etc); (4) with adequate root canal treatment; and
(5) with good oral hygiene.

The exclusion criteria were as follows: patients (7) ex-
hibiting bruxism, clenching, or grinding; (2) with acute or
chronic temporomandibular joint disorders; (3) with sen-
sory and/or mental abnormalities; (4) who were pregnant
or lactating; (5) with other factors that could potentially
affect the restorations (such as severe cardiocerebral
vascular diseases, coagulation abnormalities, etc); and
(6) in whom the opposite tooth had been restored with
an implant-supported crown or partial denture.

Tooth Preparation

For each patient, the selected tooth was prepared for a
monolithic zirconia crown by preparing a 1.0-mm per-
pendicular chamfer with a rounded interior line angle,
an occlusal reduction of 1.0 to 1.5 mm, and a 6- to
10-degree convergence angle. The height of the pre-
pared tooth was verified to be no less than 2 mm, and
the preparation finish line was placed above the gingival
level.2* Impressions of the maxillary and mandibular
arches were made with silicon impression material (Vari-
otime Monophase/Light Flow, Heraeus Kulzer) and were
poured in type 4 dental stone (Pemaco). All clinical pro-
cedures were performed by the same dentist specialized
in prosthodontics (R.Z.).

Model Scanning and CAD

For each patient, the maxillary and mandibular casts
were scanned with a model scanner (D2000, 3Shape),
and the crowns were designed using two different meth-
ods: a digital articulator and the traditional method.

While using a digital articulator, the ARCUSdigma
system (KaVo) was used to measure and reproduce jaw
movements (Fig 1). Condylar parameters, including the
right and left horizontal condylar guidance, curved Ben-
nett angles, and Bennett shift angles, were measured.
The maxillary and mandibular casts were mounted using
the recorded parameters on a mechanical articulator
(PROTARevo 7, KaVo; Fig 2).

In order to calibrate the digital articulator with the me-
chanical articulator, a calibration process was performed
according to the manufacturer’s instructions. Occlusal
transfer calibration objects (3Shape) were attached with
type 2 low-expansion stone (ZERO arti, Dentona) to the
mounting plates of the mechanical articulator (Fig 3), and
the mountings were transferred to the model scanner
(D2000) using the transfer plates for PROTARevo. The
calibration process was automatically completed by the

Zhang et al

Fig 3 Mounting of the 3Shape occlusal transfer calibration object
on the articulator.

Fig 4 Digital casts mounted on the digital articulator in the
corresponding positions calibrated from the mechanical articulator.

software. Following the manufacturer’s suggestions,
the scanning of the maxillary and mandibular casts fixed
on the transfer plates was completed with a specialized
scanning process for the digital articulator. The relative
positions of the digital casts in the digital articulator
were determined by automatic calculation (Fig 4). An
appropriate tooth element was selected from the library
and was shaped to be in harmony with the remaining
dentition. The cement space was set to 60 pym at the
axial and occlusal surfaces and 20 pm at the margins.2®
Proximal contacts were adjusted to adjacent teeth, and
the intercuspal occlusion (ICO) was adjusted to fit with
the antagonist teeth to O um. After a preliminary design
was obtained, the digital articulator was used. The values
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Fig 5 The traditional method achieved occlusion by scanning the buccal side of the maxillary and mandibular casts. (a) Digital scanning of
the buccal side. (b) The occlusal relation of the maxillary and mandibular arches after superimposition.

of condylar guidance from the mechanical articulator
were entered into the software, and mandibular move-
ments, including protrusive and lateral movements, were
simulated for dynamic occlusal adjustments. Any inter-
ference on the crown was adjusted, and the surface of
the crown was finished and smoothed.

In the traditional method, the maxillary and mandibular
casts were transferred to the model scanner with simple
fixation on the platform. The casts were scanned
separately according to the manufacturer’s suggestions.
Next, the maxillary and mandibular casts were placed in
maximum intercuspation (ICP) and were affixed with wax
from the lingual side. The relative occlusal positions were
obtained by scanning the buccal sides of the positioned
casts (Fig 5). An appropriate tooth element was selected
from the library and was shaped to be in harmony with
the remaining dentition. Proximal contacts were adjusted
to adjacent teeth, the ICO was adjusted automatically to
fit with the antagonist teeth to 0 uym, and the surface
of the crown was finished and smoothed.

The data of the two crowns were exported into stan-
dard tessellation language (STL) format and were sent
to a five-axis milling machine (Zenotec select hybrid,
Wieland Dental). Intrinsically colored monolithic zirconia
blocks (Zenostar, Wieland Dental) were milled and sin-
tered according to the manufacturer’s recommendations.

Crown Evaluations

During the clinical try-in, the patients and the dentist
were blinded to the design methods used to fabricate
the two crowns. The two crowns for each patient were
randomly labeled by a third person (Y.S.) in advance.
After proximal and internal fitting, the occlusal fit of each
zirconia crown was evaluated using articulating paper,
and patient feedback was obtained. Occlusal adjustment
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was completed with a diamond bur, and the adjustment
time was recorded.
Articulating paper examination

The ICO and lateral interferences in functional move-
ments were checked and recorded to guide occlusal
adjustments. Identification of occlusal contacts in the
maximum ICP was performed via a two-phase method
using both 100-pm and 12-pm articulating papers (BK-
51 Blue and Arti-Fol BK-25 Red, Bausch). Clinical photo-
graphs were taken immediately, and lateral interferences
were identified during functional movements using two
colors of the 100-um articulating paper (BK-51 Blue and
BK-52 Red, Bausch). After randomization and numbering
of the clinical photographs of all patients, two senior
professional prosthodontists who were blinded to the
grouping and processes of the study made separate
evaluations. The occlusal contacts (OC), occlusal con-
tact distributions (OD) (Table 1), and number of occlusal
contacts (NC) were determined based on the modified
criteria of the FDI World Dental Federation,?® and inter-
rater agreement was assessed using weighted o statistics
(linear weights). If there was a high degree of consistency
among the evaluators, the evaluation results of either
rater were selected for analysis; otherwise, the evaluation
results of both evaluators were analyzed separately. The
OC and OD scores of the digital articulator crowns be-
fore occlusal adjustment (VA[B]), the traditional method
crowns before occlusal adjustment (LB[B]), the digital
articulator crowns after occlusal adjustment (VA[A]), and
the traditional method crowns after occlusal adjustment
(LB[A]) were recorded.

T-Scan and Electromyography Examinations
After occlusal adjustments of the two groups of crowns,
T-Scan (T-Scan lll, Tekscan) and electromyography (EMG)
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Table 1 Evaluation Criteria for Occlusal Contacts and Occlusal Contact Distribution in Intercuspal Occlusion

Score

Occlusal contacts

Occlusal contact distribution

4 (excellent)

3 (good)

Occlusal contact points on the crown and adjacent
teeth; equally strong contacts (both 100-pym and 12-
um articulating paper imprints exist on the crown and
adjacent teeth); no supra- or infraocclusion.

Occlusal contact points on the crown and adjacent
teeth; unequal strong contacts (only 100-um

articulating paper imprints exist on the adjacent teeth).

Good occlusal contact distribution. Occlusal contacts
between supporting cusps and opposing fossa or ridge.

Individual occlusal contact points missing or deviated,;
occlusal contacts on the principal supporting cusp;
crown is functional.

Contact points only on the crown
(crown too high = supraocclusion).

2 (satisfactory)

No occlusal contact points on the crown
(infraocclusion).

1 (unsatisfactory)

No occlusal contacts on supporting cusps; contacts
present on other parts of the occlusal surface.

No occlusal contacts or the distribution is detrimental
to the stability of the crown.

These criteria were modified based on the criteria of the FDI World Dental Federation.2®

Fig 6 Occlusion of the mandibular right first molar after complete crown restoration (100-um blue and 12-um red articulating paper). (@)
Occlusal contact of the complete crown designed using a digital articulator method in the intercuspal position after restoration and (b) after
occlusal adjustment. (c) Occlusal contact of the complete crown designed using the traditional method in the intercuspal position after res-
toration and (d) after occlusal adjustment.

(BioEMG Ill, BioRESEARCH) examinations were per-
formed. The T-Scan lll is an efficient tool for determining
OC locations and for measuring relative force intensities
over time.?’ The subjects were seated in a relaxed up-
right position with the Frankfurt plane oriented horizon-
tally.?8 The appropriate sensors for the T-Scan (100 pm)
were positioned close to the maxillary occlusal plane,??
and the proper sensitivity range for acquisition of oc-
clusal data was established. Subjects were instructed to
close in the ICP, while the ROF and jaw muscle EMG in
the maximum occlusal contact frame were recorded (in
uV) three times. To ensure data consistency, the detec
tion range was maintained in the same location with
respect to the patient’s dentition.

Patients’ subjective evaluations
During the clinical try-in, patients were instructed to
evaluate the occlusal comfort of the crowns on a 100-
mm visual analog scale (VAS) before and after occlusal
adjustment. A distance of 100 mm was considered “per-
fect,” and 0 was considered “intolerable.” The distance
in millimeters between the 0 point and the patient’s
mark on the line was measured and then converted to
VAS score (0 to 100).

After evaluation, both groups of crowns were trans-
ferred to the laboratory and were polished, and the
patient was asked to choose between the zirconia crown
designed using the digital articulator and the crown
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Table 2 Number of Crowns With and Without
Lateral Interferences in the Two Groups

Digital articulator P
Lateral No lateral
Traditional method interference interference
Lateral interference 6 2
. > .05
No lateral interference 3 1

designed using the traditional method for cementation
(RelyX U200, 3M ESPE).

Statistical Analysis

Data were collected and analyzed using SPSS 20.0 (IBM).
Wilcoxon test was used to compare the OC, OD, and NC
between the digital articulator and traditional method
crowns, represented as median (Q,s, Q,5). McNemar
test was used to compare the functional interferences
between the two groups of crowns. Paired t tests were
used to compare the ROF and EMG values, represented
in mean + SD. For all analyses, P < .05 was considered
to be statistically significant.

RESULTS

Twelve patients (5 women, 7 men; mean age 32.25
years) and 12 teeth were included (8 molars and 4
premolars). A typical case is shown in Fig 6. For final
cementations, 7 crowns made with the digital articulator
method and 5 made with the traditional method were
chosen by the patients.

Interferences and Occlusal Adjustment Time
Table 2 shows the number of crowns with and without
lateral interferences in the two groups. There were no
significant differences in functional interferences be-
tween the two groups of crowns (P > .05). Occlusal ad-
justment times for the digital articulator and traditional
method crowns were 327 + 226 seconds and 395 +
338 seconds, respectively; however, these times were
not significantly different (P > .05).

Articulating Paper Evaluation

The weighted « (linear weight) values for OC, OD, and
NC, as rated by two dentists, were 0.858, 0.721, and
0.746, respectively, which indicated high agreement
between the two raters. Scores before and after occlusal
adjustment of the two groups of crowns are shown in
Table 3. The results indicated that there were no signifi-
cant differences in the OC and OD scores between the
two groups of crowns before and after occlusal adjust-
ments (both P> .05). The median (Q,, Q,5) NC data for
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VA(B), LB(B), VA(A), and LB(A) were 3 (3, 4), 4.5 (3.25,
5), 3(3,4), and 4 (3, 4.75), respectively. There were no
statistically significant differences between the NC of
VA(B) and LB(B) or the NC of VA(A) and LB(A) (P> .05).

T-Scan and EMG Evaluation

After occlusal adjustment, the ROFs of the digital ar-
ticulator crowns (11.08% =+ 6.59%) and the traditional
method crowns (10.38% =+ 6.26%) were not significantly
different (P > .05).

The raw mean and SD EMG values of all tested mus-
cles are shown in Table 4. The EMG values on both sides
of the masseter and anterior temporalis muscles were
not significantly different between the digital articulator
and traditional method crowns (P > .05).

Patients’ Subjective Evaluations

The VAS scores for the digital articulator and traditional
method crowns were not significantly different (P> .05)
before (digital articulator crown: 64.6 + 26.4; traditional
method crown: 71.2 + 25.3) or after (digital articulator
crown: 86.4 + 13.1; traditional method crown: 90.9 +
9.6) occlusal adjustment.

DISCUSSION

The purpose of this study was to perform a clinical oc-
clusal assessment of crowns fabricated using a digital
articulator and the traditional method. During the clinical
occlusal evaluation, no significant differences were ob-
served between the two groups of crowns regarding oc-
clusal adjustment time, articulating paper examination,
T-Scan and EMG examinations, and patients’ subjective
evaluations. The results indicate that single complete
crowns fabricated using a digital articulator meet clinical
standards but show no advantages over crowns fab-
ricated using the traditional method. The hypothesis
that the occlusion of complete crowns fabricated using
a digital articulator and that of crowns fabricated using
the traditional method would have no differences in
occlusal fit was accepted.

It was speculated that the digital articulator would
show some advantages over the traditional method in
occlusion of the crowns in dynamic functional move-
ments because it is able to transfer the individual hinge
axis and to simulate mandibular movements via jaw
trackers. However, in the present study, no significant
differences in the number of crowns with and with-
out lateral interferences or in occlusal adjustment time
were observed. First, this could be due to errors in me-
chanical occlusion (which exist in both methods), which
could cause inaccuracies at all stages of crown fabrica-
tion, including impression-making, impression-pouring,
mounting on the articulator, designing, and milling.
Interferences could still occur due to supraocclusion
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Table 3 Occlusal Contacts (OC) and Occlusal Contact Distribution (OD) Scores for Intercuspal
Occlusion Before and After Restoration of Intercuspal Occlusion According to One Rater
ocC oD

Score 1 2 3 4 1 2 3 4 Sum

VA(B)? 0 3 6 3 0 2 1 9 12

LB(B)? 0 4 4 4 0 1 4 7 12

VA(A)P 0 0 0 12 0 1 1 10 12

LB(A)P 0 0 0 12 0 0 1 11 12

Data are reported as number of crowns. VA(B) = digital articulator crown before occlusal adjustment; LB(B) = traditional method
crown before occlusal adjustment; VA(A) = digital articulator crown after occlusal adjustment; LB(A) = traditional-method crown

after occlusal adjustment.

The same superscript letter denotes no significant differences in OC or OD scores between the two groups of crowns according to

Wilcoxon test.

Table 4 Mean = SD Electromyography Values (uV) for the Digital Articulator and Traditional
Method Crowns in the T-Scan Maximum Occlusal Area Frame
MA TA

Left Right Left Right
VA 69.39 +40.8 65.04 + 26.3 151.25 + 68.2 144.24 +79.3
LB 73.20 +45.7 73.58 +26.7 165.18 + 67.6 151.71 £ 78.0
t -0.63 =& =151/ -0.92
P .54 .09 15 .38

MA = masseter muscles; TA = anterior temporalis muscles; VA = digital articulator; LB = traditional method.

of the crowns, although the inclinations of cusps were
designed to avoid lateral interferences. Further, errors
could occur during recording of functional movements.
Lei et al*° evaluated the accuracy of the PROTARevo 7
articulator, adjusted using parameters acquired from
the ARCUSdigma system, and found that during man-
dibular laterotrusions, horizontal occlusal errors reached
a maximum of 14.80 + 1.24 degrees and that vertical
occlusal errors reached a maximum of 191 = 10 ym at
the mandibular second molar of the working side. Ad-
ditionally, for a single-crown restoration on a posterior
tooth, jaw movement is mainly guided both by the pa-
tient’s remaining teeth and the condyle. The advantage
of recording accurate condylar movements in a digital ar-
ticulator method becomes less prominent when natural
tooth guidance is present. Accordingly, it is assumed that
for patients with loss of natural tooth guidance and of
morphologic reference of adjacent teeth (such as more
severe dentition defects, especially multiple anterior
teeth defects) and for full-mouth rehabilitation cases, the
digital articulator method may be more advantageous
than the traditional method.?!

When the digital articulator is used for designing
complete crowns, the relative occlusal positions of the

maxillary and mandibular casts can be automatically
determined by the software. However, this automatic
process may cause more inaccuracies compared to the
traditional buccal bite-scanning registration, which ob-
tains the occlusion by superimposing casts and scanning
buccal sides of bites. In a study conducted by Solaber-
rieta et al,’® the mean occlusal error in transferring the
maxillary cast to the digital articulator was 0.752 mm.
The authors recognized that this precision was sufficient
for orthodontic treatment, but that more precision is re-
quired for prosthetic treatment. However, the computer
study by Stavness et al*' suggested that mathematic
simulation utilizing interocclusal “bite” registrations can
closely replicate the primary movements of casts. In the
present study, even if the fully adjustable articulator was
used and values of condylar parameters were obtained
by the mandible movement tracker, the transfer process
from the mechanical to the digital articulator could still
lead to errors and variations, which could be due to
the material limitations of the impression and gypsum
casts and the simplification of complicated mandibular
movements.® From the results of the present study, no
differences in OC, OD, NC, or ROF before adjustment
between the two groups of crowns were observed,
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indicating that the error and inaccuracy of the digital
articulator method is relatively acceptable for clinical use.

To the best of the authors’ knowledge, this study
for the first time explored the accuracy of single crown
design and fabrication using a digital articulator method.
However, the accuracy of this process should be further
improved to reduce errors and meet clinical needs that
require higher precision. Further exploration should focus
on the application of digital articulators in cases that
require multiple restorations or prostheses that change
anterior guidance.

CONCLUSIONS

Overall, these results demonstrate that both the digital
articulator and traditional methods can achieve accept-
able occlusal fit for single-crown restorations. No sig-
nificant difference in any occlusal parameter was found
in this study. Further research is needed for verification,
especially for multiple-tooth restorations.
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