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Accuracy of three digital workflows for implant abutment and
crown fabrication using a digital measuring technique
Stephanie Zeller, DDS, MS,a David Guichet, DDS,b Elias Kontogiorgos, DDS, PhD,c and William W. Nagy, DDSd
CT
of problem. The accuracy of a full digital workflow using an Atlantis abutment and a milled zirconia crown; a full digital workflow
pe split-file workflow using a zirconia abutment and crown; and an interrupted digital workflow using an Atlantis abutment and a
nia crown is unclear.

he purpose of this in vitro study was to compare 2 full digital workflows relative to an interrupted workflow for restoring an
th a custom abutment and crown. The secondary purpose of this study was to validate a digital means of measuring internal fit and
iscrepancy using engineering software programs.

nd methods. Three workflows were evaluated. The first group, interrupted digital Atlantis (IDA) workflow, included a customized
utment that was designed, received, and then rescanned for the definitive crown design. The second group, full digital Atlantis
flow, included a customized Atlantis abutment and its corresponding standard tessellation language (STL) file, the Atlantis Core
was immediately imported into design software and used for crown design and milling. The third group, full digital split-file (FDSF)
sed 3Shape’s full digital workflow for abutment and crown design called the split-file workflow, in which the crown and abutment
ned and milled simultaneously. All restorations were evaluated with standardized measurements using a scanning electron
(SEM) for 2D measurements, followed by standardized measurements using Geomagic Control, an engineering software
hich facilitated 3D evaluations of the specimens.

e 2 Atlantis workflows, IDA and FDA, had statistically smaller marginal openings (P=.002) than the FDSF when measured using 2D
DA had a statistically smaller 2D SEM marginal gap than the other 2 groups, IDA (P=.002) and FDSF (P=.002). The FDA had a
smaller 3D Geomagic marginal gap than the other 2 groups, IDA (P=.004) and FDSF (P=.006). The FDSF had a statistically smaller
gic internal fit than the other 2 groups, FDA and IDA (both P=.006).

s. All 3 workflows evaluated in this study showed clinically acceptable results in terms of mean marginal gap below 120 mm. The
tion of mean marginal opening revealed that IDA and FDA mean marginal openings were statistically smaller than the FDSF mean
pening. SEM and Geomagic measurements revealed that the FDA mean marginal gap was significantly smaller than IDA and FDSF
inal gaps. Geomagic evaluation of mean internal fit revealed that the FDSF was significantly smaller than IDA and FDA. The use of
to measure and evaluate mean marginal gap and mean internal fit as defined in this study proved to be an acceptable form of
ent with statistical validation. (J Prosthet Dent 2019;121:276-84)
Computer-assisted design and computer-assisted
manufacturing (CAD-CAM) has gained widespread
acceptance and use in implant dentistry, with accuracy
that rivals conventional techniques for prosthesis and
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Figure 1. Measured values. A, Marginal opening. B, Marginal gap.

Clinical Implications
The three workflows evaluated in this study were
clinically acceptable and can therefore be used
with confidence to achieve acceptable fit for
single implant-supported crowns and abutments. In
addition, Geomagic with the digital silicone replica
technique is acceptable for measuring marginal
discrepancy.
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Current technology allows clinicians to fully
customize implant abutments to match clinical situa-
tions.1,4,6 In ordering customized titanium Atlantis
(Atlantis; Dentsply Sirona) abutments, the digital
design of the Atlantis abutment as a standard tessel-
lation language (STL) file, called an Atlantis Core File,
can be viewed and manipulated through an editor on
the Atlantis Web interface, and an STL file of the
definitive abutment design can be requested (www.
dentsply.com).7,8 The Core File can be imported into
design software and used to proceed with crown
designing and milling. The customized Atlantis abut-
ment and milled crown can then be delivered to the
patient in 1 appointment.

Two-piece abutments with a titanium base cemented
into a zirconia abutment have been shown to be more
successful than 1-piece zirconia abutments.8 Gehrke
et al8 found 2-piece zirconia abutments that demon-
strated greater resistance to fracture than 1-piece and
stock zirconia abutments. Titanium-base zirconia abut-
ments offer a more reliable alternative to 1-piece zirconia
abutments in esthetically demanding situations in which
zirconia is preferred over titanium.

With the advent of 2-piece titanium-base abutments,
the customized zirconia abutment and a zirconia crown
can be milled in office, which presents the potential for
an in-office full digital workflow. The 3Shape (3Shape
Dental System) software offers the split-file workflow
that facilitates abutment and crown designing simulta-
neously from 1 initial scan of the implant location.9 The
crown and abutment can then be milled and, without
clinical evaluation or rescanning, be delivered to the
patient in a single visit. Sheridan et al9 evaluated the
split-file workflow against several more conventional
interrupted workflows and found that, after adjustments,
the completely digital workflow produced clinically
acceptable results.

The accuracy of full digital workflows can be assessed
by evaluating the fit of the implant abutment to the
implant crown. Various studies have indicated that a
suggested marginal discrepancy of 120 mm or less is
required for high probability of clinical success for ceramic
restorations.10-12 Martinez-Rus et al12 used 120 mm as the
Zeller et al
acceptable marginal opening for ceramic crowns on
abutments based on findings in previous studies.12

Several methods have been used to measure marginal
discrepancy. Groten et al13 determined that a minimum of
50 measurements are required to determine marginal
discrepancy. Digital measuring procedures have been used
to digitallymeasure the distance between an intaglio crown
surface and its die or abutment, either just at the margin to
measure marginal discrepancy or over the entire abutment
and crown intaglio surface to evaluate internal fit.2,14-21

The digital silicone replica technique is based on the
conventional silicone replica technique.2,16-19,22 The dig-
ital technique is accomplished first by scanning the die
and then by scanning the same die with a silicone replica
fixed; then, the 2 scans are digitally overlaid and used to
measure internal fit. As part of this study, a digital
measuring protocol was developed from previously re-
ported protocols and then validated using measurements
obtained from a scanning electron microscope (SEM),
which had also been previously validated.9,23,24

The purpose of this study was to compare 2 full digital
workflows with a more customary interrupted workflow
that included a secondary scan of the custom abutment
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 2. Interrupted digital Atlantis workflow. CAD, computer-aided design.

Figure 3. Atlantis abutment in definitive cast. Figure 4. Interrupted digital Atlantis workflow. Digital crown design with
abutment visualization.
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before definitive crown design. A secondary purpose of
this study was to use and validate a digital means of
measuring internal fit and marginal gap with an engi-
neering software program (Geomagic Control 2015; 3D
Systems). For the purposes of the study, internal fit was
defined as an average of the distance measured between
the crown intaglio and abutment surface. Marginal
opening was defined as the distance from crown to
abutment measured from the outermost part of the
margin (Fig. 1A). Marginal gap was defined as an average
distance from the crown intaglio to the abutment surface
across the entire preparation margin (Fig. 1B). The null
hypothesis was that no difference would be found in
internal fit, marginal gap, and marginal opening among
the 3 groups.

MATERIAL AND METHODS

A single definitive cast was fabricated with an implant
analog in the maxillary right first premolar position from
a definitive impression with a custom impression post
with the desired emergence profile of the soft tissue. A
conical implant of dimension 4.2×11 mm (Astra Tech EV;
Dentsply Sirona) and its corresponding analog were
used. Scans were acquired using a laboratory scanner
(3Shape D900; 3Shape).

Three different workflows were designed and
compared. All crowns were designed using 3Shape’s
default settings for zirconia copings and were milled
using a 5-axis mill (M1; Zirkonzahn GmbH), from
green-stage zirconia (Prettau; Zirkonzahn GmbH),
THE JOURNAL OF PROSTHETIC DENTISTRY
then sintered according to the manufacturer’s
specifications.

The first group, interrupted digital Atlantis (IDA)
workflow, represented the most used workflow, which
included a customized Atlantis abutment that was
designed and received and then rescanned for defini-
tive crown design (Fig. 2). First, an implant scan body
(Atlantis; Dentsply Sirona) was secured into the
definitive cast implant analog and digitized using the
scanner. An STL file of the cast was sent to Atlantis for
custom abutment fabrication. The abutment was designed
and customized through the Atlantis Web interface editor,
and 14 abutments of the single design were requested.
Half (n=7) of the requested abutments were used for the
IDA group, and the other half (n=7) were used for the
second group, full digital Atlantis (FDA) workflow. Once
the 7 abutments for the IDA group were received, they
were placed in the definitive cast and individually
rescanned for crown design and fabrication (Fig. 3). One
zirconia crown with a facial cutback was designed for
each of the 7 abutments and then sent for milling
(Fig. 4).

The FDA group included a customized Atlantis
abutment and its corresponding STL file, the Atlantis
Core File, which was immediately imported into the
design software and used for crown designing and mill-
ing (Fig. 5). As previously described, after scanning the
cast and implant scan body, the STL file of the implant in
the definitive cast was sent to Atlantis for custom
Zeller et al
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Figure 5. Full digital Atlantis and full digital split-file workflows.
CAD, computer-aided design.

Figure 6. Atlantis core file abutment imported into 3shape design
software.

Figure 7. Creation of silicone replica cement gap. A, Abutment
secured with screw into stone base and scanned. B, Abutment coated
with PVS adhesive and crown filled with PVS and seated onto
abutment with 22 N of standardized load for 10 minutes. C, Crown
removed from abutment, leaving PVS replica adhered to abutment
and abutment with PVS replica scanned. PVS, polyvinyl siloxane.
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abutment fabrication. The abutment was customized
through the Web interface, and 14 abutments of the
single design were requested. Once the abutment design
had been finalized, the Atlantis Core File, an STL file of
the customized Atlantis abutment, was imported into the
3Shape design software, allowing for immediate crown
design (Fig. 6). A custom zirconia crown was then
designed, and 7 zirconia crowns were milled from the
single STL file design.

The third group, full digital split-file (FDSF) workflow,
used the 3Shape’s full digital workflow for abutment and
crown design called the split-file workflow. A scan body
(Biodenta) was placed in the definitive cast and scanned
using the 3Shape D900. 3Shape’s split-file workflow was
used, in which the zirconia abutment and crown were
designed consecutively from the single scan (Fig. 5).10

Once designed, the zirconia abutment and zirconia
crown were exported as STL files and sent to the milling
unit. From the single STL files, 7 zirconia abutments and
crowns were milled. Titanium-base zirconia abutments
were composed of titanium bases provided by Biodenta
(Hybrid Ti-Base; Biodenta) and zirconia abutments mil-
led using a 5-axis mill (M1) from zirconia blocks
(Translucent; Zirkonzahn GmbH).

Specimens were prepared for measuring by creating
a silicone replica of the cement space on the abutment
(Fig. 7). A stone base (Mounting Stone; Whip Mix
Corp) was fabricated securing the Astra Tech EV conical
implant of dimensions 4.2×11 mm. The stone base
Zeller et al
included markers that could later be used in the soft-
ware to overlay the scans. Before securing the abut-
ment, the surface area below the finishing line of the
abutment was slightly roughened by airborne-particle
abrading with 25-mm aluminum oxide at 100 kPa
pressure to reduce reflectivity and eliminate the need
for a coating spray on the base between scans. The
abutment was then secured to the base by tightening
the abutment screw. To achieve an accurate scan above
the finishing line of the abutment, the reflective surface
had to be altered. Several different sprays were tested
on abutments to evaluate consistency in each spray and
thickness of the spray before one was selected. The
abutment surface above the finishing line was then
coated with a light spray (Foot Powder Spray; Wal-
greens) to reduce reflectivity and then scanned using
the 3Shape D900. Once scanning was completed, the
abutment and the abutment’s corresponding crown
were cleaned with alcohol then dried. The abutment
was then coated with a thin layer of polyvinyl siloxane
(PVS) adhesive (Vinyl Polysiloxane Adhesive; Kerr
Corp) and allowed to dry. Then, the crown was filled
with light-body PVS (Light Body Wash; Kerr Corp) and
then seated onto the secured abutment with firm finger
pressure as the excess PVS was quickly removed. The
crown-abutment unit was then placed under 22 N of
standardized load for 10 minutes. Once polymerization
was complete, the crown was quickly removed from the
abutment, leaving the internal space PVS replica
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 8. Geomagic alignment and measuring protocol. Step 1, STL files
from Figures 7A and 7C imported into Geomagic software. Step 2, Bases
and emergence portion of abutments highlighted and then first
manually aligned at 3+ locations with “N-point alignment” function and
then refined by using “best-fit alignment” function. Step 3, Once aligned,
everything below finish line of abutment deleted. Abutment-PVS unit
converted to point cloud. Software then used to measure entire internal
fit and marginal discrepancy. PVS, polyvinyl siloxane; STL, standard
tessellation language.

Figure 9. Sectioned specimen with measurement locations.

Figure 10. Geomagic cross section with measurement in micrometers.
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adhered to the abutment. The PVS-coated abutment
was then scanned using 3Shape D900.

Both the initial abutment scan and PVS-abutment
scan were exported as STL files and imported into
Geomagic software (Fig. 8, step 1). The bases were first
aligned manually through N-point alignment, followed
by the best-fit alignment function, checking high preci-
sion fitting and fine adjustments only to further correctly
align the 2 scans (Fig. 8, step 2). The alignment was
assessed with a 3D analysis of the selected aligned area.
An alignment was considered successful if the deviation
between the 2 scans was a positive average of 6 mm or
less and a root mean square estimate was of 12 mm or
less. These successful alignment values were determined
from a pilot study.

Once the scans were successfully aligned, the bases
and anything below the finishing line on the abutments
of both scans were deleted, leaving only the abutment
and the abutment-PVS unit of corresponding scans
remaining. The abutment-PVS unit was then converted
to a point cloud to increase the number of data points
used for measuring. The entire PVS portion was
THE JOURNAL OF PROSTHETIC DENTISTRY
highlighted and then converted to a point cloud of
200 000 points (Fig. 8, step 3).

Two major measurements were made using the
Geomagic software. First, a 3D analysis was performed
to assess the distance between the surface of the
reference abutment and the point cloud of the
abutment-PVS surface, thereby measuring the crowns’
internal fit (Fig. 8, step 3). For each specimen, the
average positive deviation of the internal fit was
recorded. The deviation was averaged from nearly
197 000 data points. Second, the margins were high-
lighted on the reference abutment and PVS-abutment
point cloud, and a 3D analysis was completed to
assess the marginal gap (Fig. 8, step 3). Average posi-
tive deviation of the marginal gap was recorded. For
Zeller et al



Table 1.Mean 2D scanning electron microscopy marginal opening of 3 experimental groups (mm)

Experimental Groups N Mean 2D SEM Marginal Opening ±SD Group Comparisons (P)* Maximum/Minimum/Median

Interrupted digital Atlantis (IDA) 7 13 ±9 FDSF (.002) 30/11/17

Full digital Atlantis (FDA) 7 11 ±3 FDSF (.002) 15/10/11

Full digital split-file (FDSF) 7 37 ±14 IDA (.002); FDA (.002) 58/35/47

SEM, scanning electron microscope; SD, standard deviation. *Group with which experimental group significantly different.
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Figure 11. Mean values for 2D SEM and 3D Geomagic measurements.
CI, confidence interval; SEM, scanning electron microscope.
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each marginal gap measurement, nearly 57 000 data
points were used.

Once scans were completed for Geomagic measure-
ments, abutments were then seated in a secure base, and
their corresponding crowns were cemented (RelyX Lut-
ing Cement; 3M) using a standardized load of 22 N for 10
minutes. The specimens were embedded and then
sectioned along the long axis in a buccal-lingual direction
with a low-speed, water-cooled diamond sectioning saw
(IsoMet Low Speed Saw; Buehler).

Ten measurements (Fig. 9) were made per specimen
using a SEM (JEOL 6010LA; JEOL Inc). Marginal gap and
marginal opening averages were used to evaluate the
validation and repeatability of the measuring technique,
and additional measurements were obtained. First, a 2D
analysis was performed with the Geomagic software by
creating a digital cross section through the 3D aligned
abutment/abutment-PVS unit at approximately the same
location as the buccal-lingual section of the corre-
sponding SEM specimen. Two-dimensional Geomagic
measurements were made at the same locations as the
2D SEM sectioned specimens. Using specimens from
each group, a total of 50 measurements were recorded,
25 from 2D Geomagic and 25 of the same location of the
same specimens from the 2D SEM (Fig. 10). The 50
measurements were used for statistical comparison. To
ensure repeatability of the new Geomagic measuring
technique, alignment and analysis were repeated on
specimens from each group, totaling 8 different speci-
mens. Results from first and second analyses were
compared by statistical analysis.

Raw data were gathered from both Geomagic and
SEM measurements, and statistical analyses were
completed using statistical software (IBM SPSS Statis-
tics, v19.0; IBM Corp) (a=.05). Kruskal-Wallis test
(P<.05), followed by post hoc Mann-Whitney test, was
performed with a Bonferroni correction of P<.017,
adjusting for multiple comparisons. Measurements
evaluated for group comparisons and statistical signifi-
cance included SEM mean marginal opening, SEM
mean marginal gap, Geomagic mean marginal gap, and
Geomagic mean internal fit.

Statistical analyses were also used to evaluate validity
and repeatability of the Geomagic measuring technique.
Geomagic validation was demonstrated with 2 compar-
isons. First, the marginal gap averages of SEM and
marginal gap averages of Geomagic were statistically
Zeller et al
compared for each group with a paired t test. Second, a
total of 50 measurements, 25 two-dimensional SEM and
25 two-dimensional Geomagic measurements, were
made at the same corresponding locations and statisti-
cally compared by a paired t test. Geomagic repeatability
test results were statistically compared with those of a
paired t test.

RESULTS

The results of the Kruskal-Wallis and post hoc Mann-
Whitney test for SEM marginal opening indicated that
the 2 Atlantis workflows, IDA and FDA, were signifi-
cantly smaller (P=.002) than the FDSF workflow (Table 1;
Fig. 11). The results of the Kruskal-Wallis and post hoc
Mann-Whitney tests for both SEM and Geomagic mar-
ginal gap averages indicated that the mean marginal gap
for FDA workflow is significantly smaller than the
average marginal gaps of the other 2 groups (SEM
P=.002; Geomagic P=.004 for IDA and P=.006 for FDSF)
(Tables 2, 3; Fig. 11). The results of the Kruskal-Wallis
and post hoc Mann-Whitney test for Geomagic overall
internal fit indicated that mean internal fit for the FDSF
group was significantly smaller (P=.006) than that for the
other 2 groups (Table 4; Fig. 11).
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 4.Mean 3D Geomagic internal fit of 3 experimental groups (mm)

Experimental Groups N Mean 3D Geomagic Internal Fit ±SD Group Comparisons (P)* Maximum/Minimum/Median

Interrupted digital Atlantis (IDA) 6 80 ±13 FDSF (.006) 102/68/74

Full digital Atlantis (FDA) 6 74 ±1 FDSF (.006) 76/73/74

Full digital split-file (FDSF) 5 59 ±6 IDA (.006); FDA (.006) 65/48/61

SD, standard deviation. *Group with which experimental group significantly different.

Table 2.Mean 2D scanning electron microscopy marginal gap of 3 experimental groups (mm)

Experimental Groups N Mean 2D SEM Marginal Opening ±SD Group Comparisons (P)* Maximum/Minimum/Median

Interrupted digital Atlantis (IDA) 7 48 ±10 FDA (.002) 63/36/45

Full digital Atlantis (FDA) 7 22 ±5 IDA (.002); FDSF (.002) 28/14/25

Full digital split-file (FDSF) 7 38 ±5 FDA (.002) 47/31/37

SEM, scanning electron microscope; SD, standard deviation. *Group with which experimental group significantly different.

Table 3.Mean 3D Geomagic marginal gap of 3 experimental groups (mm)

Experimental Groups N Mean 3D Geomagic Marginal Gap ±SD Group Comparisons, (P)* Maximum/Minimum/Median

Interrupted digital Atlantis (IDA) 6 41 ±13 FDA (.004) 58/23/41

Full digital Atlantis (FDA) 6 14 ±3 IDA (.004); FDSF (.006) 17/10/16

Full digital split-file (FDSF) 5 36 ±8 FDA (.006) 44/24/38

SD, standard deviation. *Group with which experimental group significantly different.

Table 5. Paired Student t test for comparison of 2D scanning electron
microscopy mean marginal gap to 3D Geomagic mean marginal gap

Experimental Groups N P

Interrupted digital Atlantis 6 .221

Full digital Atlantis 6 .066*

Full digital split-file 5 .981

*Statistically significant (P<.05).

282 Volume 121 Issue 2
The Geomagic measurement software was validated
by 2 statistical analyses. The results of the paired t test for
25 two-dimensional SEM and 25 two-dimensional
Geomagic sections made at the same location of speci-
mens from all 3 groups indicated no statistical difference
among measurements for all 3 groups (P=.101) (Fig. 11).
Results of the paired t test used to compare the SEM
mean marginal gap and Geomagic mean marginal gap
indicated no statistically significant differences in
measuring techniques (Table 5).

Geomagic repeatability was evaluated by comparing
repeated marginal gap measurements taken from the
same specimens. The results of the paired t test indicated
no statistical difference among measurements for all 8
specimens (P=.490).

DISCUSSION

The accuracy of full digital workflows with digital design
and milling of both a crown and custom abutment from a
single STL file has been reported,9 but the authors are
unaware of previous studies assessing the internal fit and
marginal gap of the 2 Atlantis digital workflows. Results
from the present study indicate that all 3 workflows are
clinically acceptable, as the average marginal gap as-
sessed in each of the workflows was below the clinically
acceptable 120-mm value (Fig. 12).

The split-file workflow showed the smallest internal
fit compared with the Atlantis groups (Table 4). Upon
evaluation of the internal fit, this could be due to the
decreased occlusal cement space by way of the design of
the split-file group, compared with the two Atlantis
groups. Slight differences in settings or design could
account for the variation in internal fit among the groups.
THE JOURNAL OF PROSTHETIC DENTISTRY
Sheridan et al9 assessed the split-file workflow and re-
ported, after adjustments, a mean marginal discrepancy
of 69 mm. The present study found a smaller mean
marginal opening and mean marginal gap ranging from
36 to 38 mm and, unlike the previous study, required no
adjustments before seating.

The results of this study indicate that the full digital
workflows tested can be used with reliability in practice,
reducing the number of appointments, time, and cost.
However, the Atlantis-interrupted digital workflow is
also clinically acceptable, allowing clinicians to choose
the most appropriate workflow for the clinical situation.
In addition, this study validated and demonstrated sta-
tistically proven repeatability of the digital silicone replica
technique using Geomagic software.

Limitations and sources of error of the study include the
use of spray to reduce reflectivity before scanning the tita-
nium abutments and a potential error associated with PVS
material lifting away from the abutment surface, which may
be imperceptible to the eye but could alter final measure-
ments. Digital errors, such as errors from the scanner or
alignment error associated with the Geomagic measuring
technique, were also possible. As determined from a pilot
study, the maximum allowable alignment error, and/or
deviation, had a positive average of 6 mm or less and a root
Zeller et al



Figure 12. Geomagic 3D and 2D analysis of each group.
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mean square estimate of 12 mm or less for each specimen
analyzed. If any specimens had a greater error, they were
realigned until a smaller deviation was obtained, or the
specimen was eliminated from the data. Further studies are
recommended to evaluate the wide array of digital work-
flows now available.

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. All 3 workflows evaluated in this study show clini-
cally acceptable results in terms of mean marginal
gap below 120 mm.
Zeller et al
2. The SEM evaluation of mean marginal opening
revealed that the mean marginal opening of
the IDA workflow and FDA workflow was sta-
tistically smaller than that of the FDSF
workflow.

3. SEM and Geomagic measurements of the mean
marginal gap revealed that the mean marginal gap
of the FDA workflow was significantly smaller
than that of the IDA workflow and FDSF
workflow.

4. The Geomagic evaluation of the mean internal fit
revealed that the mean internal fit of the FDSF
workflow was significantly smaller than that of the
IDA workflow and FDA workflow.
THE JOURNAL OF PROSTHETIC DENTISTRY
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TH
5. The use of Geomagic to measure and evaluate mean
marginal gap and mean internal fit as defined in this
study proved to be acceptable.
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