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A Novel Methodology to
Validate the Accuracy of
Extraoral Dental Scanners
and Digital Articulation
Systems

ABSTRACT

Purpose: The aim of the current study is to develop a novel method to investigate the
accuracy of 30 scanners and digital articulation systems. Materials and Methods: An
upper and a lower poured stone model were created by taking impression of fully dentate
male (fifty years old) participant. Titanium spheres were added to the models to allow
for an easily recognisable geometric shape for measurement after scanning and digi-
tal articulation. Measurements were obtained using a Coordinate Measuring Machine
to record volumetric error, articulation error and clinical effect error. Three scanners
were compared, including the Imetric 3D iScan d104i, Shining 3D AutoScan-DS100 and
3Shape D800, as well as their respective digital articulation software packages. Ston-
eglass Industries PDC digital articulation system was also applied to the Imetric scans
for comparison with the CMM measurements. Results: All the scans displayed low volu-
metric error (p>0.05), indicating that the scanners themselves had a minor contribution
to the articulation and clinical effect errors. The PDC digital articulation system was
found to deliver the lowest average errors, with good repeatability of results. Conclu-
sion: The new measuring technique in the current study was able to assess the scanning
and articulation accuracy of the four systems investigated. The PDC digital articulation
system using Imetric scans was recommended as it displayed the lowest articulation er-
ror and clinical effect error with good repeatability. The low errors from the PDC system
may have been due to its use of a 30 axis for alignment rather than the use of a best fit.

oooooooooooooooooooooooooooooooooooooooooooooooooo

INTRODUCTION

Digital dentistry is becoming the new standard for dental restorations
due to its high productivity, reliability and cost-effectiveness." It involves a
Computer-aided Design/Computer-aided Manufacturing (CAD/CAM) pro-
cess with three steps: data acquisition, data processing and manufactur-
ing. Data acquisition involves either intraoral scanning directly from the
mouth of the patient, or extraoral scanning of a stone model poured from
a patient bite impression.'

The underlying principle of 3D scanning involves capturing many 2D im-
ages using a pair of cameras, which are used to gauge the distance of
the captured surface from the camera. Point clouds are created from
these images which are then merged into a triangle mesh. Data process-
ing software is then used to digitally articulate the scanned models and

Copyright ©2018 by Dennis Barber Ltd. All rights reserved.



European Journal of Prosthodontics and Restorative Dentistry (2018) 26, 1-84

convert the point cloud to a digital 3D image in the form of a
stereolithography file (STL).? This data processing can intro-
duce errors in the 3D scanned models which add to any errors
brought about during the scanning process.?* Due to this, it is
difficult to determine whether the scanning process, the data
processing, or a mixture of the two, causes the observed errors.

Thus, the most critical point in the CAD/CAM process is data
acquisition and processing, as inaccurate data will always
cause poor-fitting dental restorations to be produced with
shorter lifetimes, irrespective of the quality of the material
or manufacturing process.* Due to this, scanning accuracy in
digital dentistry has been investigated in the literature using
physical*® and digital®'® best fit methods.

The physical best fit methods involve measuring any gap
between the final manufactured restorations and either a
replica model or a reference die, at particular predetermined
locations of single unit teeth.*8 The issue with using a die as a
reference is that it does not accurately represent in-vivo con-
ditions, and the issue with selecting points of measurement
for various single unit teeth is that the geometry of each tooth
is different which does not provide a standardised reference.

The digital best fit methods involve a best fit procedure be-
tween the scanned point cloud data and the reference point
cloud data of a master scan.>'® This method introduces error
as the reference data itself is subject to unknown measure-
ment errors originating from the scanning process. Various
best fit algorithms will also alter the results which undermines
the accuracy of the results, and therefore the conclusions
drawn, in studies which utilise this method. Various studies
reference the advertised manufacturers’ error of each scan-
ner,*1® however a single micron measurement cannot com-
pletely describe the capabilities of a scanner. This is due to
scanner errors varying depending on the geometry of the
model and the size of the model. Thus, quoting the advertised
error of a particular scanner and incorporating it into the re-
sults does not validate these results, as the advertised error
itself does not accurately encapsulate the capabilities of the
scanner.

The current study proposes a novel methodology for validat-
ing the accuracy of both 3D scanners and digital articulation
systems. It incorporates a holistic analysis of the accuracy of
a scanner with a mixture of volumetric error (as commonly
measured in engineering applications), articulation error and
clinical effect error, which arise from both the scanning stage
and the digital articulation stage.

MATERIALS AND METHODS

Models of both the upper and lower jaw were created from
the impressions of fully dentate male (fifty years old) partici-
pant (Alginoplast, regular set). Six titanium spheres (10mm

diameter) were milled and attached to the upper and lower
casts which acted as geometrically recognisable reference
points for measurement, as spheres have been found to de-
liver the most accurate results in 3D scans.” Three spheres
were glued to the upper cast and three spheres were glued to
the lower cast (Araldite) using pockets which were added to
the casts (Figure 1a). A Coordinate Measuring Machine (CMM/
Figure 1b-c) (Discovery II D-8) was then used to obtain accu-
rate measurements of the upper and lower spheres separate-
ly. Ten points were measured on each sphere using the touch
probe of the CMM, with nine points being measured around
each sphere and the tenth point at the top of each sphere.
The dimensions of a column (Splitex Key) were also measured
using the CMM, which was fabricated to accurately represent
the exact height of a particular articulator (Figure 2) (Artex).
Three points were measured with the CMM touch probe on
each side of the articulator column to create two planes. Two
points on each edge of each side at the same height, were
measured using the CMM touch probe to create four lines on
both sides of the column.

i

Figure 1b and c: The measurement of the implant features
for each model was completed using a Sheffield Discovery II
D-8 Coordinate Measuring Machine (CMM). As shown in Fig-
ure 3 the CMM was fitted with a Probing System comprising
a Renishaw PH6A Probe Head, TP20 Medium Force Body and
a @Tmm Stylus.
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Figure 2: Articulator column

The CMM data were imported into a CAD package (Pow-
erSHAPE) whereby measurements between sphere centres
could be more easily measured, and the articulation of both
the upper and lower models could be obtained based upon
the column measurements. The column measurements were
converted to 3D planes to assist in the alignment. The mod-
els were articulated in the CAD package by creating a plane
through the midpoint of the two anterior spheres, with the
x-axis related to the incisal line in both models (Figure 3). The
axis of the upper model was then rotated about the axis of the
articulator which was created based upon the column meas-

X Axid (83 related 10 Inckial line) along
finve jorang P anterior lower jaw spheres

urements. Twenty-nine measurements between the sphere
centres as measured on the CMM were recorded in the CAD
package. These measurements were used as a reference for
each measurement in this experiment.

The models were then scanned twice in each of the iScan
d104i (Imetric 3D), the AutoScan-DS100 (Shining 3D) and the
D800 (3Shape). Each of the scans were then digitally articu-
lated using the respective alighment software of each scan-
ner. The digital articulation system, PDC (Stoneglass Indus-
tries), was also used for the digital articulation of the IScan
d104i scans. Reference scans of the poured models were also
taken using the AutoScan-DS100 and the IScan d104i scan-
ners. These were created by manually digitally articulating the
separately scanned models using 3D axes in a CAD package.
The results from the reference scans are expected to be very
similar to the CMM results, which will confirm the validity of
using 3D axes to articulate the CMM results for comparison.

The STL files of the aligned models were imported into an STL
viewing and editing package (CopyCAD) to manually extract
the point cloud of each sphere. To find the centres of each
sphere for measurement, the point cloud of each sphere was
parsed into an algorithm which implemented a least-squares
method for minimising error.'? These centres were then im-
ported into the CAD package to compare against the CMM
reference results by obtaining twenty-nine measurements as
illustrated in Figures 4-7. The measurements from four digital
articulation systems were assessed by comparing the scanned
measurements (volumetric error, articulation error and clini-
cal effect error) to the reference CMM measurements.

Figure 3: Creation of a plane for digital articulation using the centres

of the spheres
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Figure 4: Volumetric measurement dimensions Figure 5: Articulation measurement
dimensions

Figure 6 and 7: Clinical effect measurement dimensions
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All measurements recorded from scan 1 and 2 using three
scanners were statistically analysed using ANOVA followed by
post hoc Tukey's test. Level of significance was set at 0.05.

RESULTS

The results corresponding to the measurements of each scan
are displayed in Table 1. A graph of the average errors of each
digital articulation system is displayed in Figure 8.

Volumetric error is the distance error present between specif-
ic points on a model in 3 Dimensions. Volumetric error results
purely indicate the accuracy of a scanner without the effects of
digital articulation. All the scans displayed low volumetric error
(p>0.05), indicating that the scanners themselves had a minor
contribution to the articulation and clinical effect errors.

Articulation error is the error present in the representation of
occlusion in a digital articulation system. The PDC system dis-
played the lowest articulation error in the current study. The
3Shape and Shining systems displayed similar articulation er-
rors, though the Imetric system displayed the highest error.
However there is no significant (p>0.05) difference between the
four tested groups in each scan

Clinical effect error is defined in the current study as error,
which is clinically relevant, including errors in the midline, verti-
cal dimension, occlusal plane, incisal plane and incisal edge. PDC
was found to have the lowest clinical effect error in the current
study which is significantly (p=0.044) different from the Imetric
system (Table 2). The Shining system displayed lower clinical ef-
fect error than the Imetric and 3Shape systems, which both dis-
played similar clinical effect errors.

Repeatability indicates that an articulation system provides
consistent results between scans. From Figure 7 it is clear that
across both scans conducted, the volumetric errors of all four
digital articulation systems had similar repeatability. The articu-
lation error also had similar repeatability in all digital articulation

systems except for the Imetric system, which had significantly
poorer repeatability. The clinical effect error had good repeat-
ability in the PDC and Shining systems, though the Imetric and
3Shape systems displayed poor repeatability.

The reference scans displayed very small errors compared to
the CMM values, which validates the process of digitally articulat-
ing the CMM models using 3D axes from the Splitex Key in the
CAD package.

DISCUSSION

There are many data processing packages available for
digital articulation, which introduce errors into the process,
adding to the error originating from the scanning and post-
processing. Volumetric error accounts for inaccuracies of dis-
tances between specific points on a model, which indicates
the ability of a scanner to maintain volumetric relationships
between different points on a model. A high volumetric er-
ror could indicate errors in the ridge line, centreline or tooth
alignment, which will greatly affect the fit and longevity of the
final restoration. Articulation error is introduced in the data
processing stage during the digital articulation. Articulation
error indicates the measurement error of the upper and lower
models between the digital articulation and the true analogue
articulation using poured stone models. A high articulation er-
ror will affect the contact points, and thus, the overall comfort
and effectiveness of the dental restoration. The clinical effect
error is defined as a multitude of errors regarding the midline,
vertical dimension, smile line, occlusal plane and the incisal
edge. A high clinical effect error will cause discomfort and re-
duce the effectiveness of the restoration, which may require
chairside alteration. Together, these three error objectives
describe the accuracy of a scanner and alignment software
in greater detail than other methodologies in the literature,
while pertaining to a clinical application.
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Figure 8: Average error of each digital articulation system across both scans
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Table 2. Measurement errors means and standard deviations of the tested groups in the current study

PDC Imetric Shining System Imetric System 3 Shape

Tvoe of Error Scan 1 Scan 2 Scan 1 Scan 2 Scan 1 Scan 2 Scan 1 Scan 2

yp Errors Errors Errors Errors Errors Errors Errors Errors
Volumetric (0.0050 (0.0045 + (0.0132 = (0.0107 (0.0147 (0.0124 (0.0083 (0.0056 +
Measurement errors 0.0026) 0.0031) 0.0058) 0.0018) 0.0170) 0.0104) 0.0156) 0.0087)
Articulation Accuracy (0.0034 + (0.0111 (0.0388 (0.0425 + (0.0845 + (0.0273 = (0.0366 + (0.0346
Measurements errors 0.0021) 0.0043) 0.0328) 0.0355) 0.1026) 0.0223) 0.0304) 0.0303)
Clinical Effect (0.0020 (0.0084 + (0.0407 (0.0455 + (0.0998 + (0.0407 (0.0291 + (0.0333
Measurements errors 0.0024)? 0.0044) 0.0369) 0.0310) 0.0940)? 0.0298) 0.0255) 0.0263)

Groups in the same row with similar superscript letter are significantly different p<0.05

The novel methodology proposed in the current study deter-
mines the accuracy of various extraoral scanners and align-
ment processes by comparing the results to the reference
measurements of a poured stone model created from a con-
ventional bite impression of fully dentate male (fifty years old)
participant, which was measured using a CMM. The model
was modified to include recognisable geometry for accurate
and reliable measurements, while still closely representing in-
vivo conditions before measurements were taken.

The use of a single pair of poured stone model jaws al-
lows for a valid experiment, whereby an identical model was
scanned using each scanner within a short timeframe. Anoth-
er advantage of this methodology is the use of CMM results
for reference, rather than a die*® or a master scan.®'® The
spheres attached to each jaw act as a standard of measure-
ment regardless of the geometry of the jaw, which validates
the methodology as well as ensuring repeatability across ex-
periments. This methodology has been developed to intro-
duce the concept of metrology into dental research, and thus,
deliver more accurate, repeatable and valid scientific results
which will inform the efficacy of dental technologies. Metrol-
ogy is defined as the science of measurement, which cover
both experimental and theoretical variables and can confirm
the measurement at any type of technology.™

Intraoral scanners were not used as they have been shown
to be inaccurate for full arch scans.’® Also, for the application
of complete dentures, intraoral scanners are not effective for
edentulous patients.™ Recently, Rehmann et al.’* investigated
the need for calibration of intraoral scanners, which was not
an included feature of the intraoral scanner software in their
experiment. They found errors between intraoral scan results
of the same model over 18 months with no calibration. This
indicates poor repeatability which is an expected result as
extraoral scanners must be calibrated each day to maintain
accuracy and repeatability as an included software feature.

For measurements of error originating from the digital ar-
ticulation, namely the articulation and clinical effect errors,
the PDC system displayed the lowest observable error of the
four digital articulation systems in the current study. This is
most likely due to the creation of the upper and lower jaw
axes, as well as the articulator axis playing a key role in this
articulation system. The other alignment software packages in
the current study may not include these factors and instead
may rely on a purely best fit method using the scanned point
cloud. The PDC system also displayed good repeatability over-
all, indicating that the results from the PDC system are repeat-
able and consistent.

Due to the high accuracy and repeatability of the PDC digi-
tal articulation system, the current study recommends PDC
for digital articulation. This brings forth the argument that the
data acquisition and data processing steps in the CAD/CAM
process should rely on an analogue measurement from a
CMM to create axes to align the data, rather than relying on a
digital best fit. Analogue measurement also serves to increase
the repeatability of the results obtained, as the alignment
does not purely rely on point cloud data which varies greatly
upon each scan.

Further, the minor effect of the scanning accuracy on the
results of the articulation and clinical effect errors indicates
that the current research priority should be placed upon digi-
tal articulation systems rather than scanner accuracy. Chang
et al'® have published one of the very few studies in this field
and have provided two algorithms: one which transforms the
upper and lower models from the scanner coordinate system
to a singular coordinate system, and one which minimises the
distance between the models to obtain maximal tooth contact
without collision. However, these methods will not be effec-
tive for edentulous patients as it requires the location of tooth
cusps for the final occlusion, and has also provided higher er-
rors than the PDC system in the current study.
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The clinical implications of a highly accurate scan and digital
articulation system are patient comfort, restoration longevity
and a reduction of chairside modifications. For the applica-
tion of digital dentures, this can affect the masticatory perfor-
mance of patients'” and can cause destruction of the residual
alveolar ridge as bone remodels to protect soft tissue from
excess pressure originating from incorrect occlusion.’™ This
highlights the importance of an accurate scan and digital ar-
ticulation for all CAD/CAM dental restorations and especially
digital dentures, as the quality of the milled denture rests on
scanner and digital articulation accuracy.

A limitation of the current study is that the scans from the
Shining 3D AutoScan-DS100 and 3Shape D800 scanners were
not digitally articulated with the PDC system to examine
whether the PDC system improved on the articulation of the
models compared to the digital alignment software included
with the Shining and 3Shape scanners. A minor limitation was
the inability to accurately provide a reference measurement
for dimension L due to physical inaccessibility when using the
CMM.

Future research should incorporate this novel methodology
to rigorously validate the accuracy of 3D scanning and digital
articulation systems. The PDC articulation system should be
further examined and compared to other digital alignment sys-
tems, to confirm the recommendations of the current study. A
greater number of cases should also be compared to identify
whether these results will vary across different models.

CONCLUSION

Within the limitation of the current study, the following can
be concluded:

1.A novel methodology for validating the accuracy of 3D
scanners and digital articulation systems was proposed.

2.The PDC digital articulation system using Imetric scans
was recommended as it displayed the lowest articulation
error and clinical effect error with good repeatability.

3.Scanning accuracy represented by volumetric error had
a minor effect on the accuracy of the digital articulation,
represented by articulation error and clinical effect error.
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