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ABSTRACT
Statement of problem. The fabrication of prosthetic restorations using computer-aided design and
computer-aided manufacturing (CAD-CAM) procedures depends on scanning surfaces. However,
limited information is available regarding the effect of extraoral scanning systems on the
accuracy of the fabrication process.

Purpose. The purpose of this in vitro study was to evaluate and compare the accuracy (trueness and
precision) and resolution of 6 CAD-CAMextraoral scanners by comparing features and scan technology.

Material and methods. A master die was fabricated to simulate a dental preparation. The die was
measured with a coordinate measuring machine (CMM) to obtain an accurate digital CAD reference
model (CRM). The master die was then scanned 10 times with 3 structured light scanners, 2 laser
scanners, and 1 contact scanner. The resulting laboratory scan data (LSD) were converted to a
stereolithography (STL) format. The discrepancies between measurements were compared 3-
dimensionally and at 3 selected areas of a virtual sagittal cut using CAD software. The
KruskaleWallis 1-way analysis of variance was first performed to compare scanners and then to
group data according to scanner type. The Spearman rank correlation coefficient was used to
test the association between resolution and all other variables (a=.05).

Results. For all 6 scanners, the mean resolution value was 133.9 (SD 93.9) points/mm2. The value for
trueness was 38.8 (SD 6.2) mm and for precision 45.5 (SD 4.8) mm. Trueness values were 20.3 mm (SD
32.7) at the axial surfaces, 46.6 mm (SD 25.9) at the margin of the preparation, and 55.8 mm (SD 29.3)
at the center of the occlusal groove. The ZENO Scan was the most accurate and precise of the 6
scanners for most of the variables measured.

Conclusions. The reliability of CAD-CAM scanners is not affected by a specific technology (light,
laser, or contact) but by definite parameters. In addition, the entire scanning procedure is more
accurate if the scanned surfaces are smooth and regular. (J Prosthet Dent 2016;116:543-550)
Computer-aided design and
computer-aided manufacturing
(CAD-CAM) technology has
brought a whole new range of
techniques and materials to
dentistry. This technology has
evolved since its introduction in
the 1980s1-3 and is now part of
daily practice. The CAD-CAM
systems produce higher-quality
restorations by using industri-
ally prepared materials and a
standardized manufacturing
process.4 The workflow consists
of 3 main steps: surface scan-
ning, restoration design, and
manufacture.5

Two main types of dental
CAD-CAM scanners exist6:
intraoral scanners are used
chairside to scan patients’
dental arches; extraoral scan-
ners are used in the dental
laboratory to scan casts. Both

types of scanners develop a digital model of the patient’s
mouth using CAD software. At the end of the
process, 3D printers or milling machines that use CAM
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technology fabricate the definitive physical model or
restoration using ceramics, polymers, metals, or other
materials.7-12
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Figure 1. Polyetheretherketone master die.

Clinical Implications
The accuracy of the extraoral CAD-CAM scanners
tested was clinically acceptable. CAD-CAM dental
preparations must be smooth (no sharp edges or
undermined areas) to ensure more accurate scanner
readings.
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Extraoral scanners use 3 main technologies: laser,
structured light, and contact. As they do not require
physical contact, optical scanners (both laser and struc-
tured light) are not affected by the density of the object
being scanned.13 They also tend to be faster than contact
scanners.14 However, contact scanners are not affected
by the surface shine, brightness, or other optical prop-
erties of the object being scanned.15

Although one of the objectives of computer-aided
technology is to increase the accuracy of the
manufacturing process,14-39 few studies have analyzed
the effect of scanning systems on the accuracy of fit,
which is one of most important criteria for the long-term
success of restorations.40-44

The purpose of this in vitro study was to assess the
reliability e resolution and accuracy e of 6 commonly
used extraoral dental scanners. The null hypothesis was
that no differences would exist between the results in
these parameters of the scanners.

MATERIAL AND METHODS

Six commonly used extraoral CAD-CAM scanners each
took 10 scans of a master die. Each scan was compared 3-
dimensionally with a digital version of the master die and
the CAD reference model (CRM) obtained using a co-
ordinate measuring machine (CMM). The resolution
used for the reference measurement was 0.01 mm.

Resolution was defined as the number of points per
unit area measured by each scanner; accuracy was inter-
preted as the sum of trueness and precision, with trueness
being the degree of closeness to the true value and precision
being the deviation of measurements from themean value.

First, a single master die in the shape of a prepared
tooth was designed using CAD software (Rhinoceros 4.0
SR; Robert McNeel & Associates). This design was milled
from a polyetheretherketone (PEEK) disk (Ketron PEEK
1000; Quadrant), a material with high dimensional sta-
bility and optical properties that allow an unhindered
scan of the surface.45

The master die had the following characteristics:
sharp edges and undermined areas as well as smooth
surfaces; 5 mm high from the margin of the preparation
to the occlusal surface; 5 degrees of occlusal convergence;
a rounded shoulder with a 0.6 mm radius; and an
occlusal groove with a radius of 0.6 mm (Fig. 1).
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The master die was then measured with a CMM
used in the quality control of industrial components
(Global Performance 7.10.7 SF; Hexagon Metrology).
This device uses a 1-mm-diameter ruby touch probe to
record the surface of an object. According to ISO 10
360-2, the probe had a maximum possible error of 1.7
mm at a room temperature of 18�C to 22�C. These
measurements were used to create a digital version of
the physical die, the CRM. As reported elsewhere,16-18

CMMs are considered the most accurate tools to mea-
sure the dimensions of objects, despite being slower
than other methods.19-21 CMMs are able to create an
accurate CRM and, therefore, a high validity level of
comparison between the CRM and laboratory scan
data (LSD).

Six dental CAD-CAM extraoral scanners were tested.
IScan D101 (Imetric), Lava Scan ST (3M ESPE), and
SmartOptics Activity 101 (Smart Optics) are structured
light scanners; D640 (3Shape) and ZENO Scan S100
(Wieland) are laser scanners; and Renishaw Incise
(Renishaw) is a contact scanner. Each of the 6 scanners
performed 10 scans of the master die. These LSD were
converted into a stereolithography (STL) format. The 60
resulting files contained the 3D coordinates of every
point scanned over the surface of the master die (Fig. 2).
The scans were made using parameters regularly used in
daily practice, with no modification of algorithms for
triangulation, smoothing, or software parameters.

Each LSD file was aligned with the CRM using a “best
fit alignment” mathematical algorithm. A sample size of
10 000 points with a tolerance of 0.001 mm was used in
this process. Each LSD file was compared with the CRM
using 3D analysis software (Geomagic Qualify 12.1.12;
Geomagic). In order to remove outliers from the sample,
all LSD points more than 0.5 mm from the margin of the
preparation were rejected. Afterward, the distance from
the surface of the CRM to every point of the LSD files
was calculated. These distances were given a plus sign if
the point was outside of the CRM (yellow and orange on
González de Villaumbrosia et al



Figure 2. Representative laboratory scan data image obtained from Lava
Scan.
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the color map in Fig. 3) and a negative sign if inside the
CRM (blue on the color map in Fig. 3). In addition, a
virtual cut was made to superimpose every LSD on the
CRM. This cut was made along the major axis (as seen
from the plan view) of the master die (Fig. 4). Three
different points were chosen inside the cut to measure
the distance between LSD and CRM. The locations of
these points are shown in Figure 4.

All these data were analyzed according to the
following variables: resolution, trueness, precision, and
discrepancy at the margin of the preparation, at the axial
surfaces, and at the occlusal groove (Table 1).

For each variable, all the data were grouped (without
distinguishing between scanners) and in 6 groups (1 for
each scanner). First, a descriptive statistical analysis was
performed for all the variables, followed by an inferential
statistical analysis. The null hypothesis stated that no
difference between scanners or types of scanners exists
for each of the variables. After checking for normality
with the Kolmogorov-Smirnov tests, a Kruskal-Wallis 1-
way analysis of variance was performed to compare
scanners. Data were then grouped according to the type
of scannerdstructured light, laser, and contactdto
compare the 3 groups and assess the correlation between
resolution and all other variables, using all data as a
whole without any distinction between types of scanners.
The statistical analysis was achieved with a significance
level of 95% using software (SPSS v19 for Macintosh;
IBM Corp).

RESULTS

The global resolution (for all 6 scanners grouped
together) was 133.93 points/mm2 and the global trueness
was 38.8 mm. The descriptive results of the data from all
the scanners are summarized in Table 2.

The value of every variable for every scanner and the
statistical differences for the variables between the
González de Villaumbrosia et al
scanners are summarized in Tables 3-5, Supplemental
Tables 1-3. The data were arranged in these tables in
increasing order of scanner resolution and discrepancy.
Statistically significant differences were found between
some of the scanners for some of the variables; trueness,
for example, ranged from 29 mm (ZENO Scan) to 46 mm
(Lava Scan) and precision from 37.5 mm (ZENO Scan) to
50.6 mm (Lava Scan).

The value of every variable according to the type of
scanner and the statistical differences between the types
are summarized in Table 6. Types of scanners (laser,
structured light, and contact) were arranged in increasing
order of resolution and discrepancy, revealing statistically
significant differences. Trueness ranged from 35.5 mm
(laser) to 41.6 mm (structured light) and precision from
42.1 mm (laser) to 48.3 mm (structured light).

Table 7 shows the correlation between scanner reso-
lution and the other variables tested.

DISCUSSION

Every CAD-CAM process has multiple steps, with each
step a potential source of error. As a result, each procedure
in any CAD-CAM workflow is very important and
can affect overall performance.4 The objective of the pre-
sent study was to assess 6 commonly used CAD-CAM
laboratory scanners that are crucial links in the chain of
digital workflow in restoration design and manufacturing.

The null hypothesis of the present study was that
differences between scanners or types of scanners for
each of the variables tested (Table 1) were not statistically
significant. In fact, this hypothesis was rejected because
statistically significant differences were observed.

The trueness of the 6 scanners (38.8 mm) was higher
than the accuracy declared by themanufacturers (between
10 and 20 mm).39 This may be because the master die was
designed with sharp edges and undermined areas as well
as smooth surfaces to assess the scanners’ performance
under extreme conditions. This then raises the question of
whether the scanners would perform better if they were
scanning an “ideal” shape, that is, one with only straight
surfaces and rounded edges. The measurements obtained
at the axial surfaces of the preparation on the virtual cut,
which have a smoother surface (Supplemental Table 2),
confirm that scanners do, in fact, perform better if the
surface is smoother. The mean discrepancy on the virtual
cuts was smaller (20.3 mm) than that found on themargins
of the preparation (46.6 mm) or on the occlusal grooves
(55.8 mm) (Table 2). Furthermore, each scanner had a
discrepancy at the axial surfaces smaller than at the
margin of the preparation and occlusal grooves
(Supplemental Tables 1-3). In other words, extraoral
scanners are more accurate when scanning smooth sur-
faces than when scanning sharp edges or undermined
areas.
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 3. Four different views of one 3D comparison (using Geomagic Qualify software) of CAD reference model (CRM) and laboratory scan data (LSD)
obtained from Renishaw Incise scan. Blue areas show LSD points inside of CRM. Yellow/orange areas show LSD points outside of CRM.
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These results agree with those of other published
studies. Vlaar et al,22 using a calibration ball, found a
discrepancy of between 7.7 and 13.9 mm; Persson et al,16

using a CMM and a calibrated square gauge, found the
trueness of a contact scanner to be 10 mm; DeLong
et al,17 using a CMM and a structured light scanner,
found the range of discrepancy to be 18 mm to 30 mm;
and Del Corso et al23 had similar results using a struc-
tured light scanner (14 to 21 mm). The results of several
other studies of scanner trueness cannot be compared
with those of the present study, either because different
validation methods were used14,15,24-33 or because pre-
cision rather than trueness was assessed.13,26,34,35

Nevertheless, the trueness found in these studies was
less than that found in the present study (29 to 46 mm),
possibly because of the design of the master die.

The resolution of the scanners ranging from 299.83
points/mm2 to 34.29 points/mm2. This fact reasserts the
need to assess the effect of this variable on scanner
performance.

The correlation between resolution and the other
variables was irregular (Table 7). For some of the vari-
ables, the correlation was positive, meaning that when
the resolution increased, the value of the variable also
THE JOURNAL OF PROSTHETIC DENTISTRY
increased, while for others, the correlation was negative.
The strongest correlation was with the discrepancy at the
margin of the preparation (Spearman rank correlation
coefficient of −0.825). The higher the resolution, the
smaller the discrepancy at sharp edges. This finding
agrees with those of other published studies, which
conclude that resolution may affect the accuracy of
scanners, especially when reading complex sur-
faces.15,17,19,26,36,37 This may be because every scanner
records the position of certain points over the surface of
an object. Noncontinuous reading of sharp edges means
that scanners with a higher resolution tend to measure
edges more accurately than those with a lower one
because the scanner software fills in the gaps between
points on the very edge of the scanned object and
changes a sharp edge into a short radius curve. However,
a higher resolution does not imply a higher accuracy
(trueness or precision) but only the capability of
recording in greater detail, as can be inferred from the
irregular correlation between resolution and the accuracy
variables in this study.

However, for each scanner, precision mean values
were greater than those for trueness, meaning that
their relative precision is low. This may be another
González de Villaumbrosia et al
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Figure 4. Example of virtual 3D cut for geometric comparison between CAD reference model (CRM) and laboratory scan data (LSD) obtained from
ZENO Scan S100. The picture shows which points were selected on all cuts to measure discrepancy between CRM and LSD files: “a” points show margin
of preparation discrepancy, “b” points show axial surface discrepancy, and “c” point shows occlusal groove discrepancy.

Table 1. Variables of study

Variable Description

Resolution Number of points per mm2 of LSD

Trueness (mean discrepancy) Average discrepancy (distance LSDe
CRM) of all points of LSD (considering
only their absolute value)

Precision Standard deviation of the distances
between points of LSD and CRM

Discrepancy at the margin of
preparation

Average discrepancy at margin of
preparation showed on virtual cut

Discrepancy at axial surfaces Average discrepancy at center of axial
surfaces showed on virtual cut

Discrepancy at occlusal groove Average discrepancy at lowest part of
occlusal groove showed on virtual cut

CAD, computer-aided design; CRM, CAD reference model; LSD, laboratory scan data.
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consequence of the design of the master die, with its
sharp edges and undermined areas. Rudolph et al15

noted the presence of points with a very high discrep-
ancy at every scan of an object with irregular surfaces.
This may lead to less precision.

Of note, every scanner had a discrepancy value with a
minus sign at the margin of the preparation, meaning
that all the readings of the scanners were inside the
CRM. This would be because the scanner software joins
the points recorded by a discontinuous reading into a
curve that falls inside the object. This could lead to a
misfitting definitive restoration or incomplete seating.

The contact scanner used in the present study had the
highest resolution (216.4 points/mm2) and the lowest
discrepancy at themargin of the preparation (28.9 mm) and
occlusal groove (31 mm). However, laser scanners had the
best results for trueness (35.5 mm), precision (42.1 mm), and
discrepancy at the axial surfaces (7.3 mm).

Structured light scanners did not have the best per-
formance for any variable. Nevertheless, they are
generally considered the best scanners because they can
gather much more information per scan than can other
types. It is possible that being the biggest group of
scanners (3 of the 6 studied) tested lowered the average
for every variable, with the worst scanners balancing out
the results of the best ones, thus yielding overall poor
González de Villaumbrosia et al
results. However, when comparing the results for each
individual model, a structured light scanner obtained the
best results for several variables, including resolution
(Table 3) and discrepancy at the margin of the prepara-
tion (Supplemental Table 1).

No type of scanner systematically presented the best
values for every variable. Even if the type of scanner
affected specific aspects of the quality of the scans,
highest values were not reached consistently for every
variable in this study. In other words, the type of scanner
did not have a major effect on the overall results, only on
specific aspects of the scanning procedure.
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 3.Differences in resolution between scanners (Pairwise tests)

Scanner
Resolution

(points/mm2), Mean

P Values of Differences

3Shape Imetric Lava Scan Incise SmartOptics ZENO Scan

SmartOptics 34.3 <.001 .010 <.001 <.001 1.000 .200

ZENO Scan 70.5 .010 .200 <.001 <.001 .200 1.000

Imetric 85.5 .200 1.000 <.001 .010 .010 .200

3Shape 97.0 1.000 .200 .010 .200 <.001 .010

Incise 216.4 .200 .010 .200 1.000 <.001 <.001

Lava Scan 299.8 .010 <.001 1.000 .200 <.001 <.001

Table 2.Descriptive statistical analysis of all scanners together

Variable
Discrepancy,

Mean SD Minimum Median Maximum
Interquartile

Range

Resolution (points/mm2) 133.9 93.9 33.4 90.2 300.9 145.5

Trueness (mm) 38.8 6.2 23 39.7 48.1 7.1

Precision (mean discrepancy)
(mm)

45.5 4.8 33 46 54 7

Discrepancy at margin of
preparation (mm)

46.6 25.9 12.3 39.4 112.3 27

Discrepancy at axial surfaces
(mm)

20.3 29.2 0 7.3 87.5 9

Discrepancy at occlusal groove
(mm)

55.8 29.3 9 52 162 41.5

SD, Standard deviation.

Table 4.Differences in trueness between scanners (Pairwise tests)

Scanner
Trueness (mm),

Mean

P Values of Differences

3Shape Imetric Lava Scan Incise Smart Optics ZENO Scan

ZENO Scan 29.0 <.001 <.001 <.001 .052 .405 1.000

SmartOptics 35.7 <.001 <.001 <.001 .265 1.000 .405

Incise 37.1 .056 .010 <.001 1.000 .265 .052

3Shape 42.1 1.000 .514 .039 .056 <.001 <.001

Imetric 43.2 .514 1.000 .159 .010 <.001 <.001

Lava Scan 46.0 .039 .159 1.000 <.001 <.001 <.001

Table 5.Differences in precision between scanners (Pairwise tests)

Scanner
Precision (mm),

Mean

P Values of Differences

3Shape Imetric Lava Scan Incise SmartOptics ZENO Scan

ZENO Scan 37.5 <.001 <.001 <.001 .073 .052 1.000

Incise 43.8 .047 <.001 <.001 1.000 .878 .073

SmartOptics 44.0 .067 <.001 <.001 .878 1.000 .052

3Shape 46.6 1.000 .091 .033 .047 .067 <.001

Imetric 50.2 .091 1.000 .654 <.001 <.001 <.001

Lava Scan 50.6 .033 .654 1.000 <.001 <.001 <.001
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As mentioned before, the misfit of restorations is a
concern,40-43 and can compromise abutment teeth or
periodontal tissue and even lead to failure. The
discrepancies measured in the present study are within
a clinically acceptable level (120 mm) that was
established by McLean and Von Fraunhofer44 in 1979
and is still commonly used as a reference. Neverthe-
less, the discrepancy of 120 mm may be large enough
for bacteria to grow, leading to biological and me-
chanical problems.46,47
THE JOURNAL OF PROSTHETIC DENTISTRY
Manufacturers usually state that optical scanners are
the most accurate, but most milling centers have a con-
tact scanner for work that requires the greatest accuracy
or to use as a gold standard to calibrate their optical
scanners. Further studies to evaluate dental CAD-CAM
scanners should be conducted to clarify the relative
accuracy of the types of scanner.

Although all the tested scanners were stored in
air-conditioned buildings, room temperature was not
monitored. Changes in size of up to 1 mm may have
González de Villaumbrosia et al



Table 6.Differences in resolution, trueness, precision, and discrepancies on virtual cut (Pairwise tests) between types of scanner

Scanner Type Mean

P Values of Differences

Contact Laser Structured Light

Resolution (points/mm2)

Laser 83.7 .003 1.000 .509

Structured light 139.9 .009 .509 1.000

Contact 216.4 1.000 .003 .009

Trueness (mm)

Laser 35.5 .982 1.000 .005

Contact 37.1 1.000 .982 .027

Structured light 41.6 .027 .005 1.000

Precision (mm)

Laser 42.1 .912 1.000 <.001

Contact 43.8 1.000 .912 <.001

Structured light 48.3 <.001 <.001 1.000

Discrepancy at margin of preparation (mm)

Contact 28.9 1.000 .041 .002

Laser 39.2 .041 1.000 .253

Structured light 57.4 .002 .253 1.000

Discrepancy at axial surfaces (mm)

Laser 7.3 .014 1.000 .021

Contact 9.5 1.000 .014 .425

Structured light 32.5 .425 .021 1.000

Discrepancy at occlusal groove (mm)

Contact 31.0 1.000 .756 <.001

Laser 34.3 .756 1.000 <.001

Structured light 78.4 <.001 <.001 1.000

Table 7. Correlation between scanner resolution and remainder of the
scanner variables

Variable
Spearman Rank

Correlation Coefficient P

Trueness (mean discrepancy) 0.656 <.001

Precision 0.512 <.001

Discrepancy at margin of preparation -0.825 <.001

Discrepancy at axial surfaces -0.421 <.001

Discrepancy at occlusal groove -0.166 .202
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occurred because of differences in temperature between
the controlled CMM room environment and the rooms
where the scanners were stored. In addition, the present
study evaluated only 1 stage of the complete CAD-CAM
procedure, which may include other possible sources of
error.

More studies are needed with respect to the complete
CAD-CAM process, and in vivo studies should be per-
formed to evaluate what can be considered a clinically
acceptable misfit.

CONCLUSIONS

The present study found the following:

1. Dental preparations must have smooth surfaces
without sharp edges or undermined areas for
optimal CAD-CAM scanner reading.
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2. The resolution of a scanner affected its ability to
read the sharp contours of a scanned surface but did
not affect its general trueness or precision.

3. The accuracy of every extraoral CAD-CAM scanner
studied was clinically acceptable.

4. The different technologies (light, laser, or contact)
do not affect scanners’ overall reliability, but specific
aspects of the scanning procedure do.
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Supplemental Table 2.Differences in axial surface discrepancy between scanners (Pairwise tests)

Scanner
Axial Surface

Discrepancy (mm), Mean

P Values of Differences

3Shape Imetric Lava Scan Incise SmartOptics ZENO Scan

3Shape 2.7 1.000 .163 .165 <.001 <.001 .012

Lava Scan 5.4 .165 .995 1.000 .045 <.001 .260

Incise 9.5 <.001 .046 .045 1.000 .041 .380

ZENO Scan 12.0 .012 .263 .260 .380 .003 1.000

Imetric 12.6 .163 1.000 .995 .046 <.001 .263

SmartOptics 79.6 <.001 <.001 <.001 .041 1.000 .003

Supplemental Table 1.Differences in margin of preparation discrepancy between scanners (Pairwise tests)

Scanner
Margin of Preparation
Discrepancy (mm), Mean

P Values of Differences

3Shape Imetric Lava Scan Incise SmartOptics ZENO Scan

Lava Scan 21.1 .004 <.001 1.000 .279 <.001 .004

Incise 28.9 .077 <.001 .279 1.000 <.001 .076

3Shape 39.1 1.000 .073 .004 .077 <.001 .995

ZENO Scan 39.4 .995 .074 .004 .076 <.001 1.000

Imetric 54.0 .073 1.000 <.001 <.001 .137 .074

SmartOptics 97.2 <.001 .137 <.001 <.001 1.000 <.001

Supplemental Table 3.Differences in occlusal groove discrepancy between scanners (Pairwise tests)

Scanner
Occlusal Groove

Discrepancy (mm), Mean

P Values of Differences

3Shape Imetric Lava Scan Incise SmartOptics ZENO Scan

ZENO Scan 20.6 .009 <.001 <.001 .300 <.001 1.000

Incise 31.0 .115 <.001 .002 1.000 <.001 .300

3Shape 48.0 1.000 .024 .136 .115 <.001 .009

Lava Scan 63.7 .136 .442 1.000 .002 .081 <.001

Imetric 82.0 .024 1.000 .442 <.001 .327 <.001

SmartOptics 89.6 <.001 .327 .081 <.001 1.00 <.001
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