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Abstract
Like all production areas the production of dental replacements, either prosthetic or aesthetic, has recently undergone 
great advancement due to computer-aided design of dental parts and their computer aided manufacturing. CNC 
milling, which belongs to the group of subtractive production methods, is very well established in dental production. 
For the last several years, methods of additive manufacturing, such as Selective Laser Melting (SLM), Selective Laser 
Sintering (SLS) and Direct Metal Laser Sintering (DMLS), have gone mainstream. In general, both additive and 
subtractive methods have their technological pros and cons; therefore, the aim of this paper is to determine how 
accurate in terms of tolerance of production of ± 50
technologies is more accurate. Given that nowadays the most commonly used material in the dental area is cobalt-
chromium (Co-Cr) alloy, this alloy was chosen for the experiment. Thirty Co-Cr dental crowns were manufactured for 
analysis according to the referential CAD model, 15 by CNC milling and 15 by SLM. The crowns were subsequently 
scanned using a dental 3D scanner, and their inner areas were extracted and compared to the nominal CAD model. 
The percentage agreement of production is on the level of approximately 94% with both devices, and the average value 
of agreement as well as the standard deviation and range variation are better with additive production.
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An alternative to the conventional method [1] of 

producing dental replacements and constructions are 
CAD/CAM technologies, which have been developing 
over the past several years and are now already a part 
of dental laboratories. Both subtractive [2] and additive 
[3, 4] production are included among CAD/CAM 
technologies.

The subtractive method represents the technology of 
machining material utilizing a CNC milling machine. 
In the presented paper, dental crowns are manufactured 
by a 5-axis CNC Ceramill motion 2 milling machine 
(AmannGirrbach, Austria) [5]. The machine is 
available for the manufacture of dental replacements 
from various materials (zircon, wax, PEEK) as well as 

from Co-Cr (Ceramill Sintron). The CNC machines 
used in the dental field have predefined shapes (pucks, 
blocks). However, these technologies have certain 
limits, e.g. a limited capacity of movement of the 
machines. Complications arise with the production of 
complicated geometrical shapes and the cutting of 
small structures.

The SLM technique is a powder-based additive 
manufacturing method capable of producing 
a prosthesis layer by layer from a 3D CAD model and
which also has the advantage of CAD/CAM technique. 
The SLM technique has been widely used in aerospace, 
aviation, automotive and other industries for many 
years [6], but it has only recently been employed in 
dentistry [7, 8, 9]. The basic principle of the SLM 
technique is to produce prostheses layer by layer 
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according to their shapes by selectively fusing metal 
powder through computer-aided laser control. This 
offers several advantages over the conventional 
CAD/CAM technique, and it also saves raw materials 
and requires fewer tools, thus reducing costs [10].

In the submitted study the Mlab cusing R device 
(Concept Laser, Germany), which is employed for the 
production of titanium alloys and Co-Cr alloys, was 
used. It uses SLM (Selective Laser Melting) tech-
nology. The production process is carried out by 
gradual depositing of powdered layers of the material 
remanium star CL with a thickness of 25 μm and their
subsequent laser melting. In dentistry it is used for the 
production of crowns, bridges, model castings and the 
like. On the basis of a standardized production process 
it is also possible to make prototypes of small sizes 
with high precision [11].

Current SLM devices provide metallic restorations 
made of Co-Cr alloys for removable and fixed partial 
dentures without compromising the alloy or restoration 
properties at a fraction of the time and cost, showing 
great potential to replace the aforementioned 
production techniques in the long term; however, 
further clinical studies are essential to increase the 
acceptance of this technology by the worldwide dental 
community [12].

The innovative manufacturing concept of SLM offers 
many advantages compared with casting and milling 
techniques. SLM provides a microstructure different 
than those from casting and milling, with minimal 
internal porosity, internal fitting and marginal 
adaptation [10, 13].

In the literature available, authors present studies 
focused on long-term effects, internal and marginal fit
[14, 15], the possibilities of applying new production 
methods in the dental area [15, 17], mechanical pro-
perties [18, 19] and microstructural examination at 
production [14, 20]. Other studies have been devoted 
porosity [14, 21], electrochemical testing [22, 23] and 
metal-ceramic bond strength [24, 25, 26].

However, only a few studies have dealt with a com-
parison of subtractive and additive technologies. In the 
current paper 15 crowns were manufactured from 
Co-Cr alloy using both methods (additive and 
subtractive); after production, the crowns underwent
post-processing (heat treatment, support removal and 
mechanical treatment). They were then individually 
scanned using a dental scanner. The data obtained were 
then compared with the reference model in the
VGStudio Max 2.2 software (Volume Graphics GmbH, 
Germany).

M   
It is crucial to know the percentage of chrome (Cr) 

and cobalt (Co) in the alloy to determine the physical 
and mechanical properties of the Co-Cr alloy as 
a whole.

The higher amount of Cr in the alloy, the higher is its
corrosion resistance. On the other hand, the higher the 
amount of Co in the alloy, the higher is its strength, 
hardness and modulus of elasticity [13].

For production using the additive method the metal 
powder remanium star CL (Dentaurum, Germany) is 
used. The material remanium star CL is used for the 
production of dental crowns and bridges by additive 
technology and satisfies the requirements of the 
standards EN ISO 969 and DIN EN ISO 22674. The 
size of its grain is from 10 μm up to 30 μm.

Ceramill Sintron (AmannGirrbach, Austria) is used 
for the production of crowns and bridges using the 
subtractive method. In line with the standard DIN EN 
ISO 22674:2007, the alloy does not contain the 
elements Ni, Be, Ga and Cd. As was mentioned above, 
this is a metal powder pressed into the shape of a puck.

The practical part of the experiment deals with 
a description of the subtractive and additive production 
methods, a comparison of the individual production 
methods with regard to the achieved precision, and the 
repeatability of the production of crowns from the 
Co-Cr alloy made by the additive method with crowns 
made by the subtractive method.

The basis for both the subtractive and additive 
methods is the 3D model of a dental replacement, 
which is prepared by a dental technician. Fig. 1 shows 
the 3D model of a crown which was used as the 
reference model for further production.

Fig. 1: Referential model of the crown.

For preparation of the 3D model made using additive 
production the software CAMbridge was used. The 3D 
model is correctly positioned in the software; the 
support material is designed (Fig. 2a) and is placed on 
the production surface (Fig. 3a). After completing 
modifications a file of the *.cls format is generated, 
which is subsequently loaded into the Mlab cusing R 
device.

Preparation of the 3D model for the subtractive 
method was done in the Ceramill Match software. The 
material used is selected in the software and the 
contour edges are demarcated. The number and 
thickness of the anchors are entered (Fig. 2b) and 
placement in the puck is defined (Fig. 3b).
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Fig. 2: Method of preparation of referential model in 
the CAMbridge software (a) and Ceramill Match 
software (b).

Fig. 3: Arrangement of the referential model on the 
building plate (a) and in the puck (b).

After preparation of the data, the production process 
– cutting (the subtractive method) and pressing (the 
additive method) – is initiated. The dental replacements 
produced are subsequently annealed and modified to 
their final form.

– -  -  

To acquire the digital data of the surface of the 
manufactured dental crowns the dental 3D scanner 
Identica (Medit, Seoul, South Korea) was used. The 
scanner is primarily intended for scanning dental 
plaster castings, the surface of which is matt and with 
a constant colouring. During production of the crowns 
the surface was not matt; for this reason a chalk casing 
was deposited on all the scanned objects.

The area for setting the tooth – the internal surface –
was evaluated; therefore, the acquired scans were 
cleaned of unwanted noise and at the same time only 
the selected area was left, as is given in Fig. 4.

Fig. 4: Process of scan modification.

  

The acquired scans of the individual crowns in the 
form of STL files were compared with the reference 

model in the Volume Graphics VGStudio Max 2.2 
software (Volume Graphics GmbH, Germany).

The result of the comparison is the percentage value 
of agreement of the scan of the real implant with the 
reference model. This is the most suitable method of 
evaluation for the purpose of analysis in this study, 
because it provides data on deviations over the entire 
monitored surface of the crown, not only in isolated 
locations, which do not have to capture the maxima or 
minima. 

For evaluation of deviations it is in general necessary 
to determine the coordinate system of the reference 
model and a method of aligning the scan to the 
reference. Because the dimensions are not plotted, the 
original coordinate system of the reference model was 
used.

Alignment of the scan with the reference ran in two 
stages. The first stage is alignment using the Best-fit 
method and the second using the reference positioning 
system (RPS). Best-fit is necessary to use for the best 
possible “rough” alignment of the objects. 

The Best-fit method uses the least squares principle, 
i.e. the deviations between the scan and the model is 
mathematically segmented. This method is not 
appropriate in cases when the obtained scan and the 3D 
model significantly differ at some locations, as the 
calculation might, in an effort to minimise the 
deviations, shift the alignment and thus the result must 
not necessarily correspond to the reality.

This was the first reason for removing the super-
fluous surfaces from the acquired scans, because 
distant surfaces can influence or disable alignment 
using this method. In Fig. 5 the alignment in the case of 
a significant deviation between the compared and the 
reference model is depicted. For the selected tolerance 
bounds, the green colour represents the surroundings of 
the centre of the toleration field and other colours of its 
edge, or the field outside the prescribed tolerance.

Fig. 5: Best-fit alignment and its results with 
significant size deviations.

Fig. 6: Reference points for RPS alignment.

The final alignment was performed using the RPS 
method, where it is aligned on set points (Fig. 6)
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covering the assessed surface, aside from the edges and 
top of the implant, where the origin of local 
maxima/minima is assumed in consequence of pro-
duction or scanning. These extremes can unfavourably 
influence the result of the alignment.

 

A comparison of the scan with the reference model 
was performed in the Nominal-Actual Comparison 
module of the VGStudio MAX 2.2 software.

The toleration field for the maximum permitted 
deviation of production was set at ±
of ± 300
deviation, i.e. the software evaluated the deviation 
from the reference model in this range. Fig. 7 shows
the nominal model (orange), the actual scan (yellow) 
and their mutual covering and comparison. The green 
colour in the comparison represents the toleration field 
±

Fig. 7: Nominal – actual comparison.

Tab. 1: Percentage agreement of Co-Cr crowns with 
the reference model for additive and subtractive 
production.

 Additive 
method 

Subtractive 
method 

Sample 1 93.73 % 95.13 % 
Sample 2 94.67 % 94.82 % 
Sample 3 94.66 %  93.39 % 
Sample 4 94.25 %  92.93 % 
Sample 5 93.96 % 94.62 % 
Sample 6 94.50 % 95.34 % 
Sample 7 95.31 % 94.54 % 
Sample 8 94.26 % 95.13 % 
Sample 9 94.95 % 93.40 % 

Sample 10 94.88 % 94.37 % 
Sample 11 94.49 % 94.82 % 
Sample 12 94.46 % 92.93 % 
Sample 13 94.5 % 94.37 % 
Sample 14 94.26 % 94.35 % 
Sample 15 94.13 % 93.39 % 

Average 94.56 % 94.24 % 
Standard deviation 0.39 0.79 

Variation range 1.58 % 2.41 % 

Tab. 1 represents the percentage agreement of the 
scan with the reference model with a maximum 
deviation of 50 Co-Cr 
alloy by the subtractive and additive method. With 
respect to the fact that all of the non-relevant parts of 
the scan were removed, the percentage agreement is 
not influenced by them and represents the real value of 
the percentage agreement.

From the results it follows that the average 
agreement for additive production is higher by 0.32% 
than with the subtractive method. Equally, the standard 
deviation and variation range are smaller with additive 
production.

Statistical processing of the acquired data verified 
whether there is a significant statistical difference 
between the samples of crowns made from cobalt-
chromium alloy produced by the subtractive and the 
additive method.

A two-sample F-test of equality of variances was 
used for variance, where the hypothesis on agreement 
of the variances of the two files is tested and on the 
basis of its results the T-test is approached with 
equality/inequality of the variances. The T-test was 
used for independent selection; this is a method for 
evaluating the difference in the average of two groups. 
The p-value obtained is compared with the value of the 

In Tab. 2 the F-test and the T-test are used for 
statistical comparison.

Tab. 2: Statistical comparison.

-test 
Method of crown 

production P-value Result 

Additive Subtractive 0.011666  
H0 rejected 

-test 
Method of crown 

production P-value Result 

Additive Subtractive 0.33481 
 

H0 not 
rejected 

Using the T-test it was determined that no sta-
tistically significant difference was found between the 
samples of crowns from the cobalt-chromium alloy 
produced by the subtractive and additive methods.

 
From the presented results it follows that production 

on the Mlab Cusing R (Concept Laser, Germany) 
and Ceramill motion 2 (AmannGirrbach, Austria) 
devices is, in relation to the precision of production, 
comparable on the level of 50
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confirmed by statistical processing of the acquired 
data. The percentage of agreement of production is 
with both devices on the level of approximately 94%, 
and the average value of agreement, value of the 
standard deviation and variation range are better during 
additive production.
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