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ABSTRACT 

Statement of problem. In computer-aided design and computer-aided manufacturing (CAD-

CAM) dentistry, the CAD of the prosthesis represents the clinical prerequisite design to restore 

the treated tooth. However, how closely the CAM prosthesis shape matches the CAD, 

particularly in relation to different materials, is unclear. 
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Purpose. The purpose of this in vitro study was to evaluate onlays designed and manufactured 

with the same CAD-CAM system but manufactured with different materials. 

Material and methods. A single standard tessellation language (STL) model was used to 

produce 6 composite resin onlays, 6 leucite glass-ceramic onlays, and 6 lithium disilicate glass-

ceramic onlays. The onlays were digitized by using an X-ray microtomographic protocol with a 

metrological calibration. The CAD model was then compared with the scans of the different 

onlays. An analysis by region of interest was then carried out to assess the accuracy and 

reliability of the dimensional accuracy. 

Results. The composite resin and the lithium disilicate glass-ceramic had the best dimensional 

accuracy. The leucite glass-ceramic exhibited a lack of trueness linked to consistent overmilling. 

The composite resin had less peripheral chipping than the glass-ceramics. 

Conclusions. The composite resin and the lithium disilicate glass-ceramic material exhibited 

satisfactory dimensional accuracy. Milling the glass-ceramic before crystallization considerably 

improved dimensional accuracy.  

 

CLINICAL IMPLICATIONS 

Different materials are available to manufacture dental prostheses with CAD-CAM systems, the 

most important parameters being the prosthesis dimensional accuracy. For example, internal and 

proximal surface undermilling may prevent prosthesis insertion or accurate margins, and 

overmilling may promote bonded joint degradation. Clinicians should choose machinable 

materials, composite resin, leucite glass-ceramic, or lithium disilicate glass-ceramic, according to 

their machinability. 
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Despite the popularity of computer-aided design and computer-aided manufacturing 

(CAD-CAM), studies on the ability of numerical control machine tools to accurately produce the 

designed prosthesis are lacking.1 These digital systems should limit human bias and standardize 

the quality of fixed prostheses.2,3 However, despite advanced digital technology, the complex 

tooth preparation shapes can lead to failures.4 

CAD-CAM materials are typically selected based on their clinical properties. For 

example, a ceramic material might be selected for its optical properties depending on the esthetic 

requirements, while a composite resin material will be preferred for its low abrasiveness 

depending on the occlusal relationship.2,5 However, the machinability of the material leading to 

minimal surface and volumetric defects has rarely been considered.6 Nevertheless, the brittle 

behavior of certain materials can affect clinical outcome,7-10 and studies are lacking on the effects 

of the machining process on prosthesis shape in relation to the material.11 

A prosthesis with poor dimensional accuracy results in poorly fitting intaglio or proximal 

surfaces. On the occlusal surface, adjustments may weaken the prosthesis. Poor intaglio 

adaptation may lead to degradation of the bonded interface.12,13 

The machinability of a CAD-CAM material has generally been evaluated by its surface 

roughness or marginal chipping.14-16 However, the overall concept of machinability must also 

reflect the ability of a CAM system to reproduce the requested CAD geometry. In the present 

study, the dimensional accuracy with respect to the CAD model was evaluated.17 The research 

hypothesis was that the CAD model and the digitized CAM would be identical. A comparison 

was made between a clinical reference prosthesis designed by CAD and the digitization of 

prostheses machined by the same CAM system from different materials.  
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MATERIAL AND METHODS  

Following the metrological calibration step of the measurement chain, the prostheses were 

scanned by using X-ray microtomography and digitally processed to be numerically 

superimposed on the reference CAD model.18 Thus, the machinability of a composite resin 

material (Tetric CAD; Ivoclar Vivadent AG), a leucite glass-ceramic material (Empress CAD; 

Ivoclar Vivadent AG), and a lithium disilicate glass-ceramic material (e.max CAD; Ivoclar 

Vivadent AG) were compared. An Ivorine mandibular first molar in a dentate typodont (ANKA-4 

ZE; Frasaco GmbH) was prepared and used for all the prostheses compared in the study. The 

tooth was prepared with diamond rotary instruments according to current recommendations19-26 

(Set LD0424A; Komet) and finished with flexible abrasive disks (Clearfil twist dia; Kuraray). 

The onlay preparation was based on a 2-mm-deep primary cavity with proximal walls that 

diverged between 6 and 10 degrees. The mesiolingual cusp was covered20,23 with a chamfer 

margin, a design suitable for onlays without a high esthetic requirement.25,26 

The prepared tooth, its antagonist, and the occlusion were digitized with a laboratory 

scanner with a resolution of 5 µm (TRIOS D2000; 3Shape A/S). The restorations were designed 

by using a dental CAD software program (TRIOS Dental Designer, v19.3.0; 3Shape A/S). The 

standard tessellation language (STL) CAD model of the prosthesis became the shape reference in 

this protocol.  

Eighteen onlays were milled with CAM by using a 5-axis numerically controlled machine 

tool for dental use (Programill PM7; Ivoclar Vivadent AG) with the milling parameters and 

associated machining strategy recommended by the manufacturer. For each of the 3 series of 

materials, the same 4 milling tools were used: a Ø3-mm round-end diamond rotary instrument at 

42 000 rpm, a Ø2-mm round-end diamond rotary instrument at 42 000 rpm, a Ø1-mm round-end 
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diamond rotary instrument at 42 000 rpm, and a Ø0.5-mm pointed-end diamond rotary 

instrument at 48 000 rpm for the occlusal fossae. Each series was milled simultaneously, and the 

diamond rotary instruments were changed for each group. The machining strategy has been 

reported to have a major impact on the quality of the definitive prosthesis.27-32 Six onlays were 

made in lithium disilicate glass-ceramic (e.max CAD; Ivoclar Vivadent AG), 6 in leucite glass-

ceramic (Empress CAD; Ivoclar Vivadent AG), and 6 in composite resin (Tetric CAD; Ivoclar 

Vivadent AG). The attachment areas of the prostheses were not removed to eliminate human 

intervention. 

A first calibration step allowed the validation of the measurement chain,18 which was 

applied to a grade 5 ceramic ball of known dimension and density. Once the error level was 

known and was considered reliable, the protocol was applied to all specimens. As the object was 

a sphere, a Gaussian sphere associated with the points cloud was numerically constructed by 

using the least-squares method. The digitized sphere form deviation was evaluated by the 

analysis of distances between the digitized object mesh and the Gaussian sphere determined by 

construction of the orthogonal projection.33-35 According to this calibration, the measurement 

error was estimated by 1-dimensional deviation and 1-form deviation criteria introduced by the 

measurement chain. Once these 2 criteria were 10 times below the clinically acceptable 

dimensional and formed deviation, the measurement chain was considered reliable. 

The X-ray microtomographic acquisitions of the onlays were performed by using a 

microcomputed tomography (µCT) X-ray microtomograph (Quantum FX; Perkin Elmer) with an 

accelerating voltage of 100 kV, an amperage of 100 mA, and a resolution of 20 µm. After the X-

ray microtomographic acquisitions, image processing, segmentation, and extraction were carried 

out by using a software program (Image J; National Institutes of Health). Gray level 
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segmentation was carried out on the images by using auto-thresholding with an isomorphic 

algorithm because the material was homogeneous and uniform. The image stacks were processed 

to obtain a 3D model in STL format. The resulting meshes were transferred to an inspection 

software program for metrological analysis of points cloud data (GOM Inspect 2018; 

(Gesellschaft für Optische Messtechnik GmbH). The inspection software program was 

categorized with the lowest measurement deviations (class 1) by the Physikalisch-Technische 

Bundesanstalt (PTB) and the National Institute of Standards and Technology (NIST). 

The reference CAD point cloud represented by its STL model was superimposed on the 

STL model resulting from the X-ray microtomographic acquisition, and metrological inspections 

were carried out in 3-dimensional maps. The GOM inspect global best fit function was used for 

the superimposition of the CAD and the mesh to minimize all deviations between both nominal 

and actual surfaces because no datum structures allowed a local best fit. The 3-dimensional maps 

were carried out by the orthogonal projections of the CAD model mesh on the digitized onlay 

mesh. Four common regions of interest (ROI) were delimited on the CAD model in order to 

measure the same areas on each machined prosthesis: an occlusal area, a proximal area, the 

internal area, and the marginal limit. A quantitative evaluation was carried out by exporting the 

numerical values of the distances of each orthogonal projection for each ROI. The measurement 

values embedded in an American Standard Code for Information Interchange (ASCII) file were 

then postprocessed with a digital calculation software program (Scilab Enterprises). The values 

were then classified according to their frequencies to produce frequency diagrams and trend 

curves. The frequency of absent projections was considered in these diagrams under the name of 

“undefined” values. Accuracy was analyzed according to the International Organization for 

Standardization (ISO) standard 5725.36-37 
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RESULTS 

Global 3D mapping of 1 representative specimen of each series is shown in Figure 1. The 

frequency diagrams of the orthogonal projection values of the CAD model on the digital 

prosthesis are shown in Figure 2 for the internal ROI, in Figure 3 for the occlusal area ROI, in 

Figure 4 for the proximal ROI, and in Figure 5 for the marginal limit ROI.  The median values of 

the distances of the different ROI are presented in Table 1. 

 

DISCUSSION 

The CAD-CAM production of dental prostheses makes it theoretically possible to avoid many 

human biases and should make it possible to optimize production and reproducibility. 

Unfortunately, the accumulation of physical and digital dispersions within this entire CAD-CAM 

system induces a difference between the requested CAD model and the physical prosthesis 

produced.38 The method used in this study allowed a reliable and reproducible quantitative 

numerical analysis concerning the difference between the requested CAD model and the physical 

prosthesis. The data supported rejecting the null hypothesis that the CAD model and the digitized 

CAM would be identical. However, the complexity of the shape of a dental prosthesis prevented 

a conventional presentation of results with means and standard deviations. Indeed, complex 

shapes cause different variations, whether material excess or deficiency, and deviation 

distribution did not follow a Gaussian distribution resulting in nonrepresentative means and large 

standard deviations. Dividing prostheses into ROI overcame this problem because an area with 

similar manufacturing constraints presented similar defects. Furthermore, it allowed a table of 

the defects in the form of frequency diagrams, which provide a significant description of the 
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defects of the same ROI. In addition, the ROI was divided by clinical interest, which allowed a 

clinical extrapolation of the type of defects. 

The parameters associated with the machining strategies did not change depending on the 

material. However, optimization of the tool path has been reported to reduce peripheral chipping 

considerably.27,28 In addition, the rotational speed and feed rate and the grit size of the tools have 

a major impact on chipping.29-32 

Global maps as seen in Figure 1 provide much information concerning the influence of 

the tool-material couple and the tool-shape couple on the machinability of prostheses. 

Overmilled areas or deficient areas appear in blue, while undermilled areas or excess areas 

appear in red. However, the red area on the lingual side of the prosthesis corresponded to the 

attachment point. This part was present in excess on the prosthesis because it was absent on the 

digital design and would be removed by the dental laboratory technician. 

Concerning the general appearance of the prostheses, the Tetric CAD specimens appeared 

to be overall undersized, while the e.max CAD specimens appeared adequate and the Empress 

CAD specimens appeared oversized. This was consistent with the material-tool couple relative to 

the material; Tetric CAD is a composite resin with a higher wear rate than the 2 others. The 

Archard general wear equation explains the wear rate with the relative influence of various 

parameters including load, surface hardness, or tool roughness.16 The difference between 

Empress CAD and e.max CAD can be explained by the fact that e.max CAD is partially 

crystallized (in the form of a blue block) to facilitate milling. 

From a more local point of view, the occlusal fossae of all prostheses were undermilled, 

which corresponded to a gap between the requirements of the requested CAD and the technical 

constraints of the CAM. In this case, this was the size of the smallest tool used, which was larger 
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in diameter than the size of the occlusal fossae. The difference between the occlusal fossae in the 

composite resin and in the fully crystallized glass-ceramic may have been because of the 

different material-tool couple. Finally, deep and fine anatomic grooves were produced by 

machining brittle materials at the risk of initiating cracks.7,8 

In the marginal limit ROI, the more brittle materials such as glass-ceramics were more 

subject to peripheral chipping under the machining loads, but more ductile materials such as 

composite resins were less affected.9,10 Furthermore, peripheral deficiencies were more apparent 

for the Empress CAD, which was already fully crystallized, unlike the e.max CAD, which was 

milled before crystallization. The median table, as seen in Table 1, confirms the difference 

between the marginal limit ROI of the e.max CAD and the Empress CAD. The glass-ceramic 

milled after crystallization was oversized compared with the 2 other materials. 

Clinically, a marginal discrepancy of less than 80 μm has been considered undetectable.35 

The distances between +40 µm and -40 µm will be the satisfactory range, while values lower or 

higher than the limit of this interval could indicate errors in the CAD-CAM system. All the 

medians in Table 1 were included in the satisfactory range between +40 µm and -40 µm. The 

presentation of trend curves helps confirm the trueness and precision of machining based on 

ROI. Accuracy was defined according to the ISO 5725 standard as the combination of trueness 

and precision.23,24 Precision is the ability to give the same results for the same true value, 

resulting in a narrow trend curve. Trueness is the ability to give average results corresponding to 

the true value; this results in a peak of the curve centered on zero because this value 

corresponded to the absence of a difference between the 2 analyzed elements. 

Regarding the internal ROI as seen in Figure 2, the Tetric CAD and e.max CAD trend 

curves were narrow and zero-centered with values within the satisfactory range (93.2% of values 



 10 

within satisfactory range for Tetric CAD and 96.5% for the e.max CAD). The internal area 

milling of Tetric CAD and e.max CAD specimens was expected to be accurate. For the Empress 

CAD, the trend curve was not zero-centered and was more extended (77.1% of values within the 

satisfactory range), which reflected the undermilled aspect of the lower surface of Empress 

CAD. Clinically, this will lead to a prosthesis that will be difficult to insert and the potential need 

for internal manual adjustment, which may promote fractures, as well as increased marginal 

microleakage.7,8 

Regarding the occlusal ROI as seen in Figure 3, the Tetric CAD and e.max CAD trend 

curves were zero-centered, which confirms their accuracy. However, the frequencies of values 

were excessive, which confirms the lack of precision (68.3% of values within satisfactory range 

for the Tetric CAD and 66.6% for the e.max CAD). Lack of precision was mainly because of the 

significant presence of machining defects that were greater than the satisfactory range (25.1% for 

e.max CAD and 25.6% for Empress CAD); these areas of the occlusal fossae were inaccessible 

to the rotary instruments, reducing prosthesis accuracy. The Empress CAD trend curve was 

narrower (more precise) but too far from zero (49.8% of values within the satisfactory range), 

and the frequency of values greater than the satisfactory range represented 45.2% of the 

distribution of values. The occlusal surfaces of all groups were generally undermilled and 

excessively undermilled in the Empress CAD group. Clinically, undermilled occlusal grooves 

may lead to an imprecise occlusal relationship. Occlusal adjustment by the dental laboratory 

technician may initiate cracks.7,8 

Regarding the proximal ROI as seen in Figure 4, the Tetric CAD trend curve was narrow 

but not zero-centered, despite 89.5% of values within the satisfactory range. This was because 

52.6% of the defects were between 0.02 mm and 0.04 mm, leading to overmilling of the 
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proximal area. The CAD e.max has a narrow zero-centered trend curve, with 89.7% of values in 

the satisfactory range. The reproduction of the proximal area in the e.max CAD was therefore 

accurate. For the Empress CAD, the proximal surface was also undermilled with 54.0% of values 

within the satisfactory range, 53.2% of which were between 0.02 mm and 0.04 mm; 35.8% of the 

values were above the satisfactory range. Clinically, an overmilled proximal surface will result in 

a deficient proximal contact, while an undermilled proximal surface will result in an excessive 

contact that will need to be adjusted on delivery.39 

Regarding the marginal limit ROI as seen in Figure 5, the trend curves of Tetric CAD and 

e.max CAD were extended and were not zero-centered (46.2% of values included in the 

confidence interval for Tetric CAD and 50.6% for e.max CAD). Values outside the satisfactory 

range were typically lower. Despite comparable numerical values, from the global maps of these 

areas as seen in Figure 6, these values reflect 2 phenomena: excessive thinning imposed by 

marginal thickness close to zero (mostly in composite resin) and marginal chipping (mostly in 

glass-ceramic). Extremely low thickness areas cannot be machined accurately, and brittle 

materials like glass-ceramic will fracture. For the Empress CAD, the curve shows 2 peaks and 

although 56.4% of the values were within the satisfactory range, this was because the overall 

undermilled aspect of the prosthesis compensated for these values. 

The tables of marginal limit ROI present values that were considered undefined because 

these zones did not allow the distance created by the orthogonal projections from the digitized 

onlay mesh on the CAD model mesh. Excessive defects prevent the software program from 

finding a point to establish a distance by orthogonal projection, as seen in Figure 7. These values 

were therefore attributable to chipping and can be associated with values less than -0.10 mm; the 

sum of these values represents 2.3% for the Tetric CAD, 4.2% for the e.max Cad, and 10.6% for 
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the Empress CAD. The tools used were similar for each specimen, whereas the material-tool 

couple has a major impact on chipping.26–28 Chipping reduces marginal fit, bonding surface, and 

restoration lifetime, increases plaque retention, and can adversely affect esthetics.12,14 Volume 

quantification, as well as the design of the chips, would require future investigation. 

 

CONCLUSIONS 

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

1. Machining strategies such as tool paths, tool grid size, rotational speed, or feed rate 

were not adapted to the machinable material, within the same machine. 

Furthermore, machining strategies were not adapted to clinical regions of interest. 

2. The composite resin material (Tetric CAD) had a satisfactory dimensional accuracy 

despite a slight overmilling due to the material-tool couple. Moreover, the material 

exhibited the least peripheral chipping. 

3. The leucite glass-ceramic material (Empress CAD) had low trueness with overall 

undermilling, the weakest accuracy, and the greater peripheral chipping, possibly 

because of the material hardness which was milled after final crystallization. 

4. The lithium disilicate glass-ceramic material (e.max CAD) had satisfactory 

dimensional accuracy, similar to that of composite resin but with a higher level of 

chipping, possibly because the material was milled before final crystallization. 
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TABLE 

Table 1. Median values of projections by ROI and material 

Material Internal ROI Occlusal ROI Proximal ROI Marginal limit ROI 

Tetric CAD 7.3 µm 17.8 µm -25.5 µm -39.8 µm 

Empress CAD 31.0 µm 39.6 µm 36.5 µm 15.5 µm 

e.max CAD -8.0 µm 19.1 µm -15.7 µm -36.5 µm 

 

 

CAD, computer-aided design; ROI, region of interest. 
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FIGURES 

Figure 1. Three-dimensional global maps of one specimen of each group.  

Figure 2. Frequency diagrams of distances (mm) of internal region of interest.  

Figure 3. Frequency diagrams of distances (mm) of occlusal region of interest. 

Figure 4. Frequency diagrams of distances (mm) of proximal region of interest. 

Figure 5. Frequency diagrams of distances (mm) of marginal limit region of interest. 

Figure 6. Comparison of marginal limit region of interest on specimen of Tetric CAD (left) and 

e.max CAD (right). 

Figure 7. Map of peripheral region of interest projected on computer-aided design presenting one 

“undefined” defect at top and global mapping projected on mesh of corresponding prosthesis at 

bottom. 


















