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This paper presents the work associated with the development of an innovative crown for posterior teeth. The idea is to produce a transparent cap that 
is mounted on top of the tooth, in this way facilitating the gluing of the crown and ensuring a good visual compatibility with the existing tooth. For the 
proposed crown concept, two properties are especially important – surface roughness and transparency. The paper presents the development and 
evaluation of two process chains based on industrially adaptive production methods. The process chains are compared based on their ability to meet 
product specifications in terms of roughness, transparency and mechanical properties.  
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1. Introduction and motivation 

The paper presents the possibility of industrial mass 
production of posterior teeth (molar and premolar teeth shown 
in Fig 1-A). A dental crown is a cap-like restoration used to cover 
a damaged tooth (shown in Fig 1-B). Crowns are used when a 
tooth is badly decayed, broken, fractured, or needs a cosmetic 
makeover. The dentists use a broad range of materials for crowns 
adopting newer materials into practices as they become available 
[1]. The commonly used materials for crowns are metals, 
ceramics, and composites. Even after the significant technological 
developments in the crown technology, crowns with transparent 
materials have never been reported. The idea is novel and offers 
many advantages. Matching the color of a crown to natural 
dentition is often a clinical challenge [2]. In the current work, this 
challenge is overcome with the innovative idea of a transparent 
crown. As the crown is transparent, it will be possible to harden 
the filler (the dental glue/cement) by an optical method. The 
required light to cure the filler will penetrate through the crown 
and harden the filler to bind the crown with the base of the tooth. 
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Figure 1. The standard teeth numbering showing molar and pre-molar 
teeth (A), a schematic representation of a traditional crown and the tooth 
prepared to receive the crown (B), the new crown mounting concept with 
the use of transparent crown (C). 
 

The mounting concept of the new idea is schematically 
presented in Fig 1-C. The color of the hardened filler will be 
visible through the transparent crown. In this way, the crown 
color will be changed by controlling the color of the filler which is 
much easier and simpler compared to change the color of the 
crown. Traditional crowns are custom-made and typically involve 
a range of time-consuming tasks. The new crown concept is 
suitable for industrial mass production, can be produced in 
different size groups (such as small, medium and large) to fit the 
whole range of the population. State-of-the-art crowns entirely 
cap the tooth from the gum line (see Fig 1-B), which is not 

necessary for the newly designed crown, meaning that the new 
crown can be placed with a minimal removal of the original tooth. 
 

For the successful production of the crown, a rigorous quality 
control is necessary to ensure the requirements in terms of 
strength, stiffness, hardness, surface roughness, and color. For the 
proposed crown concept, two properties are especially 
important: i) the surface roughness; and ii) the optical 
transparency of the crown. The surfaces of objects destined to be 
part of the human body (e.g. dental crowns, implants, prostheses, 
etc.) are the primary place of contact between the material and its 
host organism [3]. Two critical issues with the long-term use of 
such surfaces are bacterial colonization and wear [3]. The rough 
surface for a dental crown can provide cavities where the bacteria 
can thrive and impose difficulties to clean the tooth. Another 
issue with the surface roughness is the wear of the neighboring 
teeth, which come in contact with the crown during chewing. Last 
but not least, the surface roughness is important in relation to the 
transparency of the material. The high surface roughness can be 
responsible for a high scattering of the light resulting in a low 
transparency [4]. Obtaining the required surface roughness and 
transparency together with the right mechanical properties for 
the newly proposed crown idea is an industrial challenge. The 
production and process feasibilities of the new crown were 
realized by a series of experiments. The final production process 
was optimized to achieve the required surface roughness and 
transparency of the crown. The results discussed in the paper 
provide new insights for the glass and ceramic material 
processing along with the guidelines for the optimization of the 
surface roughness and optical transparency.  
 
2. Technical requirements, material, and process selection 

Even though crowns are extensively made and used, it is 
difficult to find general technical requirements for the crowns. 
The authors made an extensive literature review and consulted 
with several dentists. Based on these, the requirements for molar 
and pre-molar crowns established are: i) Withstand temperature 
from min -15 °C to 100 °C, ii) Hardness of 5 on Mohs scale 
(approximately 550 in Vickers hardness-HV), iii) Young's 
modulus of minimum 50 GPa, iv) Compressive strength of 
minimum 90 MPa, vi) Roughness (Sa) below 500 nm. Moreover, 
the material has to be optically transparent. Transparent 
materials become more and more important for applications in 
which materials are subject to extremely high mechanical and 
thermal stresses. Such as, transparent armour materials for 
military and civil applications, advanced optoelectronic devices, 
optical fibers, laser interferometers, solar cells, protective optics, 
etc. [5]. In the field of optics, transparency is the physical 
property of the material that allows light to pass through the 
material without being scattered. The transparency can be 



affected by many properties, including the part thickness, density, 
crystalline structure, surface roughness, grain size, defects, 
porosity, etc. [6].  

The requirement for diverse properties like optical, mechanical, 
and morphological provides bottlenecks for the industrial 
processing of transparent crowns. To get an idea about possible 
materials that may fulfil the above mentioned requirements, the 
Cambridge Engineering Selector [7] was applied and a short list 
of materials like Glass ceramic, Silica glass, Zirconia, Alumina, and 
Aluminium Nitride, etc. were made that seemed potential to 
provide the mentioned mechanical properties, surface roughness, 
and optical transparency. After a careful screening of the material 
properties, two materials were selected for the experiments. The 
first one was a natural feldspar veneering ceramic known as Vita 
VMK Master A3 (Vita) from Fiskars A/S, Denmark. The second 
material was Borosilicate -Boro 8330 (Boro) from Schott AG, 
Germany. Boro was used as both powder and finished glass. The 
main two constituents of the Boro material were SiO2 and B2O3. 
On the other hand, the two primary constituents for Vita were 
KAlSi3O8 and NaAlSi3O8. For the industrial production of the 
crowns two different process routes were selected for further 
investigations after the initial studies: i) Die pressing 
(compaction) and sintering; ii) Glass moulding. 

3. Experimental analysis, results, and discussion 

For the simplicity of the experiment, easier test, and 
comparison of materials, a simple circular shape (pill) with 10 
mm diameter and 2 mm thickness was chosen as test geometry. 
The pills were made by mixing the powders with the binders and 
compressing in a hydraulic press. A careful consideration was 
made for the binder selection as it has a huge influence on the 
properties and toxicity of the final parts. The final choice as 
binder material was PolyproPylene Carbonate (PPC). This can 
make a complete and clean burnout at low temperatures. The raw 
binder was received as granulate and dissolved in Acetone before 
mixing with the ceramic powder. For the hardening, the green 
parts were heated to 180°C where the PPC was softened and 
bound to the other molecules. After cooling, the green part was 
hardened and became suitable for the next step. For forming the 
pills, a die pressing process was selected. The parts were 
compacted inside the die by a hydraulic press (Bench Top Manual 
Press from Carver with a maximum of 75 kN pressing force). 
After the die pressing, the green parts were sintered to make 
them solid. The pressing tool, sintering oven, and the pills before 
and after sintering are shown in Fig 2. The sintering oven used 
was Programat CS Porcelain oven from Ivoclar Vivadent with a 
maximum firing temperature of 1200°C. Sintering was performed 
in a vacuum condition to increase the densification and to 
prevent oxidation. The most important variables considered for 
sintering were: i) Heating rate, ii) Firing temperature (maximum 
sintering temperature), iii) Firing time, and, vi) Cooling rate. 
Initially, several trials and errors were performed to establish 
reasonable process windows for the sintering. Two different 
firing temperatures (840 °C and 860 °C), three different firing 
times (1.30 min, 4.00 min, and 7.00 min) with a heating rate of 30 
°C/min, cooling rate 20 °C/min were selected for investigation 
and further optimization. The sintered parts were characterized 
for shrinkage, surface roughness, porosity, hardness, and 
strength. The initial test showed that the mechanical strength 
requirements were fulfilled by both materials (both had Young's 
modulus > 50 GPa and Compressive strength > 90 MPa). Both 
materials could fulfill the mentioned service temperature 
requirements. In this paper, focus is placed on the surface 
properties and the optical transparency of the material. The 
optimization of these two properties will be discussed in details. 
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Figure 2. Die pressing tool for the pills (A), hydraulic press (B) and the 
sintering oven (C) used in the experiments, pill after pressing and 
compaction (D), and the pills after sintering (E and F).  
 

Surface analysis: The surface analysis was carried out with the 
help of an Alicona Infinite Focus Microscope and a commercially 
available software package for processing and analyzing 
microscopy images (Scanning Probe Image Processor version 
6.6.1). The measurements were carried out with a magnification 
of 50x. As the samples were semi-transparent the Light Source 
was set to 0.45 and the Gain to 1.15. The exposure was set to 2 
and 3.5 ms (the higher the transparency the higher the exposure 
should be). The contrast was set to 0.3. The vertical resolution 
used was 50 nm. For every pill, 3 measurements around the point 
(0, 0), (2.5, 2.5), and (-2.5, -2.5) were made as shown in Fig 3-A. 
The scan area was 0.3x0.3 mm2. 3D surface topography of two 
measurements in the middle (0, 0) of a Boro and Vita sample are 
shown in picture B and C respectively. The mean value was 
calculated for each of the samples and the measurement was 
repeated on 3 different samples to calculate the final average.  
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Figure 3. The positions for the surface roughness measurements (A), 3D 
surface pictures taken in position (0, 0) for Bora (B) and Vita (C).  
 

The roughness analyses revealed the effects of the sintering 
parameters on the surface topography. The roughness was 
decreased with higher firing temperature and longer firing time 
for both the materials. The main effect plot and the time-
temperature interaction of the Boro material are presented in 
plot A and B of Fig 4. The time-temperature interaction analysis 
showed that the influence of the firing time was decreasing at the 
high firing temperature and it was clear that the firing 
temperature was more influential for the surface roughness than 
the firing time within the experimental process window. A higher 
sintering temperature with lower sintering time could provide a 
similar effect as a lower sintering temperature and a higher 
sintering time for both the materials. This fact is important for the 
industrial optimization of the production as the production time 
can be reduced with increasing temperature. The roughness 
analysis showed that Boro obtained the lowest average surface 
roughness (Sa) 332 nm (with σ=±29), Vita had an average surface 
roughness (Sa) of 549 nm (with σ=±76). The porosity analysis (in 
three different locations in the middle sections of the sintered 
pills) showed that Vita had higher porosity (average 0.40%) than 
the Boro material (average 0.05 %). The hardness measurement 
on the part surface showed the Vickers Hardness for both the 



materials was around 600 HV which was fine for the dental 
application and the sintering conditions have little influence on 
the hardness of the parts. The low surface roughness and low 
porosity inside the parts made Boro a better material than the 
Vita. Moreover, the Boro pill showed better transparency 
compared to the Vita samples (as can be seen in Fig 2-F). But the 
transparency needed further optimization. 
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Figure 4. Main effect plot (A) and interaction plot of surface roughness 
based on firing temperature and time for Boro material.  

Transparency optimization: As the Boro material was found to 
be a better material in terms of surface roughness and porosity, 
the sintering condition for it was optimized to achieve the best 
possible transparency. Different combinations of the settings 
were tested. It was clear during the production of the samples 
that the high firing temperature increased the transparency of the 
samples, so the maximum temperature of the oven (1200 °C) was 
applied. The result was a highly transparent and melted item as 
shown in Fig 5-A. The viscosity became too low at 1200 °C to let 
the item hold the shape. Fig 5-B shows some of the Boro samples 
sintered at different conditions. The sample S1 was sintered at 
820 °C at a single firing temperature and as it can be seen in the 
picture, the part had low transparency.  
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Figure 5. Melted Boro material at too high firing temperature (A), Boro 
pills sintered at different conditions (B), and optimized sintering process 
for Boro samples (C).  

The reason for the low transparency of S1 was the too fast rise 
of the temperature when firing directly at 820 °C. The fast 
temperature increase prevented a clear and complete phase 
transformation in the sample. The best transparency result was 
obtained (see sample S4 in Fig 5-B) where the parts were slowly 
heated from a start temp of 200 °C and two firing temperature 
860 °C and 920 °C were applied. The investigation showed that 
the cooling rate and cooling temperature were important too. The 
best results were obtained at a cooling temperature of 610 °C at a 
cooling rate of 20 °C/min. When decreasing the cooling 
temperature to 590 °C or increasing to 640 °C the transparency 
was decreasing (sample S2 and S3 respectively). A decrease in 
transparency was also noticed when the cooling rate was 
decreased to 10 °C/min or increased to 40 °C/min. The 
knowledge gained from these experiments led to the optimized 
sintering condition (presented in diagram C of Fig 5) both for the 
transparency the surface roughness of the Boro parts.  

4. Production of the final crown 

For the prototyping of the crown, the first molar tooth of the 
lower jaw (tooth no 46 (as shown in Fig 1-A) denoted by the 

Federation Dentaire Internationale Numbering System [8]) was 
chosen. The new crown was designed with a uniform thickness 
(1.5 mm) to avoid stresses in the material and to achieve a 
uniform toughness. The crown can provide a uniform load 
distribution which means that the crown can withstand a high 
load without any crack propagation. Capping the entire tooth is 
not necessary for the newly designed crown, meaning that the 
new crown can be placed with a minimal removal of the tooth and 
the large part of the original tooth can be retained. This is 
achieved by reducing the height of the crown. The design and 
dimensions of the prototype crown are shown in Fig 6. 
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Figure 6. Design and dimensions of the molar tooth 46 for prototyping.  

 
To produce the crown, first of all, the pills were formed 

following the process used in the previous experiment. This 
experiment was done only with the Boro as it imparted the best 
combination of the properties in the previous experiment. 
Afterward, these pills were pressed into the crown shape with the 
use of Cu mould coated with Ni (Fig 7-A). The formed crown can 
be seen in Fig 7-B. The next step was to debind and sinter the 
parts according to the optimized process develop in the previous 
experiments. The final result showed a worse transparency of the 
formed crown compared with the pills (Fig 7-C).  
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Figure 7: The tool (A) and the formed crown (B), sintered crown 
compared with the sintered pill (C), final crown after polishing (D).  

 
It revealed a significant effect of the part geometry on the 

transparency of the material. The sintered crown was polished 
with a hand-held nano polisher to remove the ejector mark and 
debris from the surface. Polishing is commonly applied whenever 
defect-free surfaces with a low roughness are required [8]. After 
polishing, the parts were cleaned with Acetone in an ultrasound 
cleaner for 20 min. The results can be seen in Fig 7-D. This crown 
was not suitable for the light curing of the dental glue due to the 
low transparency. But its milky white color was close to the 
natural color of human teeth. Meaning, it can be used with other 
types of dental glue that are not cured by light (e.g. the two-
component dental glue). This can provide a cheaper alternative 
compromising the aesthetics for the cost of molar and pre-molar 
teeth when they are less visible compared to the other teeth. To 
obtain a better transparency from the Boro crowns, another 
process based on glass moulding was developed and optimized.  

 

Glass moulding for the dental crown: Glass moulding is a 
compression based replicative process that allows the production 
of high precision optical components with surfaces finish even in 
the range of few nanometres [10]. The advantage of the glass 
moulding for the current application compared to the compaction 
and sintering based process is that the material is already 
transparent and only one process step is needed to produce the 
crown. The process was executed with Borosilicate glass sheet 



with a thickness of 2.6 mm. Pieces with the rough profile of the 
crown were cut with a water-jet cutter out of the sheet (as shown 
in Fig 8-A). The glass moulding requires a heat-resistant mould. 
So a Tungsten (W) mould was designed and produced (shown in 
Fig 8-B) for this purpose by sinking EDM. The glass piece after the 
jet-cut was placed in the mould cavity and the mould was closed 
and locked with a locking mechanism (shown in Fig 8-C). Before 
this process was carried out, the temperature and time where the 
Borosilicate was soft enough for reshaping were determined. The 
most optimal option was to heat the material to 880 °C – 920 °C 
for 1.5 to 2 min. Vacuum was used to avoid burning and air 
inclusion. A mould release agent (Boron Nitride Aerosol 
Lubricoat from Zyp Coatings Inc., USA) was chosen to get the 
parts easily out from the mould. After heating the closed mould, it 
was pressed with a pressing force of 40 kN with the hydraulic 
press. The cooling was important to achieve the right mechanical 
properties of the crown. The optimized cooling method in the 
previous experiment (cooling to 610 °C with the rate of 20 
°C/min before letting the air cool down the part to the room 
temperature) was used. The parts made by the glass moulding 
were not 100% transparent either, but they were much better 
compared with the previous samples (shown in Fig 8-D). 
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Figure 8. Picture showing a piece cutout from the Boro glass sheet with 
the rough profile of the tooth (A), W tool components (B), assembled tool 
with the locking mechanism (C), a glass moulded crown (D). 
 

Functional testing of the crown: The last part of the work was 
to test the bonding and hardening of the glue with the 
transparent crown and to evaluate the color matching. The crown 
made by glass moulding was assembled to a demonstrator tooth 
by a dental glue known as Kerr OptiBond from Kerr Dental, USA. 
The glue was successfully hardened by UV light passing through 
the crown. The curing time was 45 seconds. After curing, the 
color of the glue was visible through the transparent crown and 
that could make the color matching for the tooth. The prototype 
tooth can be seen in Fig 9-A and the comparative color matching 
with a color-coded tooth is shown in Fig 9-B. The bond strength of 
the glue and Boro crown were evaluated by tensile testing. 5 test 
results from 5 different samples are presented in Fig 9-C. The 
tensile force was higher than 400 N in all cases. This means that 
the bond strength was higher than the mouth opening force of an 
adult human (approximately 241 N [11]), thus meets the 
requirement for the dental application.  
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Figure 9. Demonstrator tooth made from Boro crown (A), comparison of 
color matching (B) and bonding force of the crown and dental glue (C). 

5. Summary and conclusion 

This paper presents the idea and manufacturing possibilities of 
mass-produced dental crowns for molar and pre-molar teeth. The 
benefit of this work will be realized all over the world especially 
in low-income countries. The new crown concept provides a 
faster, cheaper and flexible solution to the patients needing a 

dental crown. The first set of experiments conducted in this work 
proved that the test samples (pills) and the crowns sintered at the 
same conditions were not the same in transparency proving the 
effect of the part geometry on the transparency. The analyses 
showed that the longer sintering time decreased the average 
surface roughness but the influence of the firing time was 
decreasing at higher temperatures. The change in the firing 
temperature had a relatively higher influence on the surface 
roughness than a change in the firing time. A milky white crown 
was achieved as end result by the sintering process with Boro 
which can be a cheap alternative for the patients who do not care 
much about the aesthetics of the inner teeth. The glass moulding 
process was developed and optimized to achieve better 
transparency. The glass moulded crowns were good enough for 
the light hardening of the dental glue. Future work should focus 
on the investigation of the sub-surface damage (fractured and 
stressed material under an apparently defect-free surface [12]) in 
the transparent crowns. A quantitative analysis for the optical 
transparency of the moulded crowns should be performed. 
Another interesting research to be carried out is to develop a 
process to achieve variable hardness over the crown surface to 
simulate the precise functionalities of natural human teeth. 
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