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New method to make the high precise restoration from a complete sintering
zirconia ceramic block by applying transpiration with a nano-laser
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Directly milling zirconia computer-aided design (CAD)/computer-aided
manufacturing (CAM) crowns from fully sintered zirconia blocks using a 5-axis laser milling systenm,
compared with full sintering by heating milled semi-sintered crowns, was investigated. Results of
the present study suggest the superiority of the five-axis milling system in creating a zirconia

rosthesis.
?he above-mentioned result 2016 (Indonesia) International Dental Materials Congress, the 71st
General Session of JSDMD (2018:) I announced the poster in Osaka). Furthermore, 1 contributed an
article to DMJ (Master Journal List publication magazine) in December, 2017 and reached it by accept
in April, 2018.
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In the present study, we developed a
five-axis laser milling system for a
zirconia prosthesis to keep the excellent
dimensional accuracy of the advantage of
the milled substructure without long
sintering time, and evaluated the accuracy
of complete zirconia crowns milled by
three- and five-axis laser milling systems,
compared with crowns fully sintered by

heating mechanically milled semi-sintered
crowns.

The materials used were fully sintered
zirconia blocks (i.e., fully sintered
blocks obtained by heating milled
semi-sintered zirconia blocks; Aadva
Zirconia Disk ST, Lot no. 1608241, GC Co.,
Tokyo, Japan) and semi-sintered zirconia
blocks (Fig. 1), which shrink 19.808% by
volume with full sintering according to
the manufacturer’ s information.
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Fig. 1 Schematic representation of the experimental flow

Development of laser milling machines for
the direct milling of fully sintered
zirconia blocks

We first developed a three-axis laser
milling machine for a zirconia prosthesis.
This laser milling machine was a fiber
semiconductor laser (Nd:YVO, laser;
wavelength of 1064 nm) with average output
of 20 W (AC power supply; 100 V, 50 Hz),
pulse energy of 1 mJ/pulse, M2 value of 1.3,
and resolution of 40 pm. The Ilaser
processing speed for zirconia milling was
500 mm/min. The known weakness of
three-axis milling relates to the milling
of specimens in the longitudinal direction
of the prosthesis. Indeed, a brief test
revealed this weakness. We therefore
developed and constructed a Tfive-axis
milling machine that can create a zirconia
prosthesis suitable for clinical use.
Specifications of the five-axis milling
machine were basically the same as those
of the three-axis milling machine except
for the number of axes and the movement of
the machines.

CAM of semi-sintered zirconia crowns
Ten specimens in three sizes for each
heating schedule were prepared by milling
from semi-sintered zirconia blocks with a
CAD/CAM machine (GM-1000, GC Co., Tokyo,
Japan) (Fig. 1). Three-dimensional CAD
software (Power SHAPE2015, Delcam Co. Ltd,
Birmingham, England) was used to design
the specimens and CAM software
(DentMILL2011, Delcam Co. Ltd, Birmingham,



England) was used to mill the specimens.
Fully sintered crowns were fabricated from
semi-sintered milling crowns following a
heating schedule (to 1000 °C for 2 h and
to 1450 °C for 4.5 h) or by rapid heating
(to 1450 °C for 1 h) (Fig. 1). The
thickness of the cement layer of each
specimen under the condition of a fully
sintered zirconia crown was set as 0 pm.
Surface observations made using a scanning
electron microscope

The surface geometry of the semi-sintered
zirconia specimens and fully sintered
zirconia crowns (sintered under rapid or
normal heating) was observed under a
scanning electron microscope (JSM-6365F,
JEOL  Ltd., Tokyo, Japan) at a
magnification of x 10,000 and an
accelerating voltage of 5.0 kV.
Mechanical properties of zirconia crowns
Accuracy of zirconia crowns

a) Marginal gap

An in vitro study was undertaken to compare
the vertical marginal accuracy of CAD/CAM
zirconia crowns. Crowns were prepared in
two sizes (i.e., there were six specimens
for each group) with a lingual thickness
of 0.5 or 1.5 mm, buccal thickness of
0.5 mm and occlusal thickness of 0.5 mm
(i.e., the dimensions of complete crowns)
(Fig. 1). The internal dimensions of the
crown specimens were set the same as for
the metal die abutment tooth, which meant
that the cement layer was set as 0 pm.
Zirconia crowns were seated on metal dies
made of stainless steel (SUS303, Japan
MECC Co. Ltd., Tokyo, Japan), and the
accuracy of fit was evaluated by measuring
the gap between the base line on the die
and the margins of the specimen at four
specific sites using a measuring
microscope (STM6, Olympus Co., Tokyo,
Japan) with accuracy of 1 um (Figs 1 and

2).

Specimen
140mm =
Metal die <::‘m‘ 4 || Myt )
- 5 ¥ Base line
T l[ll
o
\ +
e
| 8

| 100
S r’“"’f'1 Base line

Ny I e M
I L
|

"=l

Fig. 2 Metal dies for assessing the marginal fit of zirconia crowns

b) Roundness of the marginal shape at the
base

Three-dimensional data of the fully
sintered zirconia crowns were obtained
using a three-dimensional digital scanner
(VIVID 91, Konica Minolta Co. Ltd, Tokyo,
Japan), and three-dimensional images were
constructed using three-dimensional CAD
software (SolidWorks 2012, Dassault
Systémes SolidWorks Co,
Velizy-Villacoublay, France) to analyze
the round shape at the base of the crowns
(Fig. 1). A reference plane including
three points on the base of the crown was
set. The origin was set at the center of
gravity (G) of a triangle consisting of

these three points on the base of the crown
on the reference plane.

The X-axis was defined as the line
passing through point G parallel to the
medial-distal line of the crown containing
the points of the buccal (0.5 mm thick) and
lingual (0.5, 1.0, and 1.5 mm thick)
borders. The Y-axis was set as the
orthogonal axis of the X-axis including
point G. The coordinates (xi, yi) of 20
points on the internal surface of the base
(internal margin) of the crown on the XY
plane (the reference plane) were obtained
to estimate the roundness and roundness
error of the marginal shape of the crown.

Roundness was estimated employing the
least-squares circle method, which uses a
circle that separates the roundness
profile of an object by separating the sum
of the total area into equal amounts inside
and outside:

==  (x=xi)%+(y—yi)?-R* +X

(x—x1) % (y=yi)?>r? , where R is the
radius of the least-squares circumscribed
circle and r is the radius of the
least-squares inscribed circle. A perfect
circle has a diameter of 8.0 mm and
roundness of 0.00. Internal shape of
zirconia crowns

Three- and five-axis laser milling
machines for a zirconia prosthesis
Figure 3 shows the appearance of the
developed three- and five-axis laser
milling systems and a schematic
representation of the movement for three-
and five-axis laser irradiation. In the
case of the three-axis laser milling
system, irradiation of the zirconia block
shifted through three-axis motion of the
block stage (Fig. 3A). In the case of the
five-axis laser milling system, the
zirconia block was fixed on a rotating
stage and three-axis motion of the stage
was combined with rotation of the specimen
and rotation of the laser converging
optical unit (Fig. 3B).

A. Three-axis CAM machine
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Fig3 Laser milling machine for producing zirconia crowns dircctly from fully sintered zirconia blocks

Mechanical properties of zirconia crowns
The Vickers hardness test revealed that
the hardness values of zirconia specimens
in laser milled and conventional specimens
were almost the same (three-axis, 1518.6-
1545.6 Hv1.0; five-axis, 1523.9-1530.4
Hv1.0; conventional, 1530.0-1546.0 Hv1.0),



whereas the hardness of the chalk-like
semi-sintered specimens was extremely low
(69.4-72.3 Hv1.0) (Fig. 4A).

The lightness value (L*) was highest for
chalk-like semi-sintered specimens
(100.1-100.6) followed by laser milled and
conventional specimens, with values being
similar (three-axis, 84.1-84.3; five-axis,
84.3-84.4; conventional, 83.4-83.8)
(Fig. 4B).
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Fig. 4 Mechanical propertics of zirconia crowns

A. Hardness, B. Lightness

n=6 for cach experimental condition.*P<0.05, **P<0.01

Data were analyzed in a Tukey test to determine which differences were statistically significant.

Accuracy of the marginal fit

The accuracy of the marginal fit was
estimated from the marginal gap, which is
the distance between the base line of the
metal die and the margin of the crown
(Fig. 2). The order of the marginal gap of
crowns by creating method was three-axis
milling > conventional > five-axis milling
system. The order of crown by lingual
thickness was 1.5 mm > 0.5 mm in the
conventional group, and almost the same
for the direct milling system (Fig. 5).
Roundness of the internal marginal shape
Distortion of the internal marginal shape
at the base of zirconia crowns is shown as
a superimposition over a perfect circle
with a diameter of 8 mm (Fig. 5). The
diameter of crowns in all groups was 8.0
mm. However, the buccal side (0.5 mm
thickness) of the conventional crown with
lingual  thickness of 1.5 mm was
constricted on the inward side, which
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the roundness (Fig. 6 and Table 1). Crowns
with lingual thicknesses of 0.5 and 1.5 mm
directly milled from fully-sintered
zirconia blocks with three- and five-axis
laser milling machines were almost perfect

circles (Fig. 6).
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Fig.6 Internal marginal shape at the base of the fully sintered zirconia crowns

The distortion of marginal shapes of
crowns was reflected by the roundness. The
values of roundness of marginal shapes of
laser-milled crowns having the two lingual
thicknesses were almost the same, while
conventional crowns had larger values
(order of roundness by lingual thickness,
1.5 mm > 0.5 mm).

Internal shape of zirconia crowns
Observation of the internal corner shape
of zirconia crowns reveals the corner
roundness of crowns milled by the
three-axis milling machine and produced
conventionally, while the crowns milled by
the five-axis milling machine had a sharp
corner edge. The internal gap of zirconia
crowns in three-axis milling groups had
large variance, and there was thus no
statistical significance between
three-axis and conventional groups.
Meanwhile, the internal gap in the
five-axis group was almost zero.

CONCLUSION

Results of the present study show that
Direct milling specimens had an extremely
low distortion of shape and high
dimensional accuracy; however, the
disadvantage of three-axis laser milling
was roundness of the internal corner of
crowns. Five-axis milling overcame this
weakness, and realized excellent
accuracy.

We conclude that five-axis milling

systems perform well in creating a
zirconia prosthesis with precise
dimensions and shape all over the
prosthesis, leading to excellent
accuracy.

This paper was accepted to Dental
Materials Journal.
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Polytetrafluoroethylene (PTFE) is a



hydrophobic molecule with excellent
dielectric properties and one of the
lowest coefficients of friction of any
solid, which results in reduced friction,
wear and energy consumption in machinery,
industrial and medical devices, and
cookware. These applications in medical
and dental fields use its difficulty in
adhesive property, which is also useful
for maintenance of good oral hygiene,
however prevent PTFE from application to
prosthesis.

To evaluate the physical properties of
PTFE (composed of at least 20000 C,F,
monomer units linked into very long
unbranched chains (molecular weight;
millions to ten million). melting point;
327 , glass transition temperature;130 ,
density; 2.1-2.3g cm®, Fluoro Coat Co.
Ltd., Kawagoe, Japan) as a dental material,
we prepared specimens (10mm x 10mm x 2mm)
of porcelain (VITA VM*13, VITA Zahnfabrik
H. Rauter GmbH & Co. KG, Bad Sickingen,
Germany) according to the manufacturer”s
instruction, gold alloy (YP GOLD type 111,
Yamakin Co. Ltd., Osaka, Japan), bovine
tooth (mandibular incisor, Yokohama
Edible Meat Public Corporation, Yokohama,
Japan), and composite resin (CR; Ceramage,
Shofu Inc., Kyoto, Japan) according to the
manufacturer®s instruction for comparison.
(Fig. 1)

Before measurement of each physical
property, the surface roughness (Ra and
Rz) of each specimen was evaluated
(Fig. 1). The surface roughness values for
porcelain, gold alloy, bovine tooth, and
CR were almost the same, and were much
lower than that of the PTFE specimens. The
Ra and Rz values of the zirconia antagonist
were also high, falling between the values
for PTFE and the other specimens (Table 1).

The worn volume of PTFE and
porcelain was almost the same, and was
approximately 1/2 that of gold alloy, 1/3
that of bovine tooth, and 1/9 that of CR

Table I Surface roughness of specimens and zirconia antagonist

Surface roughness

Ra Rz
- - Dasmis Teamis
Zirconia antagonist (0097 (1.133)

0,985 74Tesse

PTFE (0.107) (0.699)
012 183

Porcelain (0.044) 0.727)

- 019+ 230+

Gold alloy (0.031) (0.349)
018+ 135

Bovine tooth (0.031) (0.304)
018+ 241

Composite resin (0.066) (1.202)

=6 for each experiment
Superscript letters denote statistically significant differences (p<0.01) within each measurement item compared to a)
PTFE; b) porcelain; c) gold alloy; d) bovine tooth; ¢) composite resin.

(Table 2A). However, the maximum depth of
the worn cavity of PTFE was approximately
1/2 that of porcelain and gold alloy, 1/3
that of bovine tooth, and 1/6 that of CR
(Table 2A). Wear of the zirconia
antagonist, porcelain, and gold alloy was
almost the same, approximately 1/3 that of
bovine tooth, and 1/6 that of CR (Table 2B).
Dynamic friction during the wear test was
much lower in PTFE than in the other
specimens, which were approximately 1/5-

1/6 of the value exhibited by PTFE (Table

2A).

The Vickers hardness test revealed that
porcelain (540HV)>hovine tooth
(283HV) gold alloy (270HV)>CR

(65HV)>PTFE (4.8HV). PTFE was therefore an
extremely soft material (Table 2A). The
results of the wear and hardness tests
indicated that PTFE exhibited low hardness
and low wear with low friction (Table 24),
while the physical properties of gold
alloy and bovine tooth were almost
identical to each other (Table 2A).

Table 2 Wear and Vickers hardness of specimens and zirconia antagonist

A. Specimens

Wear test Vickers
hardness

volume depth Triction
~) (HVL.0)

(mm’) (mm)

0.006:2 0013005 037osas &
FTFE ©o01L) | (0.0024) 0030) ©045)

00054 0027247 2%k 3
Porcelain (0.0013) (0.0036) (0.089) (2024)

0012254 5027 1.90:5°
Gold alloy (0.0014) (0.0011) (0.047) (1.92)

001722+ 0.047255 207 -
Bovioe oot ©0021) | (00039) 0350) (12.01)
0.05625<4 0077224 2.15 =
Compasite resin 00128 (0.0036) (0.158) (1.88)
-6 for cach experiment
Superscript leters denote statisically significan differences (p=<0.01) within cach measurement item compared t0 3)
PTFE; b) porcelain; ) gold aloy; d) bovine tooth; ¢) composite esin.

B. Zirconia antagonist
Wear of antagonist against cach specimen Vickers
(o) hardness
PIFE | Porcclin Gold Bovine | Composic | yy1.0)
allo tooth resin
00695 | 0,056 00595 | 0.179: | 0.365: 14379
(0.0604)  (00337)  (0.0273)  (0.0434)  (0.0460) (39.70)
-6 for cach experiment
Superscript letiers denote statsticaly significant differences (p<0.01) compared to 8) PTFE; b) porcelain; ¢) gold
alloy; d) bovine tooth; ¢) composite resin.

The coloration test revealed that
PTFE and porcelain exhibited extremely low
coloration compared with bovine tooth and
CR (Fig. 3A,B). In PTFE and the prosthesis
material specimens, the order of
coloration was curry>coffee>tea, in
contrast with bovine tooth , in which the

PIFE  Porcclain  Boviee  Composite
tooth resin

Fig. 3 Coloration with food and drink

A. Color difference, B. Coloration of each specimen

=6 for each experimental condition. Superscript letters denote statistically significant differences
(p<0.01) within each drink/food compared to a) PTFE; b) porcelain; c) bovine tooth; d) composite
resin

order of coloration was tea>coffee>curry.

The bacterial adhesion test using
S. mutans and S. sanguinis revealed
similar tendencies in PTFE and the
prosthesis material specimens, all of
which recorded lower bacterial adhesion
than bovine tooth. The order of adhesion

tendency was bovine
tooth>CR porcelain>gold alloy>PTFE
(Table 3).

Bacteria adhesion of specimens

Mitochondrial activity of bacteria attached (o specimen
(% of bovine tooth)

Ssanguinis




CONCLUSION
We conclude that PTFE has the potential

to be an excellent material for clinical

use as a material/component of prosthesis

and dental instruments/devices.
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