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Abstract: Milling machines have made denture fabrication possible with high accuracy in a short time.
However, the relationship between the milling conditions, accuracy, and milling duration has not been
clarified. This study aimed to clarify the effects of milling conditions on surface roughness and milling
duration. The specimen was designed using a CAD software, and milled using PMMA disks. In milling, the
parameters of finishing the specimen surface were adjusted. Three different spindle speeds and four different
feed rates were set. Twelve combinations of each parameter were used for milling, and the surface roughness
and milling duration were measured. Results showed that the surface roughness significantly increased with
the feed rate on the slopes of the specimen. The surface roughness differed with the spindle speed on the left
and right slopes. The spindle speed and feed rate did not affect the surface roughness on the flat surface. The
milling duration was not affected by spindle speed but decreased as the feed rate increased. In conclusion, by
increasing both the spindle speed and feed rate, the milling duration could be shortened while maintaining a
constant surface quality. The optimum milling conditions were a spindle speed of 40,000 rpm and feed rate of
3,500 mm/min.

Keywords: CAD/CAM; milled denture; surface roughness; spindle speed; feed rate; fabrication time

1. Introduction

Computer-aided design/computer-aided manufacturing (CAD/CAM) has shown remarkable
progress in recent years, and its application in dentistry is advancing annually [1]. There has been an
expanding application of digital complete dentures [2,3]. New fabrication methods, including milling
complete dentures using custom disks and prefabricated artificial teeth, have been developed [4] and
their vast clinical applications in university hospitals have been reported [5]. Digital complete
dentures can be fabricated using two methods: subtractive manufacturing using a milling machine
or additive manufacturing using a 3D printer. In milling, a prefabricated polymethyl methacrylate
(PMMA) disk that has been pre-polymerized under ideal conditions is milled to a denture shape,
which allows excellent mechanical properties [6,7]. Iwaki et al. showed that PMMA blocks had higher
flexural strength and modulus, as well as lower water sorption and discoloration, than blocks
fabricated using conventional denture base resins [6]. Similarly, Hada et al. reported that
prefabricated PMMA disks had superior flexural strength compared with self-polymerizing resin
and heat-polymerizing resin [7]. Moreover, a prefabricated PMMA disk is not affected by
polymerization shrinkage, Goodacre et al. reported that it was most accurate and reproducible when
compared with conventional methods such as pack and press, pour, and injection [8]. Murali et al.
examined changes in surface properties using artificial saliva and found that prefabricated disks were
as clinically acceptable as conventional resins [9]. In addition, the fabrication of a single milled
denture base and artificial teeth requires approximately 2 h individually for fabrication [10]; however,
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milled complete dentures can be fabricated in a lesser duration than dentures fabricated using the
conventional method. Otake et al. reported that comparing the cost-effectiveness of milled complete
dentures and conventional complete dentures found that the cost of milled dentures was
comparatively lower [5]. This could be attributed to the reduced labor cost of denture fabrication.
Taken together, the use of digital technology to fabricate dentures can reduce the time spent by dental
technicians on manual labor and allow more efficient denture fabrication.

The application of digital technology for denture fabrication has many advantages compared
with conventional methods. However, polishing, which is an important step in the final processing
of dentures, has not been digitized and is performed manually by dental technicians. Conventional
denture fabrication requires complex work, including modification of the denture form after it has
been retrieved from gypsum and finishing and polishing. Previous studies examining the surface
quality of complete dentures have shown that milled complete dentures have better surface quality
than conventional or 3D-printed complete dentures [11-14]. In addition, ideally, milled complete
dentures should require minimal time for fabrication and have good surface quality. However, the
optimal milling conditions for achieving these parameters remain unclear.

The surface roughness of a composite resin block improves the bonding strength and is
influenced by the milling conditions [15]. A previous study measured the milling duration; however,
it did not discuss the relationship between the milling duration and the milling conditions. Another
study showed that changing the milling conditions affects the quality and accuracy of materials;
moreover, surface roughness is widely used as an index for evaluating machining accuracy [16-18].
Tseng et al. suggested that the milling speed is the most significant factor affecting surface roughness
and that optimum surface roughness can be obtained by reducing the feed rate and increasing the
spindle speed when the hardness of the material is high [16]. Ribeiro et al. showed that, in addition
to speed, the depth of the cut in the radial direction as well as the interaction between the radial and
axial depths of the cut affect surface roughness; furthermore, the smaller the depth of the cut, the
better the surface roughness [17]. Similarly, Nurhaniza et al. found that a combination of high milling
speed, low feed rate, and small depth of cut comprised the optimal conditions for minimal adequate
surface roughness [18]. Although milled dentures ideally have a high accuracy, parameters such as
the type of milling tool, rotation speed, and feed rate during milling can affect the actual surface
roughness of the material [19]. Rough milling is possible using a large-diameter tool and fine milling
with a narrow-diameter tool. Similarly, for milled denture fabrication, tools with a larger diameter
allow for faster fabrication; however, the surface becomes rougher and requires more polishing after
fabrication. In contrast, tools with a narrower diameter allow more precise milling of surfaces and
less polishing; however, there is an increase in the milling duration as well as the wear and tear of
tools [20]. No studies have evaluated the effects of milling tools and conditions on machining
accuracy and the time required for denture base fabrication using PMMA disks; further, the optimal
milling conditions for the fabrication of milled dentures remain unclear.

Therefore, the objective of this study was to determine the effects of different milling conditions
on the surface properties and milling duration of PMMA disks for denture base fabrication using a
milling machine. The null hypothesis was that the surface roughness and milling duration would not
differ under different milling conditions.

2. Materials and Methods

2.1. Design of the specimen

First, a general-purpose CAD software (Fusion360; Autodesk Inc., San Rafael, CA, USA) was
used to design a model for milling to imitate a maxillary complete denture (Figure 1). The left and
right parts simulated the jaw ridge, and the flat part in the center simulated the palatal area. This
design was exported in Standard Tessellation Language format.
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Figure 1. Designed specimen.

2.2. Data for milling

The Numerical Control (NC) data that could be milled on a dental milling machine (MD-500;
Canon Electronics Inc., Saitama, Japan) were created using a dental CAM software (hyperDENT V9;
FOLLOW-ME! Technology Group, Munich, Germany) (Figure 2). Three specimens were evenly
placed on one disk, with each specimen having a total of eight supports. Subsequently, three
specimens were milled from a single PMMA disk (Ivotion Base PinkV, Ivoclar Vivadent, Schaan,
Liechtenstein).

0T#: MD-500 m

38 MD500 disk

Figure 2. Locations of the specimens on the CAM software.

2.3. Milling the specimens

The cutting paths for the specimens were output and the specimens were milled. Milling was
performed using three types of tools: 6-mm diameter square end mill (AE-TS-N 6x18; OSG
CORPORATION, Aichi, Japan), 3-mm diameter square end mill (AE-TL-N 3x15; OSG
CORPORATION, Aichi, Japan), and 2-mm diameter ball end mill (WXL-LN-EBD R1x20x4; OSG
CORPORATION, Aichi, Japan). The milling was performed in the order listed in Table 1 as following:
roughing using the 6-mm diameter tool, medium roughing using the 3-mm diameter tool, medium
roughing using the 2-mm diameter tool, and finishing using the 2-mm diameter tool. To evaluate the
surface roughness of specimens used in this study, we adjusted parameters during the finishing stage
using the 2-mm diameter tool that affect the surface properties. Specifically, we set three different
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spindle speeds (20,000, 30,000, and 40,000 rpm) and four different feed rates (2,000, 2,500, 3,000, and
3,500 mm/min) for the finishing stage; accordingly, 12 combinations were created and we examined
the accuracy of the specimen and milling duration with each combination. Two PMMA disks were
used for each combination of spindle speed and feed rate; accordingly, six specimens were milled for
each combination (Figure 3). Each of the three types of tools was replaced for each combination in
order to ensure that the wear and tear of the tool, as well as other factors, would not affect the milling
conditions. The milled specimens were separated from the disk to allow distinction between the left
and right sides. The sample size was calculated using an analysis software program (G*Power 3.1.9.7;
Kiel University, Kiel, Germany). Based on a previous study [15], the sample size required to
investigate the accuracy and milling duration for one combination of spindle speed and feed rate was
determined to be 6.

Table 1. List of tools, spindle speeds, and feed rates.

Milling Process Tools Spindle speed Feed ra.te
(rpm) (mm/min)
Rough (Front) @6 (AE-TS-N 6x18) 16,000 1,300
Rough (Back) 6 (AE-TS-N 6x18) 16,000 1,300
Rest rough (Front) O3 (AE-TL-N 3x15) 18,000 1,200
Rest rough (back) O3 (AE-TL-N 3x15) 18,000 1,200
Rest rough 2 (Front) ®2 (WXL-LN-EBD R1x20x4) 26,000 2,300
Rest rough 2 (Back) ©2 (WXL-LN-EBD R1x20x4) 26,000 2,300
20,000 2,000
30,000 2,500
Fine (FI‘Ol’lt) o2 (WXL-LN-EBD R1 X20><4) 40,000 X 3’000
3,500
20,000 2,000
30,000 2,500
Fine (Back) o2 (WXL-LN-EBD R1 X20><4) 40,000 % 3’000
3,500

Figure 3. Specimen immediately after milling.

2.4. Evaluation of surface roughness

The surface roughness was measured as an index for evaluating the milling accuracy.
Specifically, the surface roughness of the specimens was measured using a compact surface
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roughness measuring machine (SURFTEST SJ-210; Mitutoyo, Kanagawa, Japan). The measurement
conditions are listed in Table 2. Three points were measured on each specimen, i.e., the right slope,
left slope, and central flat surface (Figure 4). While measuring points on the right and left slopes
(Figure 4a and Figure 4b), the specimen was fixed and set such that the measuring instrument was
aligned perpendicularly to the measurement surface. Measurements were performed thrice at each
location, with the triplicate measurement values being averaged to minimize measurement error. All
measurements were performed by the same investigator to avoid measurement errors.

Table 2. Conditions for measuring surface roughness.

1SO 1SO1997

Ac 2.5 mm

As 8 um
Length 6.00 mm
Speed 0.5 mm/s

Figure 4. Locations of surface roughness measurement on the specimen.

2.5. Measurement of milling duration

The milling duration was recorded on the MD-500 operating application (md-gear; Canon
Electronics Inc., Saitama, Japan). The milling duration per specimen was averaged to avoid the effect
of specimen placement and wear and tear of the tools on the milling conditions.

2.6. Statistical analysis

The data regarding surface roughness and milling duration were analyzed using a software
program for statistical analysis (IBM SPSS Statistics V28; IBM Corp., Armonk, NY, USA). The
statistical significance of the results was determined using the Kruskal-Wallis test and Dunn's
multiple comparison test.

3. Results

3.1. Surface roughness

The results of surface roughness measurements on the left slope of the specimen are listed in
Table 3. Comparison of the effects of different feed rates at the same spindle speed on the left slope
of the specimen (Figure 4-a) revealed that the surface roughness significantly differed between feed
rates of 2,000 mm/min and 3,500 mm/min at a spindle speed of 20,000 rpm (p = 0.002), between feed
rates of 2,000 mm/min and 2,500 mm/min at a spindle speed of 30,000 rpm (p = 0.04), between feed
rates of 2,000 mm/min and 3,000 mm/min at a spindle speed of 30,000 rpm (p = 0.006), and between
feed rates of 2,000 mm/min and 3,500 mm/min at a spindle speed of 30,000 rpm (p < 0.001). However,
a comparison of the effects of different spindle speeds at the same feed rate revealed that surface
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roughness significantly differed between spindle speeds of 20,000 and 40,000 rpm at a feed rate of
2,000 mm/min (p = 0.04). Although there were no significant differences in surface roughness at feed
rates of 2,500 mm/min, 3,000 mm/min, and 3,500 mm/min, the surface roughness tended to increase
with the spindle speed.

Table 3. Results of surface roughness on the left slope (Figure 4a).

Feed rate (mm/min) Spindle speed (rpm)
20000 30000 40000
Mean SD Mean SD Mean SD
2000 1.62a 0.16 1.72ab 0.11 1.93bcde 0.28
2500 1.72abe 0.18 2.06edef 0.31 1.78abed 0.12
3000 1.86abede 0.07 2.12¢f 0.28 1.974def 0.05
3500 2.03¢f 0.11 2.28f 0.21 2.04ef 0.16

Statistical results by Kruskal-Wallis test and Dunn's multiple comparison test. Different letters indicate
significant differences among the groups (p < 0.05). SD, standard deviation.

The results of surface roughness measurements on the right slope of the specimen (Figure 4-b)
are listed in Table 4. Surface roughness did not significantly differ among different feed rates at the
same spindle speed. Further, a comparison of the surface roughness at the same feed rate but different
spindle speeds revealed that it significantly differed between spindle speeds of 20,000 rpm and 30,000
rpm at a feed rate of 2,000 mm/min (p = 0.05), spindle speeds of 20,000 rpm and 40,000 rpm at a feed
rate of 2,000 mm/min (p = 0.001), spindle speeds of 20,000 rpm and 40,000 rpm at a feed rate of 2,500
mm/min (p < 0.001), spindle speeds of 30,000 rpm and 40,000 rpm at a feed rate of 2,500 mm/min (p =
0.001), spindle speeds of 20,000 rpm and 30,000 rpm at a feed rate of 3,000 mm/min (p = 0.01), spindle
speeds of 20,000 rpm and 40,000 rpm at a feed rate of 3,000 mm/min (p < 0.001), spindle speeds of
20,000 rpm and 30,000 rpm at a feed rate of 3,500 mm/min (p = 0.04), and spindle speeds of 20,000
rpm and 40,000 rpm at a feed rate of 3,500 mm/min (p < 0.001). The surface roughness decreased as
the spindle speed increased.

Table 4. Results of surface roughness on the right slope (Figure 4b).

Feed rate (mm/min) Spindle speed (rpm)
20000 30000 40000
Mean SD Mean SD Mean SD
2000 3.55de 0.43 2.39abe 0.46 1.66% 0.14
2500 3.744e 0.25 2.87< 0.37 1.592 0.12
3000 4.29¢ 0.36 2.76abed 0.33 1.62a 0.12
3500 4.25¢ 0.29 2.98¢d 0.31 1.96abe 0.68

Statistical results by Kruskal-Wallis test and Dunn's multiple comparison test. Different letters indicate
significant differences among the groups (p < 0.05). SD, standard deviation

The results of surface roughness measurements on the flat surface of the specimen are listed in
Table 5. At the flat surface (Figure 4-c), neither the spindle speed nor feed rate affected the surface
roughness.

Table 5. Results of surface roughness on the central flat surface (Figure 4c).

Feed rate (mm/min) Spindle speed (rpm)
20000 30000 40000
Mean SD Mean SD Mean SD
2000 1.53 0.05 1.44 0.06 1.42 0.03
2500 1.49 0.11 1.53 0.06 1.44 0.12
3000 1.43 0.08 1.49 0.10 1.51 0.05

3500 1.51 0.05 1.41 0.11 1.46 0.05

doi:10.20944/preprints202311.0585.v1
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Statistical results by Kruskal-Wallis test and Dunn's multiple comparison test. SD, standard deviation.

3.2. Milling duration

The results of milling duration are listed in Table 6. Comparison of the milling duration at the
same spindle speeds revealed that the milling duration significantly differed between feed rates of
2,000 mm/min and 3,000 mm/min at a spindle speed of 20,000 rpm (p = 0.004), feed rates of 2,000
mm/min and 3,500 mm/min at a spindle speed of 20,000 rpm (p < 0.001), and feed rates of 2,500
mm/min and 3,500 mm/min at a spindle speed of 20,000 rpm (p = 0.003). At a spindle speed of 30,000
rpm, the milling duration significantly differed between feed rates of 2,000 mm/min and 3,000
mm/min (p = 0.003), feed rates of 2,000 mm/min and 3,500 mm/min (p < 0.001), and feed rates of 2,500
mm/min and 3,500 mm/min (p = 0.003). In addition, at a spindle speed of 40,000 rpm, the milling
duration significantly differed between feed rates of 2, 000 mm/min and 3,000 mm/min (p = 0.002),
feed rates of 2,000 mm/min and 3,500 mm/min (p < 0.001), and feed rates of 2,500 mm/min and 3,500
mm/min (p =0.003). In contrast, milling duration did not significantly differ between different spindle
speeds at the same feed rate.

Table 6. Milling duration.

Feed rate (mm/min) Spindle speed (rpm)
20000 30000 40000
Mean SD Mean SD Mean SD
2000 35'54" ¢ 6.16 35'54" ¢ 5.98 35'55" ¢ 5.84
2500 34’35”bc 559  34’36"bc 573 34’377 te 7.23
3000 33’497 553 3349”7 499 33’477 a 5.38
3500 33727" a 5.49 3328”2 452 33'28” a 5.18

Statistical results by Kruskal-Wallis test and Dunn's multiple comparison test. Different letters indicate
significant differences among groups (p < 0.05). SD, standard deviation.

4. Discussion

According to the obtained results, the null hypothesis was rejected, and a significant difference
in surface roughness and milling duration was observed under different milling conditions. It was
suggested that the milling duration could be reduced by changing the milling conditions while
maintaining the surface properties.

In this study, the surface roughness was measured at several points on the specimen; further,
we observed a difference in surface roughness at two points on the left and right sides of the
specimen. First, on the left slopes, there was a slight trend toward an increase in surface roughness
as the feed rate increased with the same spindle speed. At a spindle speed of 20,000 rpm, there was a
significant difference in surface roughness between feed rates of 2,000 and 3,500 mm/min; however,
at 40,000 rpm, surface roughness did not significantly differ among the feed rates. This suggests that
surface roughness is easily affected by feed rate at low spindle speeds. At feed rates above 2,500
mm/min, surface roughness did not significantly differ among different spindle speeds. However, at
a feed rate of 2,000 mm/min, the surface roughness was significantly lower at a spindle speed of
20,000 rpm than at a spindle speed of 40,000 rpm. This suggests that milling at lower spindle speeds
is more likely to affect surface roughness. Ideally, the milling duration should be shortened while
ensuring accuracy. However, surface roughness may increase as the milling conditions are changed
to shorten the milling duration.

Second, on the right slopes, the surface roughness tended to increase with an increase in the feed
rate between 2,000 mm/min and 3,500 mm/min, which was similar to the left slope. When comparing
spindle speeds, a significant decrease in surface roughness was observed as the spindle speed
increased. One possible reason for the difference in the surface roughness variation according to
spindle speed between the left and right slopes could be attributed to the difference in the processing
direction. The present study applied scanning-line milling, which involves milling from the right to
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the left end of the specimen. Therefore, on the right slope, the tool cuts down the slope, whereas on
the left slope, it cuts up the slope. The main milling methods used are scanning-line and contour-line
millings [21,22]. In scanning-line milling, the tool is moved in a fixed direction and the specimen is
machined by moving the tool up and down along the target shape. In contrast, in contour-milling,
the tool is held at the same height and the target shape is milled by changing the height of the tool
each time. Both methods are also used for finishing; furthermore, although scanning-line milling is
more accurate, contour-milling is also useful depending on the milling conditions. The present study
only used scanning-line milling. Therefore, it is necessary to consider differences in milling methods,
including changing the milling method for each processing area. This study was performed using a
simple specimen in order to facilitate the evaluation of accuracy. Further studies on the processing
methods for specimens with complex curved surfaces, including an actual complete denture, are
warranted.

The results of this study show a significant reduction in the milling duration between feed rates
of 2,000 mm/min and 3,500 mm/min. This suggests that the feed rate affects the milling duration.
Additionally, there was no significant difference in the milling duration between feed rates at
intervals of 500 mm/min. Therefore, the feed rate should be adjusted at increments of 1,000 mm/min.
However, in practice, desktop dental milling machines, including the machine used in this study, do
not always operate at the theoretical feed rate given the small workspace and the insufficient number
of strokes to output the set feed rate. Therefore, it is necessary to consider an upper limit while setting
the feed rate.

This study has some limitations. The first limitation is the setting of the milling conditions. The
present study focused on the number of spindles and feed rate to compare the effects of 12 different
combinations on accuracy and milling duration. Other various machining conditions such as cutting
depth and step-over may affect the accuracy and milling duration. The actual milling process for
fabricating complete dentures involves additional steps and various tools. In addition, factors such
as shape, material, and coating may affect the accuracy and speed of the machining process.
Therefore, it is necessary to investigate other factors related to machining to determine the optimal
denture milling conditions. Furthermore, milling machines other than that used in this study are
commercially available in the market. Considering the possibility that the results of this study may
not reflect the performance of these machines, the evaluation of other dental milling machines is also
necessary. Based on the results of this study, future studies are required with the aim of fabricating
complete dentures to verify whether milling can be performed within a short duration and with a
high accuracy at any step. Additionally, this study was conducted to determine its clinical utility.
Further studies are warranted to determine the optimal shape and material of the tool used for milling
the PMMA disk for denture base fabrication.

5. Conclusions

The conclusions drawn from this study are as follows:

¢  Among the milling parameters, increasing the feed rate led to a reduction in the milling duration.

¢  The combination of a spindle speed of 40,000 rpm and a feed rate of 3,500 mm/min allowed the
shortest milling duration with improved surface roughness, i.e., machining accuracy, among the
milling conditions assessed in this study.
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