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ABSTRACT Dental crowns are used to restore decayed or chipped teeth, where their surfaces play a key
role in this restoration process, as they affect the fitting and stable bonding of the prostheses. The surface
texture of crowns can interfere with this restoration process, therefore the measurement of their inner surface
roughness is very important but difficult to achieve using conventional imaging methods. In this study,
the inner surfaces of dental crowns were three-dimensionally (3D) visualized using swept-source optical
coherence tomography (SS-OCT) system. Nine crowns were fabricated with a commercial 3D printer using
three different hatching methods (one-way, cross, and 30◦ angle counter-clockwise) and three different build
direction angles (0◦, 45◦, and 90◦). In addition, an image processing algorithm was developed, which uses
morphological filtering, boundary detection, and a high-pass frequency filtering technique, to quantitatively
evaluate the inner surface roughness of the dental crowns cross-sections with the depth-of-focus set to match
two different regions. The averaged smoothness of fabricated crown was effectively produced using the
cross-hatching and the build direction angle of 90◦ by the respective process. Thus, the results confirm the
potential use of this methodology to determine the best parameters to use in 3D fabrication for improving
the effectiveness and stability of dental prostheses.

INDEX TERMS 3D printing, dental crown, image processing, optical coherence tomography, surface
roughness.

I. INTRODUCTION
Dental prostheses are widely used in clinical treatment to
restore decayed or chipped teeth [1], [2]. A dental crown
is a restorative prosthesis that involves the complete or
partial covering of a tooth or dental implant. Prostheses
such as these are generally prepared using casting [3],
milling [4], [5], lost-wax (LW) [6], and three-dimensional
(3D) printing [7], [8] methods. The casting method is
time-consuming, and due to high tooling costs, a high pro-
duction volume is required. Milling is a high-cost process
with high material waste, unlike the 3D printing method,
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which produces better quality products, allows fast fabrica-
tion, has almost no restriction in terms of product shape, and
is cost-effective. In 3D printing, the build direction has a
direct impact on the dimensional accuracy of a 3D printed
dental crown [9], and for different build directions, differ-
ent root mean square estimate values have been observed
[10]. Computer-aided design/computer-aided manufacturing
(CAD/CAM), selective laser melting (SLM), rapid prototype,
and direct inkjet printing are some examples of 3D printing
technology.

The surface roughness of a dental prosthesis can have
a direct or indirect impact on bacterial plaque retention,
staining, oral health, and patient comfort, [11]–[14] thus,
a well-polished smooth surface is the most significant
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advantage of a 3D printed dental prosthesis. If the surface of
a dental crown is not sufficiently polished, dental restoration
can be difficult, resulting in the accumulation of plaque, gin-
gival irritation, and poor aesthetics due to surface roughness
[15]. Moreover, the surface roughness of dental crowns influ-
ences the discoloration, abrasion, and aesthetic appearance of
the dental prostheses [16]. Thus, it is essential to be able to
assess the roughness of their inner surface to develop superior
dental crowns with enhanced restoration efficiency for dental
crown treatment. The inner surface roughness of a 3D printed
dental prosthesis plays an important role in its successful
bonding with a tooth. Recently, several techniques have been
developed for the assessment of surface roughness. Among
them, an optical profilometer has been used to determine
average surface roughness, where low average roughness
values are considered to represent a smooth surface, while
higher average roughness values are considered to represent
a rough surface [17]. Scanning electron microscopy (SEM)
imaging is one of the techniques most widely used to measure
the surface roughness of enamel and dentine in teeth [18].
However, SEM has a few limitations when it comes to mea-
suring the roughness of a sample surface. It is an expensive
technique, the system as a whole is bulky, sectioning of the
sample is required in most cases, and the microscope has
to be housed in an electrical, magnetic, and vibration-free
environment. The surface characteristics of resin composites
have been assessed using a gloss meter, which measures
the reflection gloss of a sample surface, where higher gloss
values were measured from smoother resin materials [19].
Over the past two decades, atomic force microscopy (AFM)
has been used in the dental equipment research field to
capture 3D topographical images of surface roughness at
nanometer resolution. However, the fixing of the sample
in a fluid substrate limits the applicability of this method.
Moreover, in AFM, the vertical motion of the tip is limited to
5–15 µm [20], and a slow scan time and single scan image
size (150 × 150 µm) are also other notable limitations of
this technique. Contact profilometry is a technique used for
scanning the topography of a sample surface, but it is not
well suited to very soft, liquid, and easily damaged surfaces.
The stylus of a profilometer can also be damaged when used
to scan a very hard surface. Conventional imaging methods
have some limitations to assess the whole inner surface of the
dental crown. Because ultrasound has low axial and lateral
resolution and it requires the use of gel as a coupling agent
[21]. Confocal laser scanning microscopy is limited by low
penetration depth (400-500 µm) and a limited scan area
( 500 × 500 µm2) [22]. X-ray, computed tomography, and
magnetic resonance imaging (MRI) have a low spatial res-
olution range (0.5 – 1 mm) [23]–[25]. Therefore, an opti-
cal non-invasive imaging method is required to evaluate the
surface roughness of materials.

Optical coherence tomography (OCT) is an optical
imaging modality used to conduct high-resolution,
cross-sectional imaging of inner microstructures in materials
and biological structures by measuring the echo time delay

and backscattered light magnitude [26], which can overcome
the aforementioned limitations of other conventional imaging
and roughness measurement techniques. OCT can be classi-
fied into Fourier-domain and time-domain. Fourier-domain
OCT can be further classified into spectral-domain OCT
(SD-OCT) and swept-source OCT (SS-OCT) [27]. SS-OCT
has deeper penetration and faster image acquisition time
compared with other OCT systems and the light source of
this system is divided into a spectrum through a tunable
laser instead of a super-luminescent diode [28]. OCT has
been widely applied in medical diagnosis [29]–[34], entomo-
logical studies [35], [36], industrial applications [37]–[39],
and in the agricultural field [40], [41]. Nowadays, with
developments being made in terms of the size of systems and
types of light sources, OCT could be used for the advanced
diagnosis of tooth decay and periodontal disease [42].
A polarization-sensitive OCT system has previously been
employed to assess dental structures and the obtained results
were compared with those of other conventional OCT sys-
tems [43]. In our previously reported studies, we used OCT to
quantitatively assess dental caries [44], to measure inner and
marginal discrepancies in dental prostheses [45], to classify
human gingival sulcus structure [46], to identify human
gingival sulcus [47], to analyze enamel loss [48], and to
characterize micro-damage in cortical bone [49].

In this study, dental crown samples were prepared by
using a 3D printer, and then OCT imaging of the prepared
samples was performed by using the SS-OCT imaging sys-
tem. An image processing algorithm was developed for the
numerical evaluation of dental crown inner surface roughness
based on the acquired OCT images. The proposed OCT-based
methodology can be used in dental restoration to measure
surface roughness and simultaneously to determine the per-
formance of different hatching methods and build directions
of 3D printed samples after their fabrication, which will be
useful both for industry and researchers in the field of the
fabrication of materials for dental restoration.

II. MATERIALS AND METHODS
A. PREPARATION OF THE DENTAL CROWN SAMPLES
Figure 1(a) shows the SLM technique used in the fabrication
of dental crowns. In SLM, high-temperature laser light is used
to fabricate the samples, via either the sintering or welding of
parts in a powder bed, where the object is printed by forming
one layer on top of another, as the sample holding platform
moves down and the powder delivery platform moves up
accordingly [50]. A commercial 3D printer (ReaLizer SLM
125) equipped with a laser source with 200 W power, which
can achieve high accuracy and high surface quality printing
of tiny modules were used to fabricate dental crown samples,
with an accuracy of 30–60 µm. The optical system of this 3D
printer was digitally regulated using F-theta optics at 100◦ C
under a flow of argon gas at ca. 35 L/h, with a construction
volume (X × Y × Z) of 125 mm × 125 mm × 200 mm.
The values of utilized parameters such as hatching distance,
hatch offset, point distance and laser exposure time were
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FIGURE 1. Selective laser melting (SLM) process and hatching methods of the 3D fabrication of dental crowns. (a) Schematic of the SLM process.
(b) Hatching method 1, in which layer stacking is achieved by moving the laser pointer back and forth in one direction. (c) Hatching method 2,
in which layer stacking is achieved by printing one layer on top of another in such a way that they are perpendicular to each other. (d) Hatching
method 3, where layer stacking is achieved by turning the laser pointer 30◦ counter-clockwise after the printing of each layer.

0.08 mm, 0.04 mm, 20 µm, 60 µs, respectively. The param-
eters were fixed to keep the control condition during the
3D fabrication of the dental crowns using three hatching
methods. The lamination thickness in 3D printing was fixed
at 0.025 mm. So the calculated number of layers to fabri-
cate a single dental crown sample of 11 mm height is 440
(11/0.025, sample height/lamination thickness). 440 layers
were stacked on top of another to form a single dental crown
sample of 11 mm height. Chrome–cobalt was used as a raw
material, which was subjected to three different hatching
methods with three different build directions to print different
dental crown samples. In all three hatching methods, the laser
energy, scan velocity, and laser lamination thickness were
constantly maintained. The three different hatching methods
used to fabricate dental crowns are shown in Figures 1(b–d).
In this study, the build direction of the fabricated dental
crown was with respect to the support structure of the dental
crown. Hatching method 1 involves one-way vertical lami-
nation, i.e., moving the laser pointer back and forth in one
direction. After forming one layer, the stacking of the next
layer of the sample was started from the same lamination
angle after completing the previous layer. Figure 1(b) shows
a schematic diagram of the one-way lamination of hatch-
ing method 1. In hatching method 2, shown in Figure 1(c),
the hatching was carried out via a two-way vertical and
horizontal alternating lamination (cross lamination at 0◦ and
90◦) process. In this method, the first layer was vertically
stacked followed by the horizontal stacking of the second
layer (i.e., the stacked layers are perpendicular to each other),
then the next successive layer was printed vertically once
again, and this process was continued until all of the layers
of the sample had been stacked on one another. In hatching
method 3, shown in Figure 1(d), the layer stackingwas carried
out by turning the laser pointer counter-clockwise by an

angle of 30◦. The first layer was stacked at an angle of 30◦,
then the second layer was stacked at an angle of 60◦, and
following this, the third layer was stacked at an angle of 90◦

(all three angles are in respect to the initial position of the
laser pointer). This 30◦ angle counter-clockwise lamination
was continued until the sample fabrication was complete.
Figure 2(a) shows 3D models of the dental crowns with the
build directions and support structure. A photograph of the
fabricated dental crown samples is shown in Figure 2(b).
Since the main purpose of this study was to determine the
most appropriate hatching method and build direction by
assessing the inner surface roughness through roughness
quantification algorithm, no post-processing was performed
that affects the inner surface roughness of the dental
crown After 3D fabrication. The use of post-processing
methods like sandblasting, soot peening, grinding, elec-
tropolishing, etc. may increase the surface smoothness
but it would affect the goal of this study of roughness
assessment. Once the samples were completely fabricated,
two-dimensional (2D) and 3D OCT imaging was car-
ried out. 500 successive cross-sectional 2D images were
obtained to make one 3D image. The volumetric samples
were rendered and analyzed in all three section planes
(sagittal, coronal, and orthogonal).

B. EXPERIMENTAL SETUP OF THE SS-OCT SYSTEM
A schematic diagram of the SS-OCT system (OCS1310V1,
Thorlabs, Inc., Newton, New Jersey, USA) used for imaging
of the dental crown samples is shown in Figure 3. This
commercially available system comprises a swept-source
laser engine with a central wavelength of 1310 nm and full
width half maximum bandwidth of >97 nm (−10 dB cut-off
point). The average laser output power from the source is
>20 mW, and its axial scan rate is 100 kHz. The lateral and
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FIGURE 2. Build directions used in the fabrication process and printed
dental crown samples. (a) Modeling of dental crowns with the build
directions shown with respect to the support. (b) Photograph of the 3D
printed dental crowns after removing their support structures.

FIGURE 3. Schematic of the SS-OCT system. A: attenuator; C: collimator;
DM: dichroic mirror; DAQ, data acquisition board; L: lens; M: mirror; OL:
object lens; PC: polarization controller; SMF: single-mode fiber.

axial resolutions of the system are 25 µm and <16/12 µm
(air/water), respectively. At zero optical-path length differ-
ence, the sensitivity is 111 dB. The maximum scanning range
and imaging depth of the system are 10 and 12 mm, respec-
tively, and themaximum imaging volume size (L×W×D) is
10 mm × 10 mm × 12 mm, with a maximum sampling
resolution (L × W × D) of 1024 ×1024 × 2048 pixels.
A detailed explanation of the system specifications can be
found in the previous literature [35].

C. IMAGE PROCESSING ALGORITHM
The inner surface averaged roughness of the dental crown
samples was measured by analyzing the acquired 2D OCT
images. The cross-sectional OCT images with a com-
plete (throughout) focused inner surface were required to cal-
culate the entire inner surface roughness of the dental crown.
Imaging of the entire inner surface of the dental crown in once
with a complete focus was challenging, due to the height of
the dental crown. Thus, the entire inner surfaces of the dental
crowns were imaged twice with the depth-of-focus (DOF) set

at two different regions of the dental crown to obtain fully
focused inner surface OCT images of the samples. In the first
attempt, the DOF was set at the bottom region of the dental
crown, and in the second, the DOF was set at the topmost
region of the dental crown, to produce two different groups
of images for analysis and calculating the roughness of the
samples. The 9 samples of the dental crown were fabricated
by the combination of three hatching methods and three build
directions using the commercial 3D-printer. After 3D fabri-
cation, each sample was imaged by setting the depth of focus
(DOF) at the top and bottom regions of the sample. For nine
dental crown samples, a total of 18 (9 samples ×2 positions)
volumes of OCT images were acquired by the SS-OCT sys-
tem. The one-volume image consisted of 500 cross-sectional
OCT images. The region of interest (ROI) of the focused top
and bottom regions were analyzed by the customized image
processing algorithm. Figure 4 illustrates the overall steps
involved in the roughness calculating processes.

1) IMAGE PROCESSING FOR THE IMAGES WITH DOF
SET AT BOTTOM REGION OF THE DENTAL CROWN
Figures 4(a–d) show some important image processing steps
applied to the images with the DOF set at the bottom region
of the dental crown. In the first step, cross-sectional OCT
images were loaded into the MATLAB (R2016a) platform,
and then RGB to grayscale conversion was carried out.
Next, morphological filtering was applied to remove the
small object or noise, especially the inner surface boundary
adjacent noise as well as to preserve the same shape or infor-
mation of the inner surface boundary. The morphological
operation made the measurements look smoother by remov-
ing the noise and as the inner surface boundary shape or infor-
mation was preserved, the final roughness values were not
affected. In morphological filtering, a square structuring ele-
ment with a three-pixel width was used to perform a morpho-
logical opening of the grayscale images, by processing them
pixel by pixel according to their neighboring pixel values. The
morphological opening is an erosion operation followed by
a dilation operation, using the same structuring element for
both operations. After themorphological filtering, the left and
right sides of the images were excluded, the middle region of
the image was selected as the ROI, and image binarization
was carried out. In the image binarization process, grayscale
images were converted into binary images by replacing all
pixels in the input images with luminance higher than level
(predefined threshold value, 50/255) with the value 1 (white)
and replacing all other pixels with the value 0 (black). After
the image binarization process, the inner surface boundary
was detected by searching each column pixel of the image
array from the top where the pixel values were ‘‘1’’ for the
first time. In this search process, when ‘‘1’’ was detected,
the corresponding row index value was taken as the part
of the inner surface boundary and continued the searching
to make a graph for the whole inner surface boundary of
the crown. Then a high-pass frequency filtering operation
was performed on the acquired dental crown inner surface
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FIGURE 4. Image processing algorithm for the measurement of averaged roughness. Images (a, b, c, and d) belongs to the images with DOF at the
bottom region of the dental crown. Images (e, f, g, h, and i) belongs to the images with DOF at the topmost region of the dental crown.

boundary signal. A typical 3D printed surface has three dif-
ferent frequency ranges, which can be classified as follows:
low frequency or higher wavelength components are referred
to as form, the medium frequencies as waviness, and higher
frequencies or short-wavelength components as roughness.
In high-pass frequency filtering, signals with a frequency
higher than a pre-defined cut-off frequency are considered for
further processing. A first-order Butterworth filter was used
with filter parameters such as cut-off, sampling, and Nyquist
frequencies of 2.8 Hz, 100 Hz, and 50 Hz, respectively for
the evaluation of surface roughness in high-pass frequency
filtering. After the high-pass frequency filtering, the averaged
roughness was calculated from the average of the absolute
value of the roughness profile.

2) IMAGE PROCESSING FOR THE IMAGES WITH DOF SET AT
TOPMOST REGION OF THE DENTAL CROWN
Figures 4(e–i) show some important image processing steps
applied to the images with the DOF set at the topmost region
of the dental crown. After loading 2D OCT images into the

MATLAB (R2016a) platform, RGB to grayscale conversion,
morphological filtering, image binarization, and inner surface
boundary detection was carried out according to the method
described in the previous section. After detecting the inner
surface boundary, the focused left and right sides were sep-
arated from the partially focused middle part of the dental
crown. This was followed by high-pass frequency filtering,
which was applied to the separated left and right sides of the
inner surface boundary signal.

After high-pass frequency filtering, the averaged
roughnesses of the left and right-side signals were calculated
from the absolute values of their roughness profiles. To obtain
the averaged roughness of the entire ROI of the dental crown
inner surface, the sum of the left and right-side averaged
roughness values was added to the averaged roughness of the
bottom regions of the dental crown. To obtain normalized
smoothness values, the averaged roughness of the inner
surface of each dental crown specimen was calculated based
on the pixel information. Next, the calculated each averaged
roughness value was converted to smoothness value by using

133858 VOLUME 8, 2020



J. Lee et al.: Assessment of the Inner Surface Roughness of 3D Printed Dental Crowns via OCT

FIGURE 5. 2D cross-sectional images of a dental crown with the DOF set
in two different regions. (a) The DOF was set at the topmost region of the
dental crown. (b) The DOF was set at the bottom region of the crown.
(c) The DOF at the topmost region of the crown when the scan position
was shifted by 90◦ with respect to that used to record the image in (a).
(d) The DOF at the bottom region of the crown when the scan position
was shifted by 90◦ with respect to that used to record the image in (b).

the reciprocal of the averaged roughness values. Finally,
all the smoothness values were normalized by dividing the
obtained maximum smoothness values.

III. RESULTS AND DISCUSSION
A. QUANTITATIVE EVALUATION OF THE INNER SURFACE
ROUGHNESS OF THE DENTAL CROWN
Figure 5 shows cross-sectional 2D OCT images of the inner
surface of a 3D printed dental crownwith the DOFmatched to
different regions of the sample. Figures 5(a and b) show the
cross-sectional representations of the sagittal section planes
and Figures 5(c and d) show the coronal section planes
of the dental crown. For the data recorded and shown in
Figures 5(a and c), the sample arm was placed at a distance
in such a way that the DOF was matched to the topmost
region of the dental crown, meaning that the bottom region
of the sample appears out of focus. In contrast, for the data
recorded and shown in Figures 5(b and d), the DOF was
matched to the bottom region of the dental crown, meaning
that the topmost region of the sample appears out of focus.
The red-colored dotted rectangles in the images illustrate the
regions where the DOF is precisely matched, while the blue
colored dotted rectangles illustrate the regionswhere theDOF
is only partially matched. Since intense peaks that indicate
rough regions can be identified through the precise matching
of the DOF, multiple DOFs were used during the measure-
ments. It was observed that in the fully focused part of the
dental crown (the red dashed boxes in Figures 5(b and d))
few visually observable peaks corresponding to the roughness
can be identified (indicated by the white arrows). In the

image processing algorithm, completely focused inner sur-
face images such as those shown in Figures 5(a and b) were
set as the ROI to calculate the inner surface roughness.

Figure 6 shows 2D cross-sectional images of dental crowns
fabricated using three different hatching methods with build
direction angles of 0◦, 45◦, and 90◦, acquired using OCT
imaging with the DOF set at the top and bottom regions of
the dental crowns. Figures 6(a, b, c, g, h, i, m, n, and o) and
(d, e, f, j, k, l, p, q, and r) were acquired with the DOF set at
the topmost and bottom regions of the dental crowns, respec-
tively. It can be seen from the images that the dental crown
surfaces fabricated using build direction angles of 0◦ and
45◦ are rougher than those fabricated using a build direction
angle of 90◦. In the cross-sectional images, the highly rough
areas of the surfaces of the dental crowns are indicated by
red boxes. The most appropriate hatching method out of the
three different methods used cannot be identified by simply
looking at the 2D cross-sectional images because there is no
significant difference in roughness between these images of
the dental crowns.

A total number of nine 3D images were obtained of dental
crowns fabricated using three different hatching methods,
hatching methods 1, 2, and 3, and with three different build
directions, are shown in Figures 7(a, b, and c), (d, e, and f),
and (g, h, and i), respectively. Compared to hatching methods
1 and 3, the inner surface smoothness of the dental crowns
printed using hatching method 2 (cross lamination at 0◦ and
90◦, vertical and horizontal alternation) are high, and the
samples show themost accurate stacking. In contrast, the den-
tal crowns fabricated using hatching method 3 were found
to be the roughest compared to those produced using the
other hatching methods. Continuous rough regions (indicated
by white dotted boxes) were identified in the surfaces of
the crowns fabricated using both hatching methods 1 and
3, as shown in Figures 7(a, b, g, and h), whereas the sur-
faces of those produced using hatching method 2 have fewer
rough areas that do not cover as much area as the continu-
ous rough regions observed in the other hatching methods.
Figures 7(a, d, and g), (b, e, and h), and (c, f, and i) show 3D
images of the dental crowns fabricated with build direction
angles of 0◦, 45◦, and 90◦, respectively. Figures 7(c, f, and i)
clearly show that the dental crowns printed in a build direction
angle of 90◦ are much smoother than the other dental crowns
fabricated in build direction angles of 0◦ and 45◦. The dental
crowns fabricated in build direction angles of 0◦ and 45◦

have continuous rough areas that cover a greater area, while
at 90◦, the surfaces of the crowns do not show extensively
rough areas. As seen in Figure 7, the images of the surfaces
of the samples printed with a build direction angle of 45◦ are
comparatively rougher than those fabricated using 0◦ and 90◦

angles.

B. ANALYTICAL EVALUATION OF THE INNER SURFACE
ROUGHNESS OF THE DENTAL CROWN
Normalized smoothness values of the inner surfaces of the
dental crowns fabricated using hatching methods 1, 2, and 3
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FIGURE 6. 2D cross-sectional images of dental crown samples fabricated using three different hatching methods with the DOF set at two different
regions of the dental crowns. Images (a, d, g, j, m, and p), (b, e, h, k, n, and q), and (c, f, i, l, o, and r) show the dental crowns fabricated using hatching
methods 1, 2, and 3, respectively. Images (a, b, c, g, h, i, m, n, and o) and (d, e, f, j, k, l, p, q, and r) show the DOF set at the topmost and bottom
regions of the dental crowns, respectively.

FIGURE 7. 3D images of the dental crowns fabricated using (a, b, and c) hatching method 1 (at build
direction angles of 0◦, 45◦, and 90◦, respectively), (d, e, and f) hatching method 2 (at build direction angles
of 0◦, 45◦, and 90◦, respectively), and (g, h and i) hatching method 3 (at build direction angles of 0◦, 45◦,
and 90◦, respectively).

in three different build directions are shown in
Figures 8 (a, b, and c), respectively. It can be seen that for

all of the hatching methods, the smoothness values of the
samples prepared in a build direction of 90◦ angle are higher
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FIGURE 8. Graphs showing the normalized surface smoothness values of dental crowns fabricated using (a, b, and c) hatching methods 1,
2, and 3, respectively, and (d, e, and f) in build direction angles of 0◦, 45◦, and 90◦, respectively.

FIGURE 9. Inner surface averaged smoothness results of dental crowns
printed using (a) three different hatching methods and (b) in three
different build directions.

than those recorded for the 0◦ and 45◦ angles. It can also
be seen that out of all the samples, the smoothness values
of the samples prepared using the three hatching methods
each with build direction angles of 45◦ angle are lower
than those recorded for the samples made using the other
build direction angles. Figures 8(d, e, and f) show the inner
surface smoothness values of the dental crowns constructed
in build direction angles of 0◦, 45◦, and 90◦, respectively.
In Figures 8(d and e), it can be seen that the inner surface
smoothness values of hatchingmethod 2 are higher than those
of the other hatching methods. While in Figure 8(f), it can be
observed that for a build direction angle of 90◦, the surface
smoothness values of hatching methods 2 and 3 are almost
the same and higher than those of hatching method 1.

Figure 9(a) shows the calculated normalized and averaged
(averages of the build direction angles of 0◦, 45◦, and 90◦)
smoothness results of the dental crown samples fabricated
using three different hatching methods. From Figure 9(a),
it can be seen that the averaged surface smoothness of the

dental crowns printed using hatching method 2 is greater
than for the other hatching methods, in three different build
directions. Figure 9(b) shows the normalized and averaged
(average of the three hatching methods) smoothness results
of the dental crowns printed in build direction angles of 0◦,
45◦, and 90◦. From the same figure, it can be seen that the
averaged surface smoothness of the dental crowns printed in
build direction angles of 90◦ using the three different hatching
methods is greater than that of the samples printed at 0◦ and
45◦ angles.

Cross-hatching (hatching method 2) was found to be the
most useful of the three hatching methods used, with a nor-
malized and averaged smoothness value of 0.9089, greater
than those of the dental crowns printed using the other meth-
ods. The standard deviations of hatching methods 1, 2, and
3 in the three different build directions are 0.0963, 0.0827,
and 0.1385, respectively. The build direction also seems to
have a direct impact on the surface smoothness of the fabri-
cated dental crowns. In particular, when the build direction
is below 45◦, it directly contributes toward the increased
roughness of the surface of the fabricated dental crown and
harms the inner surface of the final product, which may affect
the bonding effectiveness of the crown. The build direction
angle of 90◦ was found to produce samples with the best inner
surface smoothness of 0.9929±0.0089 (mean±standard devi-
ation), whereas the samples prepared using the build direction
angle of 45◦ showed the worst surface smoothness value
of 0.7358 ± 0.0557. The variance (0.0280) of the hatching
methods was determined to be 3.76 times more stable than
the variance (0.1053) of the build directions in terms of
the inner surface stability of samples produced using 3D
printing. The combination of hatching method 3 and 90◦
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angle build direction fabricated a dental crown sample with
the highest smoothness value, was determined by using the
roughness quantification algorithm. Furthermore, the triple
imaging attempts of the inner surface with DOF at the top,
middle, and bottom regions of the dental crown, was also
considered due to the deep height of the samples. However,
most regions of the inner surface of the dental crown were
sufficiently measured. A small gap of the uncovered region
in two times imaging (DOF at top and bottom regions of
the dental crown) did not change the main consequence to
the aim of the assessment and comparison of the hatching
methods and building directions in this experiment. OCT
has potential merits in the current study since a ground
truth imaging modality for the assessment of inner surface
roughness has not been descriptively presented to date due
to challenging technical limitations of measuring whole inner
surface roughness of dental crown. Although OCT is difficult
to be determined as the gold standard without a precise com-
parisonwith any ground truth imagingmodality applied in the
inner surface evaluation, the feasibility of OCT system and
the customized image processing algorithm was sufficiently
verified in this research.

IV. CONCLUSION
An SS-OCT system was used to identify the optimal way of
fabricating dental prostheses via a commercial 3D printing
SLM method. In the 3D fabrication of dental prostheses,
three different build directions angles (0◦, 45◦, and 90◦)
and three different hatching methods (one-way, cross, and
30◦ counter-clockwise) were used and the roughness values
of the inner surface of the samples were measured using a
developed roughness measurement algorithm. As the cooling
of printed layers is a part of the fabrication process, sub-
sequently this affects the smoothness of the dental crowns.
If during the fabrication process the stacking of layers is
in the same direction, i.e., repeated in one direction only,
this may result in a variation in thickness during the cool-
ing process, affecting the precision of the 3D printed sam-
ple layers. This can be avoided by controlling the cooling
process, which can be achieved by hatching in the cross
lamination method. Also, stepwise stacking minimizes the
chances of any abrupt changes occurring in the shape of
the printed dental crowns. The aim of this study was to
confirm the potential applicability of SS-OCT based rough-
ness assessment algorithm to determine the most appropri-
ate hatching method and build direction in 3D fabrication
by assessing the inner surface roughness of the 3D printed
dental crowns during fabrication, which has significant mer-
its over existing methods. The usefulness of the SS-OCT
system was successfully demonstrated for 3D printed fab-
rications with high-resolution, cross-sectional, and real-time
imaging in 3D dental printing fields, where the assessment
was challenging using conventional methods. Since the pro-
posed method was performed to confirm how feasible is OCT
to obtain the desired result and confirm hatching methods
and build direction, statistical results were not included with

a large number of samples. However, the acquired results
successfully revealed the implementation of OCT imaging
for determining the most appropriate hatching method and
build direction in 3D fabrication by assessing the inner sur-
face roughness of dental crown using the developed image
processing algorithm based on OCT cross-sectional images,
where it is challenging for the conventional imaging and
roughness assessment methods due to technical limitations
of imaging and measuring whole inner surface roughness
of dental crown. In conclusion, the verified results of the
proposed study can be more utilized to evaluate the quality
assurance of the 3D printed fabrication in dental fields.
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