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A BSTRACT: In this paper a simple technique for surface roughness estimation
of composite dental material samples widely used in modern stomatology is
presented. The proposed method is easily applicable and based on statistical
properties of diffusely scattered laser light. The main challenge we addressed
was the specific structural and optical properties, as well as the complex geometric shapes of real dental restorations. A relation between surface roughness
and speckle contrast, used in the presented method, is verified.
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1

I NTRODUCTION

There are various reasons that cause the forming of imperfections on an object’s
surface. The object and polishing tool geometry, material and structure, as well as
the polishing mode of operation and standard usage can cause differences in surface
roughness. These differences have an effect on a variety of exploitation characteristics, such as wear and compatibility. Preparing a smooth surface for ceramic restorations is considered as an important requirement for their long-term clinical success.
Different steps in the production of dental restrations like grinding, polishing and
glazing can significantly influence the surface quality. The surface roughness has a
distinctive impact on many of the properties of modern dental ceramic restorations.
High surface roughness is one of the main factors, associated with excessive wear
of the enamel of opposing teeth [1–3]. High surface roughness of restorations is
also reported to decrease colour stability [4] and facilitate bacterial attachment [5, 6],
hence reducing the optical and biological material properties. Finally, high surface
roughness has been often described to generally reduce mechanical properties of different types of ceramic materials [7–11]. Literature recommendations for maximum
mean surface roughness for monolithic zirconia restorations vary between 40 and
75 µm [12].
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Throughout the years, numerous roughness measurement techniques have been
developed. Mainly, they are separated into two groups – contact and non-contact
methods. The first group contains different contact profilometric methods [13] and
AFM [14], while the second includes various optical and non-optical techniques reviewed in [15]. Some of the more popular optical methods are white light [16] and
laser [17] techniques, while a commonly used non-optical technique is the ultrasound
method [18]. The methods in both groups have their advantages and drawbacks so the
choice of an appropriate technique must be done according to the examined material.
Nowadays, light scattering from rough surfaces is often used to obtain information
about the surface roughness of a specimen [17, 19, 20]. A phenomenon that is often
utilized when illuminating a rough surface with a coherent light source such as a laser
is the speckle pattern. There are various techniques using different characteristics of
the speckle pattern, such as the mean intensity [21], correlation of speckle images,
illuminated at different angles [22], average speckle size [23–25] and speckle-pattern
illumination [26, 27].
Speckle contrast is also a major property of the speckle pattern that can give information about the surface roughness. The relation between surface roughness and
speckle contrast has been extensively researched [28–30]. In those works, a strong
correlation between speckle image contrast and surface roughness is demonstrated.
The method is shown to be simple and reliable. In [29] speckle contrast is defined as
(1)

V =

σI
,
hIi

where σI is the standard deviation of the intensity of the speckle image, and hIi is
the mean intensity.
In [28, 29] the laser beam used to illuminate the surface is expanded and collimated. This enables roughness evaluation over a large region. In the mentioned
works a far-field approximation is used. Surfaces are illuminated normally.
The results from both works show that the speckle image contrast increases with
the increase of surface roughness.
2

ROUGHNESS M EASUREMENT T ECHNIQUE

The current work is based on the technique shown in [29] with a few modifications.
Firstly, the laser beam is not expanded, as local evaluation is required due to the
complex shape of the examined surface. Secondly, the camera is in close proximity
to the specimen that allows registering a larger part of the scattered light. Illumination
is done at normal incidence with respect to the specimen surface.
Several problems related to the specimens’ features have been dealt with: they
are a mixture of transparent polymer and opaque zirconia particles and their surface
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is not flat. Their transparency leads to an appearance of speckle patterns from the
inside of the specimen, which affects the estimation of the contrast V . Illumination
and contrast estimation was done only for the outer convex parts of the crowns. These
parts contribute the most to enamel wear of opposing teeth and only for them can a
correct illumination angle be set-up. Their complex shape introduces a challenge in
regards to the set-up of the correct illumination angle. Additionally, it was found that
for high-powered laser beams the surfaces could heat up, which also might affect V .
The experimental set-up used to record the speckle contrast produced by different
specimens is shown in Fig. 1. The source of coherent light is a He-Ne laser. The
laser beam illuminates the object at a fixed angle. The specimens are placed on
a precise positioning module providing 5 degrees of freedom (3 translations and 2
rotations). The illumination angle is controlled by carefully setting the reflected beam
on a target, placed opposite of the laser. A CMOS camera captures the intensity of
the scattered light. The recorded images are then processed on a computer. The laser
beam is not expanded. This enables local estimation of surface roughness.
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Fig. 1. (Color online) Optical set-up of the experiment.

Fig. 1. Optical set-up of the experiment.

The experimental set-up is based on the objective speckle pattern properties and
experimental
is based
on the objective speckle pattern properties and
does notThe
require
expensiveset-up
camera
lens system.
does not require expensive camera lens system.
3.

SPECIMEN PREPARATION

For the purpose of our study a modern dental hybrid ceramic for CAD/CAM fabrication
(Vita Enamic, Vita, Bad Sackingen, Germany) was used. Each of the specimens was
polished with fine sandpaper with different grit sizes, producing surfaces with different
roughness. Each surface received 500 strokes under a pressure of 105 Pa, in a fixed
direction to ensure uniformity of the polishing process. A continuous water spray was
applied during the process in order to remove any free particles. Two of the specimens
(CM6 and CM7) received additional treatment. A polishing machine providing uniform
polishing in all directions with sandpaper P5000 processed them. CM7 was additionally
polished with a special polishing paste, to produce an even smoother surface.
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For the purpose of our study a modern dental hybrid ceramic for CAD/CAM fabrication (Vita Enamic, Vita, Bad Sackingen, Germany) was used. Each of the specimens
was polished with fine sandpaper with different grit sizes, producing surfaces with
different roughness. Each surface received 500 strokes under a pressure of 105 Pa, in
a fixed direction to ensure uniformity of the polishing process. A continuous water
spray was applied during the process in order to remove any free particles. Two of
the specimens (CM6 and CM7) received additional treatment. A polishing machine
providing uniform polishing in all directions with sandpaper P5000 processed them.
CM7 was additionally polished with a special polishing paste, to produce an even
smoother surface. Description of the test subjects and their corresponding codes can
be seen in Table 1.
Table 1. Codes for the test surfaces, as well as information about the polishing tools used
to produce different levels of roughness. The grit sizes of the sandpaper are presented in the
third row. CM6 and CM7 are the subjects that received extra polishing as mentioned above.
Specimen
code

Polished by
sandpaper

Number of
polishing strokes

Sandpaper
Rq [µm]

Specimen
Rq [µm]

CM1
CM2
CM3
CM4
CM5
CM6∗
CM7∗

P1000
P1200
P2000
P2500
P5000
P5000
P5000

500
500
500
500
500
Machine
Machine + paste

10.23
7.89
5.22
3.81
2.71
2.71
2.71

2.2
1.16
0.93
0.80
0.66
0.43
0.15

Additionally, two dental crowns were fabricated using a commercial dental
CAD/CAM milling unit Cerec MX (Sirona, Biberach, Germany). For this purpose,
an acrylic maxillary right molar (Frasaco, Tettnang, Germany) was prepared according to the producers’ recommendations. The prepared tooth was scanned and the
crown is designed using an intraoral scanner (CerecBluecam, Sirona). The surface of
the tested crown, used in this study is as followed:
• As milled: no surface treatment after milling;
• Polishing: For the polishing procedure a commercial dental polishing set, recommended by the producer, was used.
After the specimens were prepared, their surface roughness was examined by a
commercial 3D optical profilometer Zeta-20. This examination was done to determine the Root-Mean-Square roughness (RMS) – Rq of the samples’ surfaces simply

CM6*

P5000

Machine

2.71

0.43

Machine
CM7*
P5000
+
2.71
0.15
paste
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Fig. 2. (Color online) Example specimens – CM3 on the left, the unpolished crown in the
Fig. 2. Example specimens - CM3 on the left, the unpolished crown in the middle,
middle, polished crown to the right.

polished crown to the right.

as a reference. Each of the specimens was examined under the same magnification.
Results for Rq may vary depending on the used magnification as estimation range
goes from local to global. The surfaces were tested at various local areas and the
presented RMS roughness is the result of averaging. Images of the observed specimens, captured by the optical profilometer, are presented on Fig. 3. An example of
the specimens is presented in Fig. 2. RMS roughness value Rq for the unpolished
crown was found to be 3.2 µm and 0.28 µm for the polished one.
4

C ONTRAST E STIMATION

Speckle image contrast is a first-order statistics of the resultant speckle field. It depends on the surface roughness of diffusely reflecting objects. When estimating V
several factors influence the accuracy. Namely, these are the camera noise, inaccurate
illumination angle, inaccurate distance between camera and surface, and specimen
heating. In order to reduce the effects of the camera noise on V , multiple M frames
were taken and averaged. This is done in order to reduce additive camera noise. A
clearer formulation of (1) can be expressed as
v
u
Q
P P
P Q
uP
u
¯ q) − hIi)
¯ 2 , P P I(p,
¯ q)
(I(p,
u
p=1 q=1
t p=1 q=1
(2)
V =
,
(P Q − 1)
PQ
where P is number of columns, Q is the number of rows, P Q is the total number of
pixels, and I¯ is an estimate of the noise free intensity calculated by simple averaging
of the consequently registered noisy images INi
M
P

(3)

I¯ =

INi

i=1

M

.

Fig. 1. Example specimens - CM3 on the left, the unpolished crown in the middle,
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Fig. 3. (Color online) Zeta-20 images of the studied surfaces. First row, from left to right:
CM1, CM2, CM3. Second row: CM4, CM5, CM6. Size of the examined surfaces is 141 ×
141 µm. Last row, from left to right: CM7, unpolished crown and polished crown.

Using formula (2) and (3), the speckle image contrast was calculated for the registered images.
Before data acquisition the dental crowns were thermally stabilized for several
minutes to decrease the thermal roughness variations. Local examination of surface
roughness was carried out using a non-expanded laser beam. This was done as the
surfaces’ shapes effect contrast estimation. A target screen is used to ensure the
correct angle of incidence with respect to the examined surface. The screen is placed
on a considerable distance from the scattering surface. The larger distance provides
better control over the illumination angle set up. If needed an High-dynamic-range
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imaging (HDRI) [31–33] algorithm can be applied, which combines several frames
with different exposures and produces an image with increased dynamic range.
5

E XPERIMENTAL R ESULTS

Contrast estimation was carried out for an incidence angle α of 45◦ . A CMOS camera
with 10 Mpix sensor matrix, 8 bit ADC, and 1.27 × 1.27 µm pixel size, capturing at
10 fps, was used to capture the images. A He-Ne laser with wavelength λ of 633 nm
with output power of 12 mW was used to illuminate the surface. The laser spot has a
diameter of 1 mm. Distance d between camera and surface is 78.1 mm.
Formula (2) was used to calculate V . All the specimens were placed under the
laser beam for several minutes in order to reach thermal equilibrium. Results for
the contrast are plotted against the results for the RMS roughness, obtained from the
optical profilometer.
Measurement results show that speckle image contrast decreases with the increase
of smoothness of the used polishing tools and the specimens themselves. The measurement uncertainty in calculating V was evaluated at 4.8 × 10−4 for M = 360
frames. Errors of the same magnitude are introduced when a 1 mm change of distance between the pixel matrix and the surface is introduced. Additionally, a 0.03
degrees change in the illumination angle introduces an error of the same magnitude.
In order to demonstrate the effects of an object’s transparency when measuring
speckle image contrast, an evaluation for the sandpaper polishing tools was carried
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Fig. 4. (Color online) The contrast of the speckle image of the specimens. Marked with dots

Fig.are4.the
The
contrast of the speckle image of the specimens. Marked with dots are the
two dental crowns. The line, connecting the points, “leads the eye”.
two dental crowns. The line, connecting the points, “leads the eye”.
Measurement results show that speckle image contrast decreases with the increase of
smoothness of the used polishing tools and the specimens themselves. The measurement
uncertainty in calculating V was evaluated at 4.8 x 10-4 for M = 360 frames. Errors of the
same magnitude are introduced when a 1 mm change of distance between the pixel matrix
and the surface is introduced. Additionally, a 0.03 degrees change in the illumination
angle introduces an error of the same magnitude.
In order to demonstrate the effects of an object’s transparency when measuring
speckle image contrast, an evaluation for the sandpaper polishing tools was carried out
as well. Experimental parameters such as d, illumination angle α and exposure were
slightly different from the ones used above. As the RMS roughness of the sandpaper is
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Fig. 5. (Color online) RMS roughness vs. Speckle contrast for the different sandpaper pol-

Fig.ishing
5. RMS
roughness
vs. Speckle
contrast
surfaces.
The line, connecting
the points
“leadsfor
the the
eye”.different sandpaper polishing
surfaces. The line, connecting the points “leads the eye”.
out as well. Experimental parameters such as d, illumination angle α and exposure
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them some part of the recorded speckle pattern originates from the insides of the
specimens. The sandpaper surfaces, however, are not transparent, and this signifiFig. 5 is that contrast estimation varies significantly for different types of surfaces
cantly affects the range in which V changes. As can be observed from Fig. 4 and
and changes
in the acquisition set-up. Thus, the estimations, produced by the technique
Fig. 5 is that contrast estimation varies significantly for different types of surfaces
can be and
regarded
and should
when comparing
objects
changesasinrelative,
the acquisition
set-up. only
Thus, be
theused
estimations,
produced by the
tech- of similar
optical,nique
structural
geometric
properties.
can be and
regarded
as relative,
and should only be used when comparing objects
of similar optical, structural and geometric properties.

6.

CONCLUSION
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C ONCLUSION

In this paper a method for surface roughness estimation of dental materials is proposed. A non-expanded laser beam was used for local examination of surface roughness. The dental crowns were thermally stabilized. Great emphasis was placed on
ensuring illumination under the correct angle. The demonstrated technique is simple,
reliable and does not require expensive optical systems and lenses. The method is
based on a property of the resultant speckle pattern – namely the speckle image contrast. This property was calculated for different specimens prepared with sandpaper
with various grit sizes. The behavior of V to different roughness and different illumination angles was shown. This technique could be used for roughness estimation
of dental crowns and ceramics in clinical environments. If a specimen with known
root-mean-square roughness Rq has its speckle contrast evaluated, other specimens
with unknown Rq can be compared to it after evaluation of their speckle contrast,
thus providing a reliable way of collating them according to their smoothness.
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