DOI: 10.24874/ti.2205.05.26.07

Tribology in Industry

RESEARCH

www.tribology.rs

Comparative Optical Roughness Measurement of
Mild Steel Ship Plates Using a Microscope
and DSLR Imaging

Eko Sasmito Hadia* ©/, Muhammad Raaflie Caesar Putra Hadi?**, Muhammad Lugman Hakima"¥,
M. Dafa Maziya2", ]. Jamarib

aDepartment of Naval Architecture, Faculty of Engineering, Diponegoro University, J. Prof Sudharto, Tembalang,
Semarang, Central Java 50275, Indonesia,
bLaboratory for Engineering Design and Tribology, Faculty of Engineering, Department of Mechanical Engineering,

Diponegoro University, Indonesia.

Keywords:

Surface roughness

Optical roughness measurement
Non-contact metrology

Surface characterization

Mild steel ship plates

* Corresponding author:

Eko Sasmito Hadi
E-mail: ekosasmito@ft.undip.ac.id

Received: 4 May 2026
Revised: 1 June 2026
Accepted: 6 July 2026

08

ABSTRACT

Surface roughness of ship plates is an important surface parameter because
it influences coating condition, fouling development, hydrodynamic
resistance, and maintenance decisions. However, this study does not directly
measure friction, wear, lubrication, or tribological performance. Instead, it
evaluates optical roughness measurement as a supporting method for
roughness-based surface inspection of marine steel surfaces. This study
compares two non-contact optical imaging systems, a metallurgical
microscope and a DSLR camera, for estimating the roughness parameters
Ra and Rz of mild steel ship plates. Validation was performed using eight 1SO
2632 reference surfaces with certified Ra values ranging from 0.05 to 0.40
um. Roughness values were processed using Gwyddion and Image], and the
DSLR system was evaluated at five camera-surface distances of 1, 2, 3, 4,
and 5 cm. All tested configurations achieved validation accuracy above 91%
for both Ra and Rz. The microscope showed the highest overall agreement
with the certified reference values, while Gwyddion yielded results closer to
the certified reference values than Imagel. In the DSLR workflow,
measurement accuracy decreased with increasing camera-surface
distance, underscoring the importance of controlled imaging geometry. An
application to a mild steel plate showed that both systems could detect small
differences in roughness, although the microscope resolved local surface
features more clearly. These results indicate that calibrated optical imaging
can support the assessment of roughness on fine mild steel surfaces under
controlled conditions. However, because the validation range was limited to
fine reference surfaces, further validation is required before applying the
workflow to blasted, corroded, coated, or fouled ship surfaces. DSLR imaging
may be useful as a screening-level approach, but its reliability depends on
controlled distance, illumination, focus, exposure, and calibration.

© 2026 Published by Faculty of Engineering
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1. INTRODUCTION

Surface roughness is an important surface
parameter for ship hull plates because it is
related to hydrodynamic resistance, coating
condition, fouling development, and
maintenance planning. Changes in surface
topography can alter near-wall flow behavior,
increase frictional resistance, and reduce vessel
efficiency over time. In marine service,
roughness also interacts with coating
degradation and biofouling, which can further
affect drag, fuel consumption, and emissions [1-
6]. Recent studies have further shown that hull
roughness caused by corrosion, coating
degradation, and biofouling can increase ship
resistance, reduce speed performance, and
increase energy demand [7,8]. Local or non-
uniform hull roughness may also affect
resistance and fuel consumption differently
depending on its position on the wetted surface
[9]. Therefore, roughness measurement is useful
for marine surface inspection and maintenance
decision-making.

However, this study does not directly measure
friction, wear, lubrication, or tribological
performance. Instead, it focuses on optical
roughness measurement  and surface
characterization as supporting tools for
tribology-relevant inspection of marine steel
surfaces. In this context, roughness is treated as
a measurable surface descriptor that can help
evaluate surface condition, coating readiness,
and maintenance needs, rather than as a direct
indicator of tribological performance.

In practice, surface roughness in shipyard and
maintenance environments is still commonly
assessed using stylus profilometers. Although
this technique is well established, it has several
limitations for marine applications. Contact
measurements may damage soft coatings or
sensitive surface layers, sampling is local rather
than area-based, and measurements over large
or geometrically complex hull surfaces can be
difficult to perform efficiently. Probe wear,
positioning errors, and thermal drift may also
reduce measurement reliability under less
controlled conditions [10-12]. These limitations
encourage the development of non-contact
approaches to support faster, less invasive
surface assessment [13].

Optical non-contact methods have therefore
gained attention for the characterization of
metallic surfaces. Confocal microscopy has
shown good agreement with contact-based
methods while offering sensitivity to fine
topographical features on reflective surfaces
[14,15]. Fringe projection profilometry and laser-
based optical methods have also shown potential
for quantitative roughness assessment when
calibration and acquisition conditions are
carefully controlled [16-18]. In addition, image-
based and camera-assisted approaches offer
practical advantages because they are lower-cost,
more portable, and easier to deploy than
laboratory profilometry systems. Recent image-
processing-based roughness evaluation has
shown that surface images can be used to
estimate roughness when image features are
calibrated against reference measurements.
However, such approaches remain sensitive to
image acquisition, feature extraction, and model
calibration [19].

Despite these developments, several gaps remain
for marine steel inspection. Many previous
studies have focused on polished, machined, or
non-marine specimens, while validation on mild
steel surfaces relevant to ship plates remains
limited. The performance of low-cost DSLR-based
imaging for roughness estimation remains
underreported, especially when compared
directly with microscope-based imaging within
the same reference validation framework. In
addition, the effects of camera-surface distance
and image-processing workflow on roughness
estimation remain insufficiently clarified for
marine engineering applications [15,16,20].

The novelty of this study lies in the direct
comparison of microscope- and DSLR-based
optical imaging for estimating Ra and Rz on
shipbuilding-relevant mild steel, using a unified
ISO 2632 reference validation framework,
distance-dependent DSLR assessment, and
parallel evaluation of Gwyddion and Image]
processing  workflows. This combination
provides a practical basis for evaluating whether
accessible optical imaging systems can support
roughness-based inspection of mild steel
surfaces under controlled conditions.

Accordingly, this study investigates the
feasibility of non-contact optical measurement
of the roughness of mild steel ship plates using
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two imaging configurations: a metallurgical
microscope and a DSLR camera. The study is
guided by the hypothesis that calibrated optical
imaging can reproduce standard roughness
parameters with high agreement. At the same
time, the microscope is expected to outperform
the DSLR due to its higher optical resolution and
more stable imaging configuration. The main
objective is to compare the accuracy of
microscope- and DSLR-based roughness
estimation for Ra and Rz and to evaluate the
effects of camera-surface distance and image-
processing workflow.

The validation range of this study is limited to
fine reference surfaces with Ra values from 0.05
to 0.40 pm. Therefore, the present findings
should not be directly generalized to blasted,
corroded, coated, or fouled ship plates without
additional validation. By recognizing this
limitation, the study positions the proposed
optical workflow as a controlled-condition
method for roughness-based surface
characterization of fine or finished mild steel
surfaces, rather than as a direct replacement for
standard industrial profilometry.

2. METHODOLOGY

2.1 Research design and experimental
framework

This study used a controlled laboratory
experiment to evaluate the feasibility and
accuracy of non-contact optical roughness
measurement on mild steel ship plates. The
experimental design was structured to assess
three main factors: imaging device, camera-
surface distance, and image-processing software.
The imaging device comparison was performed
between a metallurgical microscope and a Nikon
D3300 DSLR camera. The effect of camera-
surface distance was evaluated for the DSLR
system at distances of 1, 2, 3, 4, and 5 cm. The
software comparison was performed between
Gwyddion and Image].

Validation was conducted using an ISO 2632
roughness comparison plate as the reference
artifact. The certified Ra and Rz values of the
reference plate were used to assess the
agreement between the optical measurements
and the standard values. Therefore, the

validation in this study establishes the
performance of the optical workflow against a
certified reference plate. However, no direct
stylus profilometer measurement was performed
on the same mild steel specimen. This limitation
means that the present study does not yet
demonstrate full equivalence between the optical
workflow and standard industrial roughness
measurement on the actual shipbuilding steel
substrate.

The validation in this study should be interpreted
as agreement with the certified ISO 2632
roughness comparison plate. It does not establish
full equivalence with stylus profilometry or
industrial optical profilometry on the same mild
steel specimen. Therefore, the proposed
workflow is evaluated as a controlled-condition
approach for optical roughness measurement.

For the DSLR validation workflow, five replicate
images were acquired for each reference surface
at each camera-surface distance. For the mild
steel case study, ten images were acquired for
each specimen condition, and roughness was
evaluated along five independent measurement
lines. Microscope-based measurements were
obtained from the same certified reference
surfaces under fixed imaging conditions to
ensure consistency with the DSLR validation
framework. All repeated measurements were
summarized as mean * standard deviation to
describe both the central tendency and
variability of the optical roughness estimates.

The overall workflow consisted of five stages:
reference surface preparation, optical image
acquisition, image calibration and processing,
roughness  parameter  extraction, and
validation against the certified ISO 2632 values.
The same validation framework was applied to
both Ra and Rz. After validation using the
reference plate, the optical workflow was
applied to the mild steel plate to evaluate
whether both imaging systems could detect
local roughness differences on a shipbuilding-
relevant steel surface.

2.2 Materials, reference standards, and
optical instruments

The test material was a mild steel plate
representative of low-carbon shipbuilding steel
(C < 0.3%), obtained from the Naval
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Architecture Engineering Welding Laboratory.
Validation was performed using an ISO 2632
roughness comparison plate In size 18071116
containing eight certified surface conditions:
Flat Lapping 3 Ra 0.05 pm; Rz 0.55 pm, Flat
Lapping 2 Ra 0.10 pm; Rz 1.00 pm, Flat Lapping
1Ra0.20 pm; Rz 1.60 pum, Grinding 6 Ra 0.40 pm;
Rz 3.00 pm, Grinding 5 Ra 0.05 pm; Rz 0.55 pum,
Reaming 3 Ra 0.10 um; Rz 1.00 pum, Turning 6 Ra
0.40 pm; Rz 2.50 um, and Horizontal Milling 6 Ra
0.40 pm; Rz 2.50 um. These surfaces cover a
certified range of Ra = 0.05-0.40 pm and Rz =
0.55-3.00 pm.

The ISO 2632 roughness comparison plate
(Insize 18071116), shown in Figure 1, was used
as the primary validation artifact in this study. It
consists of eight machined reference surfaces
representing flat lapping, grinding, reaming,
turning, and horizontal milling conditions. The
certified Ra and Rz values of these surfaces, listed
in Table 1, were used as reference values for the
accuracy assessment.

Two optical systems were used. The first was a
metallurgical trinocular microscope equipped
with a 10x eyepiece and plan-achromatic long-
working-distance  objectives of  5x/0.12,
10x/0.25, 40x/0.60, 60x/0.75, and 100x/0.85.
The second was a Nikon D3300 DSLR camera
with a 24.2 MP CMOS sensor (23.2 x 15.4 mm,
6000 x 4000 pixels), operated in macro mode.
Roughness extraction and data processing were
performed using Gwyddion and Image].
Gwyddion was used for calibration, leveling,
filtering, and ISO-style profile parameter
extraction, whereas Image] was used as an
intensity-based alternative workflow for camera
image analysis [21,22].
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Fig. 1. ISO 2632 roughness comparison plate (Insize
18071116) used as the validation artifact, containing
eight certified reference surfaces with Ra and Rz
values used for accuracy assessment.

Table 1. Standard roughness parameters Ra and Rz in um of the ISO 2632 validation plate surfaces, including
manufacturing process, ISO roughness grade, and technical surface quality code.

No. | Manufacturing Process ISO Roughness Grade Ra [pm] Rz [um] | Technical Surface Quality Code
1 Flat Lapping / Reaming N2 0.05 0.55 VAARY
2 Flat Lapping / Reaming N3 0.10 1.00 vvv
3 Flat Lapping / Reaming N4 0.20 1.60 vvv
4 Grinding N5 0.40 3.00 vvv
5 Grinding N2 0.05 0.55 \AAAY
6 Flat Lapping / Reaming N3 0.10 1.00 vvv
7 Turning N5 0.40 2.50 vvv
8 Horizontal Milling N5 0.40 2.50 vvv
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The Grinding N2 surface has the same certified Ra
and Rz values as the Flat Lapping / Reaming N2
surface. This value was retained because it
corresponds to a separate reference track on the
[SO 2632 comparison plate and was verified from
the reference plate information.

2.3 Experimental conditions and image
acquisition

Two optical imaging systems were used in this
study: a metallurgical trinocular microscope and
a Nikon D3300 DSLR camera. The microscope
was used as the higher-resolution laboratory
imaging system, whereas the DSLR camera was
evaluated as a lower-cost and more portable
imaging alternative. Both systems were used to
acquire images of the ISO 2632 roughness
comparison plate and the mild steel specimen
under controlled laboratory conditions.

For microscope imaging, a 40x plan-achromatic
long-working-distance  objective = with a
numerical aperture of 0.60 was used. The

observation angle was maintained at
approximately 30° relative to the optical axis.
This configuration was selected to maintain
stable focus and sufficient contrast while
preserving a realistic inspection geometry. The
light intensity at the specimen plane ranged from
262 to 286 lux, depending on the reference
surface. The microscope imaging settings are
summarized in Table 2.

For DSLR imaging, the Nikon D3300 was set to
macro mode. Images were acquired at five
camera-surface distances, namely 1, 2, 3, 4,and 5
cm. The aperture and shutter speed were kept
constant at f/8 and 1/100 s, respectively. ISO
sensitivity was adjusted to compensate for
distance-related exposure changes: ISO 400 at 1-
2 cm, ISO 600 at 3 cm, and ISO 800 at 4-5 cm. For
the DSLR validation workflow, five replicate
images were acquired for each certified reference
surface at each camera-surface distance. For the
mild steel case study, ten images were acquired
for each specimen condition [23-25]. The DSLR
imaging settings are summarized in Table 3.

Table 2. Microscope imaging settings for each validation surface, including objective magnification, numerical
aperture, tilt angle, and light intensity at the specimen plane.

Specimen Magnification Objective Tilt Angle [°] Light Intensity [lux]
Flat Lapping 3 Plan Achromatic 40x NA 0.60 LWD* 30 286
Flat Lapping 2 Plan Achromatic 40x NA 0.60 LWD 30 262
Flat Lapping 1 Plan Achromatic 40x NA 0.60 LWD 30 273
Grinding 6 Plan Achromatic 40x NA 0.60 LWD 30 268
Grinding 5 Plan Achromatic 40x NA 0.60 LWD 30 263
Reaming 3 Plan Achromatic 40x NA 0.60 LWD 30 279
Turning 6 Plan Achromatic 40x NA 0.60 LWD 30 264
Horizontal Milling 6 Plan Achromatic 40x NA 0.60 LWD 30 274

Table 3. DSLR camera settings for image acquisition at different camera-surface distances, including ISO,
aperture, shutter speed, and light intensity.

Distance [cm] ISO Aperture f/stop Shutter Speed [s] Light Intensity [lux]
1 400 f/8 1/100 68
2 400 f/8 1/100 66
3 600 f/8 1/100 65
4 800 f/8 1/100 63
5 800 f/8 1/100 61

The effective spatial resolution of the DSLR
images was determined from the calibrated field
of view at each camera-surface distance. The
field of view was obtained from the spatial
calibration of each image using the reference

plate geometry. The effective spatial resolution
was calculated by dividing the calibrated field of
view by the image size in pixels. The horizontal
and vertical spatial resolutions were calculated
as follows:
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Fov,

Effective spatial resolution x = v (1
. . . FOV
Effective spatial resolutiony = N—y 2

y

where FOVx and FOVy are the calibrated
horizontal and vertical field of view values in
um, and Nx and Ny are the horizontal and
vertical pixel numbers of the image,
respectively. For the Nikon D3300 images used
in this study, the image size was 6000 x 4000
pixels.

The DSLR workflow is sensitive to imaging
conditions. Increasing the camera-surface
distance reduces the effective spatial sampling of
fine surface features, thereby smoothing local
asperities and reducing the accuracy of
roughness estimation. In addition, focus stability,
illumination uniformity, exposure setting,
surface reflectivity, and glare may influence the
contrast and texture information extracted from

metallic surfaces. These factors are particularly
important for reflective steel surfaces and for
possible field use, where lighting, distance,
camera angle, and surface cleanliness are more
difficult to control than in laboratory conditions.

Therefore, the DSLR system should be
interpreted as a screening-level imaging
approach  under controlled acquisition
conditions.

The effective spatial resolution of the DSLR
images was calculated from the calibrated
region of interest used for roughness analysis.
In this study, the same calibrated field of view
(region of interest) of 10 mm x 10 mm was used
for all DSLR camera-surface distances. With an
image size of 6000 x 4000 pixels, the effective
spatial resolution was 1.67 pum/pixel
horizontally and 2.50 pm/pixel vertically. The
mean effective spatial resolution was therefore
2.08 um/pixel.

Table 4. DSLR field of view and effective spatial resolution at different camera-surface distances, calculated using

the same calibrated ROI of 10 mm x 10 mm.

Distance [cm] lmage Size Field of View [mm Effec_tive Spatia!l Mean Ef_fective Sp?tial
[pixels] x mm)] Resolution [pm/pixel] Resolution [pm/pixel]

1 6000 x 4000 10 x 10 1.67 x 2.50 2.08

2 6000 x 4000 10x 10 1.67 x 2.50 2.08

3 6000 x 4000 10 x 10 1.67 x 2.50 2.08

4 6000 x 4000 10 x 10 1.67 x 2.50 2.08

5 6000 x 4000 10x 10 1.67 x 2.50 2.08

As shown in Table 4, the same calibrated region
of interest was used for all DSLR distances;
therefore, the calculated effective spatial
resolution remained constant across the five
tested camera-surface distances. The effective
spatial resolution was 1.67 pym/pixel horizontally
and 2.50 pm/pixel vertically, with a mean of 2.08
um/pixel.

Because the calculated effective spatial
resolution remained constant, the decrease in
DSLR measurement accuracy with increasing
distance should be interpreted cautiously. In
this study, the decrease was primarily
attributable to distance-dependent optical
effects, including focus stability, image
sharpness, illumination uniformity, surface
contrast, and exposure variation, rather than to
changes in the calculated spatial resolution.
These factors may affect image-based
roughness estimation on reflective metallic

surfaces by reducing the visibility of fine
asperities and valleys and producing smoother
reconstructed roughness profiles [26-28].

Therefore, the DSLR-based workflow should be
considered a controlled-condition and screening-
level approach. Although the calibrated spatial
resolution was constant within the selected
region of interest, reliable roughness estimation
still requires consistent focus, illumination,
exposure, and surface contrast during image
acquisition [26-28].

2.4 Image processing and roughness
parameter extraction

Image processing was performed using two
workflows: Gwyddion and Image]. Gwyddion
was used as the primary workflow because it
supports spatial calibration, leveling, filtering,
profile extraction, and roughness parameter
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calculation. Image] was used as an alternative
intensity-based workflow, leveraging grayscale
and texture information. Therefore, Image]-
derived roughness values were interpreted as
indirect optical estimates rather than direct
topographical measurements [15,17,21,22].

The optical images were spatially calibrated
before roughness extraction. Microscope
images were calibrated based on optical
magnification and image resolution, while
DSLR images were calibrated using the known
field of view and image size. For the DSLR
workflow, the calibrated field of view was 10
mm x 10 mm, and the image size was 6000 x
4000 pixels. This resulted in an effective spatial
resolution of 1.67 pum/pixel horizontally and
2.50 pm/pixel vertically, with a mean value of
2.08 pm/pixel.

The DSLR images were treated as reference-
calibrated optical texture maps, not as direct
three-dimensional topography maps. The
extracted intensity and texture information were
calibrated against the certified Ra and Rz values
of the ISO 2632 roughness comparison plate.
Therefore, DSLR-derived roughness values were
interpreted as calibrated optical roughness
estimates that depend on imaging distance, focus,
illumination, surface reflectivity, and calibration
quality [15,1,26,27].

The DSLR and Image] workflows were
interpreted as reference-calibrated estimates of
optical roughness rather than as direct three-
dimensional topographical measurements. Their
reliability depends on image quality, spatial
calibration, focus  stability, illumination
uniformity, exposure setting, threshold selection,
and surface reflectivity. Therefore, these
workflows should be used within the validated
reference range and under controlled acquisition
conditions.

The conversion process followed a reference-
based calibration approach. Images of the ISO
2632 reference surfaces were acquired under
controlled conditions, spatially calibrated,
processed to extract optical texture and profile-
like intensity variations, and then compared with
the certified Ra and Rz values. The calibrated
workflow was subsequently applied to the mild
steel specimen within the validated reference
range [17,21,29].

This approach does not mean that a conventional
DSLR image directly contains complete height
information. Instead, roughness was estimated
from a calibrated relationship between optical
image features and certified reference roughness
values. Similar image-processing-based methods
for roughness estimation have been reported
previously [19]. Therefore, the DSLR and Image]
results were interpreted as reference-calibrated
estimates rather than direct replacements for
stylus or industrial optical profilometry [15,30].

In Gwyddion, each calibrated image underwent
spatial calibration, leveling, Gaussian filtering,
profile extraction, and roughness parameter
calculation. Leveling and field correction were
used to reduce tilt and background effects, while
Gaussian filtering with a cut-off wavelength of Ac
= (0.8 mm was applied to separate roughness from
longer-wavelength surface variation. Ra and Rz
were then calculated from the filtered profiles in
accordance with ISO 4287 and ISO 4288
[17,21,29].

Gwyddion was considered the primary
processing workflow because it offers a more
structured, profile-based approach to roughness
analysis. Its ability to apply calibration, leveling,
filtering, and profile extraction makes it more
suitable for quantitative roughness estimation
than a purely intensity-based workflow [17,21].

In the Image] workflow, the images were
processed as indirect intensity-based roughness
estimates rather than direct topographical
measurements. Each image was imported,
converted to 8-bit grayscale, and cropped to a
consistent region of interest. Contrast adjustment
and threshold-based segmentation were then
applied to isolate surface texture features.
Grayscale and texture-related descriptors were
extracted from each ROI and calibrated against
the certified Ra and Rz values of the ISO 2632
reference surfaces. A separate linear calibration
model was used for Ra and Rz, expressed as Ra =
a;D +b; and Rz =a,D + b,, where D is the selected
Image] descriptor and a and b are calibration
coefficients obtained from the reference plate.
Because Image] does not reconstruct a calibrated
height map, the resulting values were interpreted
as indirect intensity-based roughness estimates.
This workflow is sensitive to illumination,
threshold selection, image contrast, focus,
camera-surface distance, and surface reflectivity.
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Therefore, Image] was used as a low-cost
screening workflow, while Gwyddion was used as
the primary workflow for extracting profile-
based roughness parameters [19].

For the mild steel plate, roughness was sampled
along five independent measurement lines for
each imaging system. The same calibration and
processing sequence was applied to compare
microscope- and DSLR-derived results. However,
because the DSLR and Image] workflows rely on
optical image features, their results should be
interpreted within the validated reference range
and under controlled imaging conditions.

2.5 Validation and accuracy assessment

Validation was performed by comparing the
measured Ra and Rz values with the certified values
of the ISO 2632 roughness comparison plate shown
in Figure 1 and Table 1. The validation included
eight certified reference surfaces. For each surface,
roughness values were obtained from microscope-
and DSLR-based images after image processing. In
the DSLR workflow, five replicate images were
acquired at each camera-surface distance for each
certified surface. For the mild steel case study, ten
images were acquired for each specimen condition,
and roughness was evaluated along five
independent measurement lines.

All replicate measurements were reported as
mean * standard deviation. The mean value
represented the measured roughness under each
condition, while the standard deviation
described measurement variability and was used
for error-bar presentation.

Measurement accuracy was calculated as follows:

|Rmeas —Rstd!
e ]x100 (3

Accuracy(%) = [1—
where R};.,sis the measured roughness value and
Rgqis the certified reference value. This equation
was applied separately to Ra and Rz.

To strengthen the validation, additional
performance metrics were calculated, including
mean absolute error (MAE), root mean square
error (RMSE), bias, mean absolute percentage
error (MAPE), and the coefficient of
determination (R?). These metrics were used to
evaluate the magnitude of errors, error direction,
relative deviation, and agreement between
measured and certified values across the eight
ISO 2632 reference surfaces.

1
MAE = ;Z | Rmeas,i - Rstd,i | (4)
1
RMSE = \/;Z(Rmeas,i - Rstd,i)2 (5)
. 1
Bias = ~¥ (Rmeas,i — Rsta,i) (6)
1 Rmeas,i—Rstd,i
MAPE(%) = - ¥, | -eti—sdd | 100 (7)
n Rstd,i
- 2
R2 =1— Y(Rmeas,i—Rstd,i) (8)

Z(Rstd,i_Rstd)z

where R ¢, ;is the measured roughness value for
the i-th reference surface, Rgq; is the
corresponding certified value, Ryq4 is the mean
certified value, and n is the number of reference
surfaces. In this study, n = 8.

Statistical analysis was performed to assess
differences among imaging devices, camera-
surface  distances, and image-processing
workflows. Microscope versus DSLR
measurements and Gwyddion versus Image]
measurements were treated as paired
comparisons because the same certified
reference surfaces were used. The effect of DSLR
camera-surface distance was evaluated at
distances of 1, 2, 3, 4, and 5 cm.

Data normality was assessed before statistical
testing. For normally distributed data, paired t-
tests were used for two-group comparisons,
while one-way ANOVA or repeated-measures
ANOVA was used to evaluate distance effects. If
normality was not satisfied, the Wilcoxon signed-
rank test and the Friedman test were used as
nonparametric alternatives. Statistical
significance was setatp < 0.05.

The use of a certified roughness artifact aligns
with the principle of performance assessment
through calibrated material measures and
reference standards. In surface texture
metrology, material measures are commonly
used for instrument calibration and performance
verification. Therefore, in this study, the ISO 2632
roughness comparison plate was used as a
certified reference artifact to evaluate the
agreement between the optical measurements
and the certified Ra and Rz values, rather than to
establish a complete uncertainty budget [30,31].

After reference-based validation, the same
processing and evaluation workflow was applied
to the mild steel plate to assess the optical
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systems' sensitivity to local variations in
roughness. However, because no direct stylus
profilometer measurement was performed on
the same mild steel specimen, the validation
should be interpreted as agreement with the ISO
2632 reference plate rather than full equivalence
with standard industrial roughness instruments.

3. RESULTS

3.1 Effect of image capture device on
roughness measurement

All figures and tables in this section are cited and
interpreted in the main text. Figures are used to
visualize = measurement  trends, accuracy
comparisons, roughness maps, profile differences,
and the conceptual workflow, while tables
summarize reference values, acquisition settings,
validation metrics, and comparative performance.
Where repeated measurements were performed,
values are reported as mean # standard deviation,
and error bars represent measurement variability.

The roughness values obtained from the
metallurgical microscope and Nikon D3300 DSLR
were validated against eight ISO 2632 reference
surfaces and reported as mean #* standard
deviation. The error bars in Figures 2 and 3
represent measurement variability under each
imaging condition.

Both systems showed good agreement with the
certified Ra and Rz values. For the Flat Lapping 3
surface, the certified values were Ra = 0.05 um
and Rz = 0.55 pum. The microscope measured Ra =
0.0477 pm and Rz = 0.5144 um, while the DSLR
measured Ra = 0.0473 um and Rz = 0.5139 um.
These results indicate slight underestimation by
both systems, with the microscope showing
closer agreement with the reference values.

The microscope's higher accuracy is attributed to
its more stable optical configuration and greater
ability to resolve fine peak-and-valley features.
The 40x objective with an NA of 0.60 improved
detection of surface detail, whereas the DSLR
workflow was more sensitive to focus stability,
illumination uniformity, surface reflectivity, and
image sharpness. These factors can reduce the
visibility of fine asperities and produce smoother
reconstructed profiles, particularly for sub-
micrometer roughness on reflective metallic
surfaces [22-24].
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DSLR imaging across eight ISO 2632 reference
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To summarize the device-based comparison,
Table 5 presents the certified roughness range,
representative measured values, accuracy
ranges, and main interpretation for the
microscope and DSLR workflows. The summary
shows that both systems reproduced the ISO
2632 reference values with good agreement, but
the microscope produced slightly closer
agreement with the certified Ra and Rz values.

As shown in Table 5, the microscope provided
slightly higher accuracy than the DSLR for both

Ra and Rz. This difference is attributed to the
microscope’s higher optical resolution and
more stable imaging configuration, which
allows finer peak-and-valley features to be
captured more clearly. In contrast, DSLR
measurements remained reliable but were
more sensitive to focus, illumination, surface
reflectivity, and image sharpness. Therefore,
the microscope is better suited to detailed
quantitative roughness assessment, whereas
the DSLR is better suited to controlled
screening-level evaluation.

Table 5. Summary of device-based roughness measurement performance, showing certified range, representative
measured value, accuracy range, and main interpretation for microscope and DSLR workflows.

Device Param. | Cert. Range [um] Rep. Value [um] | Acc. Range [%] Main Note
Microscope Ra 0.05-0.40 0.0477 95.31-97.20 Highest agreement
Microscope Rz 0.55-3.00 0.5144 93.53-96.72 Better peak-valley resolution
DSLR Ra 0.05-0.40 0.0473 94.58-95.86 Good screening accuracy
DSLR Rz 0.55-3.00 0.5139 93.44-95.45 Slightly smoother reconstruction
Overall, microscope-based measurements 3.2 Effect of image capture distance on

achieved Ra accuracies of 95.31-97.20% and Rz
accuracies of 93.53-96.72%, while DSLR-based
measurements achieved Ra accuracies of 94.58-
95.86% and Rz accuracies 0f 93.44-95.45%. Thus,
the microscope is more suitable for detailed
quantitative assessment of roughness, whereas
the DSLR remains useful for controlled screening-
level evaluation.

Fig. 4. Representative roughness maps reconstructed
from (a) DSLR and (b) microscope images, showing
smoother DSLR reconstruction and sharper peak-and-
valley features in the microscope-based map.

Figure 4 supports this interpretation, showing
sharper peak-and-valley features in the
microscope-based map and a smoother texture
representation in the DSLR-based map.

10

roughness accuracy

The effect of camera-surface distance on DSLR-
based roughness estimation was evaluated at
distances of 1, 2, 3, 4, and 5 cm. Figure 5
presents the Ra values obtained at each
distance for the eight ISO 2632 reference
surfaces, while Figure 6 shows the
corresponding accuracy values. The results
indicate a gradual decrease in DSLR accuracy as
the camera-surface distance increased.
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Fig. 5. Ra values obtained using the Nikon D3300
DSLR at camera-surface distances of 1-5 cm across
eight ISO 2632 reference surfaces. Values are reported
as mean = standard deviation, where replicate
measurements were available.



Eko Sasmito Hadi et al,, Tribology in Industry, DOI: 10.24874/ti.2205.05.26.07

11 om (%)
A [ ]2em (%)
120 CJ3cm (%

100 4

[+:3
o
1

Accuracy of Ra (%)
S
I
I
|
I
T
I
[
I

S
o
1

20 | . s s - - .

Flat Lapping FlatLapping FlatLapping Grinding6  Grinding5 Reaming3  Turning&  Horizontal
3

1 3 27 Milling &
Machining Process

Fig. 6. Percentage accuracy of DSLR-based Ra
measurements at camera-surface distances of 1-5 cm
relative to the ISO 2632 certified reference values.
Error bars represent the standard deviation from
repeated measurements.

For the Flat Lapping 3 surface, the measured Ra
value decreased from 0.0475 um at 1 cm to
0.0471 pm at 2 cm, 0.0467 pm at 3 cm, 0.0461
um at 4 cm, and 0.0456 pm at 5 cm. Across the
eight reference surfaces, Ra accuracy decreased
from 94.58-95.86% at 1 cm to 91.77-94.37% at
5 cm. This trend indicates that larger camera-

surface distances tend to produce lower
roughness estimates.

In this study, the calculated effective spatial
resolution remained constant because the same
calibrated region of interest (10 mm x 10 mm) was
used across all DSLR distances. The corresponding
spatial resolutions were 1.67 pm/pixel horizontally
and 2.50 pm/pixel vertically, with a mean of 2.08
um/pixel. Therefore, the observed decrease in
accuracy should not be attributed to a change in the
calculated pm/pixel value. Instead, it is more likely
associated with distance-dependent optical effects,
including reduced focus stability, lower image
sharpness, weaker surface contrast, glare, and
illumination variation. These effects may reduce the
visibility of fine asperities and valleys, producing
smoother reconstructed roughness profiles,
especially on reflective metallic surfaces [23,25-
28,32].

To summarize the distance-dependent DSLR
results, Table 6 presents the calibrated ROI,
mean effective spatial resolution, Ra accuracy
range, and main interpretation for each camera-
surface distance.

Table 6. Summary of DSLR distance effect on Ra accuracy and spatial resolution, showing calibrated ROI, mean

effective spatial resolution, accuracy range, and main interpretation for each camera-surface distance.

Dist. [cm] Calib. ROI [mm x mm)] Mean Res. [pm/pixel] Ra Acc. Range [%] Main Note
1 10 x 10 2.08 94.58-95.86 Highest accuracy
2 10x10 2.08 93.83-95.27 Slight decrease
3 10 x 10 2.08 93.24-94.78 Moderate decrease
4 10 x 10 2.08 92.46-94.51 Lower image stability
5 10x 10 2.08 91.77-94.37 Lowest accuracy

As shown in Table 6, the calculated mean spatial

resolution remained constant at 2.08 pum/pixel
because the same calibrated ROI (10 mm x 10
mm) was used for all DSLR distances. However,
Ra accuracy decreased progressively from 1 to 5
cm. Statistical analysis confirmed a significant
effect of camera-surface distance on DSLR-based
Ra estimation (p < 0.05). This result indicates that
camera-surface distance influenced the DSLR
roughness estimates, although the calculated
spatial resolution remained constant. Therefore,
the distance effect was mainly associated with
optical image quality, including focus stability,
image sharpness, illumination uniformity,
surface contrast, and glare, rather than changes
in the calculated spatial resolution [26-28].

This finding suggests that DSLR-based
roughness estimation requires strict control of
camera-surface distance, focus, illumination,
and surface contrast, particularly when
measuring fine roughness on reflective metallic
surfaces [26- 28].

Figure 7 supports this interpretation by showing
that fine surface texture became less distinct as
the camera-surface distance increased. Although
the calibrated spatial resolution remained
constant within the selected ROI, usable image
detail decreased due to optical degradation at
greater distances. This explains the progressive
underestimation of Ra and the reduction in
measurement accuracy.

11
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(a)

To evaluate the statistical effect of camera-surface
distance, the Ra values obtained at 1, 2, 3, 4, and 5
cm were compared across the eight ISO 2632
reference surfaces. If the data satisfied the
normality assumption, repeated-measures ANOVA
was applied. If normality was not satisfied, the
Friedman test was used as a non-parametric
alternative. Statistical significance was evaluated at
p < 0.05. This analysis was used to determine
whether the observed decrease in DSLR accuracy
with increasing distance was statistically
meaningful rather than only descriptive.

3.3 Comparison between Gwyddion and
Image] software

The effect of image-processing software was
evaluated by comparing roughness values
obtained using Gwyddion and Image]. Figure 8
compares the Ra and Rz values obtained from both
workflows, while Figure 9 presents the
corresponding accuracy values. Overall, Gwyddion
produced roughness values that were consistently
closer to the certified ISO 2632 reference values
than those obtained using Image].

For the Flat Lapping 2 surface, which has certified
values of Ra = 0.10 pym and Rz = 1.00 um,
Gwyddion yielded Ra = 0.0973 pm and Rz =
0.9647 pum. Under the same condition, Image]
yielded Ra = 0.0954 pm and Rz = 0.9356 pm.
Across the eight reference surfaces, Gwyddion
achieved Ra accuracies of 95.76-97.86% and Rz
accuracies of 94.44-97.04%, whereas Image]

12

(d) (e)
Fig. 7. Representative DSLR images acquired at camera-surface distances of (a) 1 cm, (b) 2 cm, (c) 3 cm, (d) 4 cm,
and (e) 5 cm, showing reduced visibility of fine surface texture and contrast at larger distances.

achieved Ra accuracies of 93.56-95.06% and Rz
accuracies of 92.53-94.46%.
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Fig. 9. Percentage accuracy of Gwyddion- and

Image]-derived Ra and Rz values relative to ISO

2632 certified reference values. Error bars

represent measurement variability where replicate

measurements were available.

The closer agreement obtained using Gwyddion
can be attributed to its profile-based
processing workflow. Gwyddion supports
spatial calibration, leveling, filtering, profile
extraction, and  roughness parameter
calculation, making it more suitable for
quantitative roughness evaluation. In contrast,
Image] estimates roughness indirectly from
grayscale intensity and threshold-based
texture descriptors. Therefore, Image]-derived

roughness values are more sensitive to
illumination, contrast, threshold selection,
focus stability, and metallic surface reflectivity
[15,17,21,22].

Statistical analysis confirmed that the
difference between Gwyddion and Image] was
significant for the software-based roughness
comparison (p < 0.05). This result indicates
that the image-processing workflow
significantly affected the estimated Ra and Rz
values. Therefore, Gwyddion was used as the
primary workflow for quantitative roughness
reporting, while Image] was interpreted as a
lower-cost intensity-based screening approach.
Similar image-processing-based roughness
estimation approaches have been reported
previously, but such methods require careful
calibration because image-derived descriptors
do not directly represent complete surface
height information [19].

To summarize the software-based comparison,
Table 7 presents the representative roughness
values, accuracy ranges, and main
interpretation for Gwyddion and Image]. The
summary shows that Gwyddion provided a
closer agreement with the ISO 2632-certified
values, whereas Image] produced indirect
intensity-based roughness estimates.

Table 7. Summary of software-based roughness measurement performance, showing representative roughness
values, accuracy ranges, and main interpretation for Gwyddion and Image] workflows.

Software Param. Rep. Value [pm] Acc. Range [%] Main Note
Gwyddion Ra 0.0973 95.76-97.86 Closest to standard
Gwyddion Rz 0.9647 94.44-97.04 Profile-based extraction
Image] Ra 0.0954 93.56-95.06 Intensity-based estimate
Image] Rz 0.9356 92.53-94.46 More sensitive to the threshold

Note: Representative values were obtained from the Flat Lapping 2 surface. Gwyddion showed closer agreement
with the ISO 2632-certified values, whereas Image] provided indirect intensity-based roughness estimates.

As shown in Table 7, Gwyddion produced
higher accuracy than Image]J for both Ra and Rz.
This difference is attributed to Gwyddion’s
profile-based workflow, which includes
calibration, leveling, filtering, and profile
extraction. In contrast, Image] relies on
grayscale intensity and threshold-based
descriptors, making it more sensitive to
illumination, contrast, threshold selection,
focus stability, and metallic surface reflectivity
[15,17,21,22].

3.4 Case study: Roughness measurement on
mild steel plate

The validated optical workflow was applied to a
mild steel plate from the Welding Laboratory to
evaluate its ability to detect local variations in
roughness on a shipbuilding-relevant steel
surface. Roughness was evaluated along five
independent measurement lines for both
imaging systems. The resulting Ra values are
presented in Table 8.
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Table 8. Ra values measured along five independent lines on the mild steel plate using a microscope and DSLR

images processed in Gwyddion.

No. Measurement Microscope [pm] DSLR Camera [pum]
1 Line 1 0.4667 0.4428
2 Line 2 0.4826 0.4639
3 Line 3 0.4731 0.4322
4 Line 4 0.4817 0.4232
5 Line 5 0.4942 0.4524

The microscope-derived Ra values ranged from
0.4667 to 0.4942 pm, whereas the DSLR-derived
Ra values ranged from 0.4232 to 0.4639 pum. For
all five measurement lines, the microscope
produced slightly higher Ra values than the DSLR,
with differences of approximately 0.02-0.06 pum.
This result indicates that the microscope was
more sensitive to local surface variations,
whereas the DSLR preserved the overall
roughness trend but yielded slightly lower
estimates of roughness.

As shown in Table 8, the microscope consistently
produced slightly higher Ra values than the DSLR
for all five measurement lines. This suggests that
the microscope resolved local peak-and-valley
features more effectively, whereas the DSLR
produced smoother estimates of roughness.
However, because no stylus profilometer
measurement was performed on the same mild
steel plate, these results should be interpreted as
a laboratory-based optical comparison rather
than proof of industrial equivalence.

Figure 10 shows representative roughness
profiles obtained from microscope and DSLR
images of the mild steel plate. The microscope-
based profile shows higher local peak amplitudes
and finer surface detail, while the DSLR-based
profile follows the same general roughness trend
with lower peak intensity. This difference is
consistent with the microscope's higher optical
resolution and more stable imaging
configuration.

Figure 10 supports the quantitative results in
Table 8. The microscope-based profile shows
higher local peak amplitudes and finer surface
detail, while the DSLR-based profile follows the
same general trend with lower peak intensity.
This confirms that both systems could detect
local variations in roughness, but the microscope
provided more detailed surface information.

14

(a) (b)

Fig. 10. Roughness profiles of the mild steel plate
obtained from microscope and DSLR images: (a)
comparison of measured profiles and (b) local profile
features, showing higher peak amplitudes and finer
detail in the microscope-based profile.

However, the mild steel measurement should be
interpreted as a controlled laboratory case study
rather than a full industrial validation. No direct
stylus profilometer or other established roughness
measurement technique was applied to the same
mild steel specimen. Therefore, the present result
should not be interpreted as evidence of
equivalence between the optical workflow and
standard industrial roughness instruments. The
validation of the optical workflow in this study was
based on the ISO 2632 reference plate, while the
mild steel application was used to examine whether
the calibrated optical workflow could detect local
roughness variation on a shipbuilding-relevant
substrate [30,31].

In addition, the ISO 2632 validation range was
limited to fine reference surfaces with Ra values
from 0.05 to 0.40 pm. Therefore, the present mild
steel case study should not be generalized to
blasted, corroded, coated, or fouled ship plates
without further validation. Future work should
compare the optical workflow directly with
stylus profilometry or industrial optical
profilometry on the same mild steel specimens,
and extend the validation to more severe marine
surface conditions.
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These results show that both optical systems
could detect variations in roughness on the mild
steel specimen under controlled laboratory
conditions. However, because no stylus
profilometer or industrial optical profilometer
was used on the same specimen, the results
should be interpreted as a laboratory-based
optical comparison rather than evidence of
equivalence with standard industrial roughness
measurement.

3.5 Summary of key quantitative findings

Across all experiments, the optical non-contact
method achieved validation accuracy above 91%
for both Ra and Rz under all tested
configurations. The highest performance was
obtained with microscope imaging and
Gwyddion processing. Specifically, microscope-
based measurements achieved Ra accuracy up to
97.20%, while Gwyddion achieved Ra accuracy
up to 97.86% and Rz accuracy up to 97.04%.
DSLR-based measurements also showed high

accuracy, although performance decreased
gradually as the camera-surface distance
increased.

Overall, the results demonstrate that calibrated
optical imaging can reproduce certified
roughness values with high fidelity for finely
machined metallic surfaces and can also detect
small roughness differences on mild steel.

The figures and tables collectively support the
validation and interpretation of the optical
roughness workflow. Figure 1 and Table 1 define
the ISO 2632 reference artifact and certified
roughness values used for validation. Tables 2-4
describe the microscope and DSLR acquisition
settings, including calibrated spatial resolution
for the DSLR workflow. Figures 2-4 and Table 5
show that both microscope and DSLR imaging
reproduced the certified roughness values with
good agreement, although the microscope
provided closer agreement and sharper peak-
and-valley reconstruction.

Figures 5-7 and Table 6 demonstrate the effect of
DSLR camera-surface distance. Although the
calculated spatial resolution remained constant
because the same calibrated ROI was used, Ra
accuracy decreased with increasing distance,
primarily due to distance-dependent optical
effects, including focus stability, image sharpness,

illumination uniformity, contrast, and glare.
Figures 8-9 and Table 7 show that Gwyddion
provided closer agreement with ISO 2632
reference values than Image] because it uses a
profile-based  workflow, whereas Image]
provides indirect intensity-based estimates.
Table 8 and Figure 10 show that both systems
detected local roughness variation on the mild
steel plate, but the microscope provided higher
Ra values and finer profile details. Finally, Figure
11 summarizes the overall workflow and
positions the method as a controlled-condition
roughness assessment approach rather than a
direct industrial replacement for standard
roughness instruments.

4. DISCUSSION

4.1 Optical and processing factors affecting
roughness estimation

This study demonstrates that calibrated optical
imaging can estimate fine roughness on mild steel
surfaces with high agreement against an ISO
2632 reference plate. The main finding is that
measurement performance was governed not
only by the nominal imaging device, but also by
optical stability, camera-surface distance,
illumination, surface reflectivity, and image-
processing workflow. Therefore, the differences
observed among the microscope, DSLR,
Gwyddion, and Image] results should be
interpreted as combined effects of optical
acquisition and digital roughness extraction,
rather than as simple differences in instrument
accuracy.

The microscope produced the most consistent
agreement with the certified reference values.
This result can be explained by its more stable
optical configuration, higher magnification,
larger numerical aperture, and controlled
illumination at the specimen plane. These factors
improve the visibility of fine peak-and-valley
features and reduce the risk of smoothing local
asperities during image processing. In contrast,
DSLR imaging is more sensitive to focus stability,
image sharpness, exposure consistency,
illumination uniformity, and surface reflectivity.
For fine metallic surfaces, small changes in
contrast or glare can reduce the visibility of
micro-scale texture and lead to lower
reconstructed roughness values [22-24].
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The distance-dependent DSLR results further
confirm the importance of optical acquisition
control. In this study, the same calibrated region
of interest was used for all camera-surface
distances, so the calculated effective spatial
resolution remained constant. Therefore, the
decrease in DSLR accuracy with increasing
distance should not be attributed to a change in
the calculated pm/pixel value. Instead, it is more
reasonably explained by distance-dependent
optical degradation, including reduced focus
stability, lower image sharpness, weaker texture
contrast, non-uniform illumination, glare, and
exposure variation. These effects can suppress
fine asperity information and produce smoother
profile estimates, particularly on reflective steel
surfaces [25,26-28,32].

[llumination also played an important role in the
reliability of image-based roughness estimation.
Optical roughness workflows depend on the
image's ability to preserve meaningful surface
texture. If illumination is uneven, too weak, or
affected by glare, grayscale and profile-like
features may no longer consistently represent
the actual surface condition. This issue is
especially relevant for metallic ship plates
because reflective surfaces can produce local
brightness saturation and contrast loss.
Therefore, DSLR-based roughness measurement
should be considered reliable only under
controlled acquisition conditions, including fixed
distance, stable focus, consistent illumination,
and calibrated image processing [26-28].

The comparison between Gwyddion and Image]
shows that the image-processing workflow
strongly affects the final roughness estimate.
Gwyddion provided closer agreement with the
certified values because it supports spatial
calibration, leveling, filtering, profile extraction,
and roughness parameter calculation. This
profile-based workflow is more appropriate for
quantitative roughness reporting. In contrast,
Image] estimates roughness indirectly from
grayscale intensity, thresholding, and texture
descriptors.  Consequently, Image]-derived
values are more sensitive to illumination,
contrast adjustment, threshold selection, focus
quality, and surface reflectivity. Image] can
therefore be useful as a low-cost screening tool,
but it should not be interpreted as equivalent to
profile-based roughness extraction without
careful calibration [15,17,21,22].
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4.2 Relevance to marine surface inspection

From a marine engineering perspective, the
proposed workflow is relevant because surface
roughness is associated with coating condition,
fouling development, hydrodynamic resistance,
and maintenance planning. Increased hull
roughness can contribute to higher frictional
resistance, ship resistance, and energy demand,
while surface texture may also influence coating
condition, coating degradation, and the
development of biofouling [1-9,33]. However,
the present study does not directly measure
friction, wear, lubrication, coating adhesion,
fouling growth, drag, or fuel consumption.
Therefore, the results should be interpreted as
roughness-based surface characterization that
can support marine inspection decisions, not as
direct evidence of tribological, coating, fouling, or
hydrodynamic performance.

Figure 11 summarizes this interpretation by
linking imaging configuration, image-processing
workflow, roughness output, and controlled-
condition marine surface inspection. The
framework indicates that microscope imaging
and Gwyddion processing are better suited to
quantitative laboratory assessment, whereas
DSLR imaging and Image] processing may
support preliminary screening under controlled
acquisition conditions. This distinction is
important because shipyard environments
involve variable lighting, surface contamination,
surface curvature, coating condition, and
operator-dependent camera positioning. These
factors may reduce repeatability if the workflow
is applied without strict calibration and
acquisition control.
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Fig. 11. Conceptual framework of the optical
roughness workflow, linking imaging configuration,
image-processing software, roughness estimation,
and controlled-condition marine surface inspection.
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Overall, the findings support the use of calibrated
optical imaging for roughness-based surface
characterization under controlled conditions.
The microscope-Gwyddion workflow is more
appropriate  for  quantitative laboratory
assessment, whereas the DSLR-Image] workflow
may support preliminary screening when
imaging distance, focus, illumination, exposure,
surface cleanliness, and calibration are carefully
controlled. The proposed workflow should not be
interpreted as a substitute for stylus
profilometry, confocal microscopy, or industrial
optical profilometry without further validation.

4.3 Practical implications for controlled
roughness screening

The practical implication of this study is that
calibrated optical imaging can support
preliminary assessment of the roughness of fine
or finished mild steel surfaces under controlled
laboratory conditions. The microscope-based
workflow is more suitable for quantitative
roughness evaluation because it provides more
stable imaging, higher optical resolution, and
better preservation of local peak-and-valley
information. In contrast, the DSLR-based
workflow should be interpreted only as a
potential screening-level approach when
camera-surface distance, focus, illumination,
exposure, surface cleanliness, and calibration are
carefully controlled.

For practical inspection, DSLR imaging may help
identify relative differences in surface roughness
or support rapid preliminary assessment before
more rigorous measurement is conducted.
However, DSLR-derived roughness values should
not be treated as direct substitutes for stylus
profilometry, confocal microscopy, or industrial
optical profilometry. The DSLR workflow relies
on reference-calibrated  optical texture
information and remains sensitive to focus
instability, glare, illumination non-uniformity,
camera positioning, and metallic surface
reflectivity [26-28]. Therefore, its use should be
limited to controlled screening and comparative
assessment rather than final acceptance testing
or standard industrial reporting.

The findings may support marine maintenance
planning by providing a non-contact method for
monitoring fine surface condition, coating
readiness, or local roughness variation on mild

steel surfaces. Surface roughness is relevant to
coating  condition, fouling  development,
hydrodynamic resistance, ship resistance, energy
consumption, and maintenance decisions [1-
9,33]. However, the present results should not be
interpreted as direct evidence of friction, wear,
drag, fouling growth, coating adhesion, or fuel-
consumption performance. These effects were
not measured in this study.

The validation range also limits the practical
applicability of the proposed workflow. The I1SO
2632 reference plate used in this study covered
fine surfaces with Ra values from 0.05 to 0.40 pum.
Therefore, the findings should not be generalized
to blasted, corroded, coated, or fouled ship
surfaces without additional validation. These
surface  conditions are rougher, more
heterogeneous, and more optically complex than
the reference surfaces used in the present study.
Further comparison with stylus profilometry or
industrial optical profilometry on the same
specimens is required before the method can be
recommended for routine shipyard inspection
[7,28,30,33].

4.4 Limitations and future work

Several limitations should be clearly
acknowledged. First, the optical workflow was
validated using an ISO 2632 roughness
comparison plate. Still, no direct comparison with
a stylus profilometer or industrial optical
profilometer was performed on the same mild
steel specimen. Therefore, the present results
agree with the certified ISO 2632 reference
surfaces but do not establish full equivalence
with standard industrial roughness instruments
on the actual shipbuilding steel substrate [28,30].

Second, the validation range was limited to fine
reference surfaces with Ra values from 0.05 to
0.40 um. This range represents fine or finished
surfaces and does not represent rougher marine
surfaces produced by blasting, corrosion, coating
degradation, or biofouling. Therefore, the
findings should not be generalized to blasted,
corroded, coated, or fouled ship plates without
additional validation on surfaces with broader
and rougher Ra ranges [7,33].

Third, the mild steel case study was conducted on

a single laboratory specimen under controlled
imaging conditions. The results indicate that the
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calibrated optical workflow can detect local
roughness variation on a mild steel surface. Still,
they do not represent the variability of real
shipyard or onboard inspection environments.
Field conditions may include non-uniform
illumination, surface contamination, glare,
curved surfaces, coating residues, camera
positioning variability, and unstable working
distances. These factors can reduce the
repeatability and accuracy of DSLR-based
roughness estimation, particularly on reflective
metallic surfaces [26-28].

Fourth, DSLR and Image]J-based roughness values
should be interpreted as reference-calibrated
optical  estimates rather than  direct
topographical measurements. Their reliability
depends strongly on calibration quality, image
sharpness, focus  stability, illumination
uniformity, exposure setting, threshold selection,
and surface reflectivity. Therefore, DSLR imaging
should be limited to controlled screening-level
assessment and should not be used as a
substitute for stylus profilometry, confocal
microscopy, or industrial optical profilometry
without further validation [26-28],30].

Future work should extend the validation to
rougher and more heterogeneous marine steel
surfaces, including blasted, corroded, coated, and
fouled conditions [7,33]. Direct comparison with
stylus profilometry and industrial optical
profilometry should be performed on the same
specimens to establish stronger metrological
traceability and practical reliability [28,30]. In
addition, future studies should evaluate the
robustness of the optical workflow under shipyard-
like lighting, surface contamination, camera-
positioning variability, surface curvature, and
larger inspection areas. These steps are necessary
before the proposed method can be recommended
for routine field inspection of ship plates.

5. CONCLUSION

This study evaluated the feasibility of non-
contact optical roughness measurement on mild
steel ship plates using a metallurgical microscope
and a DSLR camera, with roughness extracted
using Gwyddion and Image]. Validation against
the ISO 2632 roughness comparison plate
showed that the calibrated optical workflow
could reproduce fine certified roughness values
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within the validation range of Ra = 0.05-0.40 pm.
The microscope provided the most consistent
agreement with the certified reference values. In
contrast, Gwyddion yielded more accurate
roughness estimates than Image] did, owing to its
profile-based calibration, leveling, filtering, and
roughness-extraction workflow.

The results indicate that calibrated optical
imaging can support roughness-based surface
characterization of fine or finished mild steel
surfaces under controlled laboratory conditions.
The microscope-based workflow is better suited
for quantitative roughness evaluation due to its
higher optical resolution and more stable
imaging configuration. In contrast, DSLR imaging
should be interpreted only as a potential
screening-level approach when camera-surface
distance, focus, illumination, exposure, surface
cleanliness, and calibration are carefully
controlled. DSLR-derived roughness values
should not be considered a direct substitute for
stylus profilometry, confocal microscopy, or
industrial optical profilometry.

The practical relevance of the proposed workflow
lies in its ability to support preliminary
roughness assessment, coating-readiness
evaluation, and maintenance-oriented surface
inspection. However, this study did not directly
measure friction, wear, lubrication, coating
adhesion, fouling growth, drag, or fuel
consumption. Therefore, the findings should be
interpreted as  roughness-based  surface
characterization rather than direct evidence of
tribological or hydrodynamic performance.

This study has several limitations. The validation
was limited to fine ISO 2632 reference surfaces,
only one mild steel specimen was examined, and
all measurements were performed under
controlled laboratory conditions. No direct
comparison with a stylus profilometer or
industrial optical profilometer was performed on
the same mild steel specimen. Therefore, the
present findings should not be generalized to
blasted, corroded, coated, or fouled ship surfaces
without further validation. Future work should
extend the validation to rougher and more
heterogeneous marine steel surfaces. It should
include direct comparison with stylus
profilometry or industrial optical profilometry on
the same specimens before the workflow can be
recommended for routine shipyard inspection.
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