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Abstract

Calibration is a critical step in image-based dimensional metrology because the calibration
coefficient directly determines the conversion between image pixels and physical dimen-
sions. While numerous artefact models are available for optical microscopes, the influence
of calibration artefact geometry on measurement performance has not been sufficiently
investigated. This study evaluates the effect of linear and circular calibration artefacts on
the calibration and verification of a pixel-based optical measuring microscope. Calibration
coefficients were determined using linear and circular artefacts with nominal dimensions
of 1.000 mm, 0.500/0.508 mm, and 0.200 mm at four objective magnifications (1×–4×). The
calibrated microscope was subsequently verified using independent Grade 1 ceramic gauge
blocks with nominal dimensions of 1.00504 mm, 1.29999 mm, and 1.50007 mm. Statistical
evaluation was performed using Kruskal–Wallis testing, Dunn–Šidák post hoc analysis,
effect size assessment, and measurement uncertainty analysis. The results demonstrated
that calibration artefact geometry influences the obtained calibration coefficients and can
produce statistically significant differences in dimensional measurements. However, uncer-
tainty analysis revealed that the dominant contribution to the uncertainty budget originated
from the microscope maximum permissible error, whereas the contribution of calibration
artefact geometry remained comparatively small. All verification measurements remained
within the declared metrological performance of the microscope. For the investigated micro-
scope and experimental conditions, both calibration target geometries provided satisfactory
calibration performance for the investigated microscope and measurement conditions.

Keywords: optical metrology; optical microscope calibration; calibration artefact;
dimensional measurement; image-based measurement; measurement uncertainty;
machine vision metrology

1. Introduction
The continuous development of modern manufacturing technologies, microelectronics,

biomedical engineering, and precision mechanics has significantly increased the demand
for reliable dimensional measurements of micro-scale and small-scale components. The con-
tinuous trend toward miniaturization requires measurement systems capable of providing
high spatial resolution, non-contact operation, and metrological traceability. Among vari-
ous optical measurement techniques, digital optical microscopes and machine vision-based
measuring systems have become widely applied due to their ability to rapidly acquire im-
ages, automatically process geometrical information, and perform dimensional evaluations
without physically contacting the measured object [1–6].
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Unlike conventional optical microscopes, where dimensional evaluation depends on
the operator’s visual interpretation, modern digital measuring microscopes employ image
sensors and computational algorithms to determine geometrical features directly from
acquired images. The measurement process is based on the conversion of image coordinates
expressed in pixels into physical dimensions expressed in units of length. Therefore, the
accuracy of the final measurement strongly depends on the determination of the calibration
coefficient, which establishes the relationship between the image pixel coordinate system
and the corresponding real-world dimensions [7–10].

For a one-dimensional measurement, the physical dimension of the evaluated feature
can be expressed as

L = Npix·Spix, (1)

where L represents the measured dimension (µm), Npix is the number of pixels correspond-
ing to the evaluated feature, and Spix is the calibration coefficient expressed in µm/pixel.
The calibration coefficient is determined using a traceable calibration artefact with a known
nominal dimension and depends on several factors, including the optical magnification,
camera sensor characteristics, image acquisition conditions, and optical configuration of
the microscope [11–14].

The influence of magnification is particularly important in pixel-based optical metrol-
ogy because every change in objective lens or optical configuration modifies the field
of view and the effective pixel size. In general, higher magnifications provide a smaller
pixel-to-length ratio and enable more accurate localization of feature boundaries. However,
higher magnifications generally improve spatial resolution and edge localization; however,
the measurements may also become more sensitive to image-quality degradation caused
by lens distortion, defocus resulting from inaccurate focusing, non-uniform illumination,
and mechanical vibrations. These factors can influence edge localization accuracy and
consequently affect the determination of calibration coefficients and dimensional measure-
ments. Conversely, lower magnifications provide a larger measurement area and improved
robustness against certain disturbances, but they reduce the number of pixels representing
the measured feature and may decrease the achievable dimensional resolution [15–18].

Accurate calibration is a prerequisite for reliable dimensional measurements in dig-
ital optical microscopy. It establishes the conversion factor between image pixels and
physical dimensions while simultaneously accounting for the characteristics of the optical
system. Consequently, both the geometry and the dimensions of the calibration artefact
may influence the resulting measurement accuracy and uncertainty [19–22].

The calibration of optical measuring systems has traditionally been performed using
various reference targets, including line scales, stage micrometers, grid patterns, and circu-
lar or dot-based calibration standards. Each type of artefact provides different metrological
information. Linear standards establish direct traceability for one-dimensional length mea-
surements and are commonly used for determining the pixel scale coefficient. In contrast,
circular and two-dimensional calibration patterns allow the evaluation of additional geo-
metric properties, such as feature localization from multiple directions, spatial distribution
of measurement errors, and compensation of certain optical distortions [23–27].

Recent developments in machine vision and camera calibration have demonstrated
that the geometry of the calibration pattern may significantly influence the stability and
robustness of feature extraction algorithms. For example, sub-pixel determination of
line edges depends on image contrast, thresholding methods, and edge fitting algorithms,
whereas circular features can be evaluated using mathematical models such as least-squares
circle fitting, which may provide improved resistance to random image noise [28–31].
Consequently, different calibration artefacts may produce different calibration coefficients
and may lead to variations in the final dimensional measurement results.
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The quality of dimensional measurements performed by digital optical systems is not
determined solely by the calibration coefficient itself but also by the associated measurement
uncertainty and the overall metrological performance of the instrument. According to the
principles of measurement uncertainty evaluation described in the Guide to the Expression
of Uncertainty in Measurement (GUM), the final measurement result should include all
significant uncertainty contributions arising from the measuring instrument, calibration
procedure, environmental conditions, and data processing algorithms [13,32–35]. The
combined standard uncertainty can be expressed as:

uc =

√
n

∑
i=1

(ciui)
2, (2)

where ui represents the individual standard uncertainty components and ci denotes the
corresponding sensitivity coefficients describing their influence on the final measured
quantity. The expanded uncertainty U, representing the interval expected to contain the
true value with a specified confidence level, is determined by:

U = k·uc, (3)

where k is the coverage factor, typically equal to 2 for a confidence level of approxi-
mately 95%.

In digital microscopy, the uncertainty budget includes multiple contributions related
to the imaging process. These components may originate from the uncertainty of the
calibration artefact, repeatability of image acquisition, sub-pixel feature localization, optical
distortions, illumination variations, focusing conditions, and mechanical stability of the
measuring system [36–39]. Consequently, the selection of a calibration artefact cannot be
considered only as a matter of traceability but also as a potential source affecting the overall
uncertainty of the measurement system.

The metrological performance of optical microscopes is commonly characterized by
the maximum permissible error (MPE) specified by the manufacturer or verified according
to established standards for optical coordinate measuring systems [40–42]. The MPE de-
fines the largest acceptable deviation of the measured value from the reference dimension
under specified operating conditions and represents an important criterion for evaluat-
ing instrument performance. Nevertheless, compliance with the declared MPE does not
necessarily guarantee that different calibration strategies will provide equivalent measure-
ment results. Two microscopes operating within their permissible limits may still exhibit
different sensitivity to calibration procedures due to variations in optical design, detector
characteristics, image processing algorithms, and mechanical construction.

A considerable amount of research has been dedicated to the calibration of optical
measuring systems, camera models, sub-pixel edge detection, and uncertainty evaluation
in machine vision applications [43–47]. Previous studies have demonstrated that linear
scales, grid patterns, circular targets, and other geometrical artefacts can provide reliable
dimensional references depending on the measurement task and the calibration methodol-
ogy [48–52]. Linear calibration standards are traditionally preferred for one-dimensional
length calibration because they provide direct traceability to known distances. However,
the measurement of line features is strongly influenced by edge localization methods, image
contrast, and the determination of the exact position of the calibration marks [53,54].

On the other hand, circular calibration artefacts have gained increasing attention in
machine vision and optical metrology because the determination of the circle center and
diameter can be achieved using robust mathematical fitting algorithms involving infor-
mation from multiple points distributed along the entire circumference [55–58]. Such an
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approach can reduce the influence of local image noise and improve the repeatability of
sub-pixel feature extraction. Furthermore, circular and two-dimensional calibration pat-
terns can provide additional information regarding image distortion and spatial variations
in measurement errors across the field of view [59,60].

Despite extensive developments in optical dimensional metrology, current research
primarily focuses on improving calibration algorithms, enhancing sub-pixel edge detection,
and reducing uncertainty contributions. However, a systematic experimental comparison
of how the geometry of calibration artefacts influences the calibration coefficient, dimen-
sional measurement error, and uncertainty of digital optical microscopes with different
maximum permissible errors has not been sufficiently investigated. In particular, there is
a lack of studies evaluating whether the selection between linear and circular calibration
standards leads to measurable differences in the metrological performance of microscopes
operating on the same pixel-based measurement principle but having different declared
accuracy classes.

Therefore, the aim of this study is to investigate the influence of calibration artefact
geometry on the metrological characteristics of a pixel-based digital optical microscope.
Linear and circular calibration artefacts were used to determine calibration coefficients at
multiple magnification levels. The influence of the selected calibration strategy was subse-
quently assessed through measurements of independent ceramic gauge blocks, enabling
the practical impact of calibration artefact geometry on dimensional measurement accuracy,
statistical significance, and measurement uncertainty to be evaluated.

Based on the identified research gap, the following research criteria are defined:
Criterion 1: Determination of the influence of calibration artefact geometry on the

calibration coefficient of pixel-based optical microscopes at different magnifications.
Criterion 2: Evaluation of whether the use of linear and circular calibration standards

leads to statistically significant differences in the measured dimensions and measurement
errors obtained from an independent verification artefact.

Criterion 3: Analysis of the relationship between calibration artefact geometry and the
expanded measurement uncertainty for microscopes with different maximum permissi-
ble errors.

This work provides the following main contributions:

• A comprehensive experimental comparison of linear and circular calibration artefacts
for pixel-based optical microscopy.

• An analysis of the influence of calibration artefact geometry on calibration coefficients,
dimensional errors, and measurement uncertainty at various magnification levels.

• An evaluation of the influence of calibration artefact geometry on calibration coeffi-
cients, dimensional deviations, statistical significance, and measurement uncertainty.

• Practical recommendations regarding the selection of suitable calibration artefacts for
achieving reliable and traceable dimensional measurements.

The remainder of this paper is organized as follows. Section 2 describes the exper-
imental setup, characteristics of the investigated microscopes, calibration artefacts, and
measurement procedure. Section 3 presents the calculation of calibration coefficients, veri-
fication measurements, and uncertainty evaluation. Section 4 discusses the influence of
calibration artefact geometry, calibration dimension, and magnification on the obtained
measurement results. Finally, Section 5 summarizes the main findings and provides recom-
mendations for practical implementation in optical dimensional metrology.

2. Materials and Methods
This study was designed to investigate the influence of calibration artefact geometry

and calibration length on the performance of a pixel-based optical measuring microscope.
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Two calibration artefacts with different geometrical characteristics, namely a linear artefact
and a circular artefact, were used to determine calibration coefficients at four magnification
levels. The nominal dimensions specified by the manufacturer were used for calibration.
The calibration targets themselves were not re-calibrated within the scope of this study. The
obtained calibration coefficients were subsequently applied to the measurement of indepen-
dent reference standards in order to evaluate their influence on dimensional measurement
accuracy. Independent verification was performed using Grade 1 ceramic gauge blocks
with calibrated reference values, ensuring that the evaluation of calibration performance
was independent of the calibration targets.

The experimental procedure consisted of three main stages: calibration coefficient
determination, comparison of calibration coefficients obtained from different artefacts, and
verification measurements using independent ceramic gauge blocks.

2.1. Optical Measuring System

The experimental investigation was performed using a digital optical measuring micro-
scope. The microscope operates on the principle of pixel-based dimensional measurement,
where dimensions are determined from digital images acquired by an integrated camera
system. The measured dimensions are obtained by converting distances expressed in
pixels into physical dimensions using a calibration coefficient. The microscope employs
an integrated zoom imaging lens (0.6×–5×) coupled with a CMOS image sensor rather
than interchangeable finite- or infinity-corrected microscope objectives. Therefore, the
present study is based on a digital image-based measuring system with an integrated
optical configuration.

The microscope provides four objective magnification levels. For each objective, the
manufacturer specifies the corresponding image magnification and maximum permissible
error (MPE). The technical characteristics of the microscope are summarized in Table 1.

Table 1. Technical characteristics of the optical measuring microscope.

Objective Magnification Image Magnification MPE (µm)

1× 40.9× ±6
2× 81.8× ±6
3× 122.7× ±5
4× 163.6× ±4

A photograph of the optical measuring microscope used in the experiments is shown
in Figure 1.

All measurements were performed in an air-conditioned metrology laboratory under
controlled environmental conditions. The laboratory temperature was maintained at
(20 ± 1) ◦C, while the relative humidity was maintained within 40–60%. Prior to the
measurements, the optical microscope, calibration targets, and Grade 1 ceramic gauge
blocks were stored in the laboratory for 24 h to ensure complete thermal stabilization and
to minimize the influence of thermal expansion on the measurement results. Throughout
the experimental campaign, stable illumination conditions were maintained, and care was
taken to minimize external vibrations and direct air flow that could affect measurement
repeatability. The optical configuration, illumination settings, image acquisition parameters,
and software settings remained unchanged throughout the entire experiment to ensure
consistency of the obtained results.
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Figure 1. Digital optical measuring microscope used in the experimental investigation.

2.2. Calibration Artefacts

Two calibration artefacts with different geometrical characteristics were used in this
study: a linear calibration artefact and a circular calibration artefact. Both calibration
targets have a declared maximum permissible error of ±1 µm. The linear and circular
calibration targets were commercially manufactured glass calibration targets purchased
from a scientific equipment supplier. These targets were selected because they represent
commonly used calibration standards for image-based optical measurement systems. Their
manufacturer-specified nominal dimensions were used during the calibration procedure.

The linear calibration artefact contains certified reference lengths of 1.000 mm,
0.500 mm, and 0.200 mm. The circular calibration artefact contains certified diameters of
1.000 mm, 0.508 mm, and 0.200 mm.

Photographs of both calibration artefacts are shown in Figure 2.

Figure 2. Calibration artefacts used in the study: (a) linear calibration artefact and (b) circular
calibration artefact.

The selected dimensions were chosen to investigate the influence of calibration length
on the determination of the pixel calibration coefficient. Furthermore, the use of two
geometrically different artefacts allowed the evaluation of the influence of calibration
artefact geometry on the calibration process.

2.3. Calibration Procedure

The calibration procedure was performed separately for each magnification level and
each calibration dimension. For every calibration condition, ten repeated measurements
were carried out.
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The calibration coefficient was determined as

Spix =
Lref
Npix

, (4)

where Spix is the calibration coefficient expressed in mm/pixel, Lref is the certified reference
dimension of the calibration artefact, and Npix is the measured dimension expressed
in pixels.

For each calibration condition, the arithmetic mean calibration coefficient was calcu-
lated according to

Spix =
1
n

n

∑
i=1

Spix,i, (5)

where n = 10.
The repeatability of the calibration process was evaluated using the sample stan-

dard deviation

s =

√
∑n

i=1
(
Spix,i − Spix

)2

n − 1
, (6)

The obtained mean calibration coefficients and corresponding standard deviations are
summarized in Table 2.

Table 2. Mean calibration coefficients and standard deviations obtained for the investigated calibra-
tion artefacts.

Artefact Type Nominal
Dimension (mm) Statistic 1× 2× 3× 4×

Linear 1.000
Mean (mm/pix) 0.00609933 0.00301631 0.00200930 0.00149252

SD (mm/pix) 0.000035 0.000017 0.000029 0.000009

Linear 0.500
Mean (mm/pix) 0.00605917 0.00303430 0.00202755 0.00150099

SD (mm/pix) 0.000116 0.000051 0.000019 0.000010

Linear 0.200
Mean (mm/pix) 0.00620572 0.00305420 0.00181292 0.00151359

SD (mm/pix) 0.000229 0.000102 0.000569 0.000033

Circular 1.000
Mean (mm/pix) 0.00587360 0.00303128 0.00199667 0.00149259

SD (mm/pix) 0.000011 0.000027 0.000003 0.000012

Circular 0.508
Mean (mm/pix) 0.00593119 0.00299189 0.00198753 0.00148985

SD (mm/pix) 0.000017 0.000004 0.000003 0.000002

Circular 0.200
Mean (mm/pix) 0.00575888 0.00294312 0.00195283 0.00147243

SD (mm/pix) 0.000035 0.000010 0.000002 0.000009

The calibration coefficients presented in Table 2 were subsequently used to convert
pixel measurements into physical dimensions during the verification stage.

To evaluate the influence of calibration artefact geometry, the difference between
calibration coefficients obtained using the linear and circular calibration artefacts was
additionally calculated as

∆Spix = Spix,Linear − Spix,Circular, (7)

where Spix,Linear and Spix,Circular represent the calibration coefficients obtained from the
linear and circular calibration artefacts, respectively.

The calculated differences are summarized in Table 3.
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Table 3. Difference between calibration coefficients obtained using linear and circular calibration
artefacts (µm/pixel).

Nominal Dimension (mm) 1× 2× 3× 4×
1.000 0.22573 −0.01498 0.01263 −0.00007

0.508 * 0.12798 0.04241 0.04001 0.01113

0.200 0.44684 0.11108 −0.13991 0.04116
* For the circular calibration artefact, the nominal diameter was 0.508 mm, while the corresponding linear
calibration length was 0.500 mm. Note: Positive values indicate that the calibration coefficient obtained using the
linear target is larger than that obtained using the circular target, whereas negative values indicate the opposite.

All image acquisition, edge localization, pixel counting, and dimensional measure-
ments were performed using the proprietary software supplied with the microscope. The
software automatically identifies the measurement edges after the operator selects the
calibration feature and determines the corresponding pixel distance. Since the image-
processing algorithms are implemented internally by the manufacturer, detailed infor-
mation regarding the edge-detection procedure is not available to the user. No external
image-processing software or custom image-analysis algorithms were employed.

Dimensional measurements were performed using the proprietary software supplied
with the optical measuring microscope. During each calibration and verification measure-
ment, the operator manually selected the corresponding geometric features (line endpoints
or circular feature) directly on the acquired microscope image. The software subsequently
calculated the corresponding distance or diameter based on its internal image-processing al-
gorithms. Since these algorithms are proprietary and are not disclosed by the manufacturer,
detailed information regarding the implemented edge detection, sub-pixel interpolation,
and circle-fitting procedures is not available. To ensure consistency throughout the study,
all measurements were performed by the same operator using identical software settings,
identical measurement procedures, and the same measurement protocol for all calibration
targets and verification measurements. Therefore, any differences observed between the
investigated calibration conditions originate from the calibration procedure itself rather
than from changes in the image-processing algorithm or measurement settings.

2.4. Verification Measurements Using Independent Reference Standards

The verification measurements were performed using three ceramic gauge blocks
conforming to ISO 3650, accuracy grade 1 [61]. According to the calibration certificate, the
gauge blocks possess a maximum permissible error of ±0.20 µm. The nominal dimensions
of the gauge blocks were 1.005 mm, 1.300 mm, and 1.500 mm.

To ensure traceability of the verification measurements, the conventional true values
of the gauge blocks were determined from the nominal dimensions and the corresponding
systematic errors reported in the calibration certificate according to

Ltrue = Lnom − esys, (8)

where Ltrue is the conventional true value of the gauge block, Lnom is the nominal dimension,
and esys is the systematic error reported in the calibration certificate.

The resulting conventional true values used throughout the verification procedure are
summarized in Table 4.
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Table 4. Reference values of the ceramic gauge blocks used for verification measurements.

Nominal Value (mm) Systematic Error (µm) Conventional True Value (mm)

1.005 −0.04 1.00504
1.300 +0.01 1.29999
1.500 −0.07 1.50007

A photograph of the ceramic gauge blocks used in the study is shown in Figure 3.

 
Figure 3. Ceramic gauge blocks used as independent verification standards.

The gauge blocks were not used during calibration and therefore provided an inde-
pendent assessment of the calibration coefficients obtained from the investigated calibra-
tion artefacts.

For each magnification level, the microscope was calibrated using each calibration arte-
fact and calibration dimension. Subsequently, each gauge block was measured ten times.

The measured dimension was calculated as

Lmeas = Npix·Spix, (9)

where Lmeas is the measured dimension of the gauge block, Npix is the measured pixel
dimension, and Spix is the corresponding calibration coefficient.

The deviation from the nominal value was determined as

E = Lmeas − Ltrue, (10)

where E is the measurement deviation
The obtained deviations were used as the primary indicator for evaluating the influ-

ence of calibration artefact geometry and calibration length on measurement performance.

2.5. Data Processing and Statistical Analysis

The statistical analysis was performed to evaluate the influence of calibration artefact
geometry, calibration length, and magnification level on the dimensional measurement
performance of the optical microscope.

For each calibration and verification dataset, ten repeated measurements were per-
formed. The arithmetic mean was calculated as

x =
1
n

n

∑
i=1

xi, (11)

where n denotes the number of repeated measurements.
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The measurement repeatability was evaluated using the sample standard deviation

s =

√
∑n

i=1(xi − x)2

n − 1
, (12)

which was used as an indicator of the dispersion of repeated measurements.
For the verification measurements, the measurement deviation was determined as

(10). To enable comparison between gauge blocks of different nominal dimensions, the
relative measurement deviation was additionally calculated according to

Erel =
Lmeas − Ltrue

Ltrue
·100%, (13)

where Erel is expressed as a percentage.
The standard uncertainty associated with repeatability was evaluated as

uA =
s√
n

, (14)

where s is the sample standard deviation and n is the number of repeated measurements.
The combined standard uncertainty was determined by combining the Type A and

Type B uncertainty contributions according to

uc =
√

u2
A + u2

B, (15)

where uB includes uncertainty contributions associated with the calibration artefacts and
the reference gauge blocks.

The expanded uncertainty was subsequently calculated as

U = k·uc, (16)

where the coverage factor k = 2 corresponds to an approximate confidence level of 95%.
Due to the limited number of repeated measurements (n = 10) and the discrete nature of

pixel-based measurements, non-parametric statistical methods were selected for hypothesis
testing. Statistical significance was evaluated using the Kruskal–Wallis test followed by
Dunn–Šidák multiple comparison analysis.

To investigate the influence of calibration artefact geometry and calibration length
on the measurement results, the Kruskal–Wallis test was employed. This non-parametric
statistical test was selected because it does not require normally distributed data and
enables comparison of multiple independent groups.

The null hypothesis was defined as follows:

H0. The calibration artefact geometry and calibration length do not produce statistically significant
differences in the measurement results.

The alternative hypothesis was defined as:

H1. At least one calibration condition produces statistically different measurement results.

The significance level was set to α = 0.05. Differences were considered statistically
significant when the corresponding p-value was less than 0.05.
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When statistically significant differences were identified by the Kruskal–Wallis test,
post hoc multiple comparison analysis was performed to determine which calibration
conditions differed significantly from each other.

All statistical analyses were performed using MATLAB R2026a (MathWorks, Natick,
MA, USA).

The overall experimental methodology adopted in this work is summarized in Figure 4.
The workflow illustrates the sequence of calibration, verification, statistical evaluation, and
uncertainty analysis applied throughout the investigation.

Figure 4. Experimental workflow of the proposed methodology.

3. Evaluation of Calibration Artefact Geometry
This section presents the experimental evaluation of the influence of calibration arte-

fact geometry and calibration length on the dimensional measurement performance of the
optical microscope. The analysis is divided into several stages. First, the calibration coeffi-
cients obtained from the linear and circular calibration artefacts are compared to different
magnification levels. Subsequently, the differences between the calibration coefficients are
evaluated to identify the effect of artefact geometry on the calibration process. The obtained
calibration coefficients are then applied to the measurement of independent ceramic gauge
blocks to assess their influence on measurement accuracy. Finally, statistical analyses and
uncertainty evaluations are performed to determine whether the observed differences are
statistically significant and metrologically relevant.

3.1. Calibration Coefficients Obtained from Linear and Circular Artefacts

The first stage of the experimental investigation focused on the determination of
calibration coefficients obtained using linear and circular calibration artefacts. For each
calibration artefact dimension and magnification level, ten repeated measurements were
performed. The resulting arithmetic means and standard deviations are summarized in
Table 2.
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To facilitate comparison, Figure 5 illustrates the mean calibration coefficients obtained
for all investigated calibration conditions.

Figure 5. Calibration coefficients obtained using linear and circular calibration artefacts at different
objective magnifications.

The calibration coefficients obtained for all investigated calibration artefacts are pre-
sented in Figure 5. As expected, the calibration coefficient decreased with increasing
magnification for all calibration conditions. This behaviour is consistent with the operating
principle of image-based dimensional measurements, where a higher optical magnification
reduces the physical dimension represented by a single image pixel.

For the 1.000 mm calibration dimension, both linear and circular calibration artefacts
produced similar calibration coefficients across all magnification levels. At 1× magnifi-
cation, the calibration coefficients were 0.006099 mm/pixel and 0.005874 mm/pixel for
the linear and circular artefacts, respectively. The difference between the two artefacts
decreased substantially at higher magnifications.

A similar trend was observed for the intermediate calibration dimensions of 0.500 mm
and 0.508 mm. The calibration coefficients remained close to each other over the entire mag-
nification range, indicating comparable calibration performance for both artefact geometries.

The largest deviations were observed for the smallest calibration dimension of 0.200 mm.
In particular, the linear artefact produced a calibration coefficient of 0.001813 mm/pixel at
3× magnification, whereas the corresponding circular artefact yielded 0.001953 mm/pixel.
This difference suggests that measurements based on small calibration features may be more
sensitive to feature localization and image-processing effects.

Overall, the results indicate that the influence of calibration artefact geometry on
the calibration coefficient is relatively small compared to the influence of magnification.
Nevertheless, measurable differences between calibration conditions were observed and
are further analysed in the following sections.

3.2. Comparison of Calibration Coefficients

To evaluate the influence of calibration artefact geometry on the calibration process,
the differences between the calibration coefficients obtained using the linear and circular
calibration artefacts were calculated according to Equation (4). The resulting differences
are summarized in Table 3 and graphically presented in Figure 6.
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Figure 6. Difference between calibration coefficients obtained using linear and circular calibration
artefacts at different magnification levels.

Figure 6 illustrates the variation in the calibration coefficient difference, ∆Spix, as a
function of magnification and calibration dimension. Positive values indicate that the
calibration coefficient obtained from the linear artefact is greater than the correspond-
ing coefficient obtained from the circular artefact, whereas negative values indicate the
opposite behaviour.

The largest differences were observed at the lowest magnification level (1×) for all
investigated calibration dimensions. In particular, the 0.200 mm calibration dimension
exhibited the greatest discrepancy between artefact geometries, reaching a difference of
0.000447 mm/pixel. Similarly, the 1.000 mm calibration dimension produced a difference of
0.000226 mm/pixel, while the intermediate calibration dimension of approximately 0.5 mm
yielded a smaller difference of 0.000128 mm/pixel.

As the magnification increased, the differences between the calibration coefficients
generally decreased. At 2× magnification, all calibration dimensions exhibited substantially
lower ∆Spix values compared to those obtained at 1× magnification. This behaviour
suggests that the influence of calibration artefact geometry becomes less pronounced as the
effective image resolution increases.

At 3× magnification, distinct behaviour was observed for the smallest calibration
dimension. While the 1.000 mm and 0.500/0.508 mm dimensions remained associ-
ated with positive differences, the 0.200 mm dimension exhibited a negative value of
−0.000140 mm/pixel. This result indicates that the circular calibration artefact produced a
larger calibration coefficient than the corresponding linear artefact under these conditions.
Such behaviour may be attributed to the increased sensitivity of small calibration features
to edge localization, image noise, and sub-pixel feature extraction.

At the highest magnification level (4×), the differences between calibration coefficients
became very small for all investigated dimensions. The difference for the 1.000 mm
calibration dimension was practically zero, while the remaining dimensions exhibited
values below 0.00005 mm/pixel. These results indicate that the influence of calibration
artefact geometry is considerably reduced at higher magnifications.

A comparison of the three calibration dimensions further demonstrates that the small-
est calibration feature (0.200 mm) consistently exhibited the largest variability between
artefact geometries. In contrast, the intermediate calibration dimensions (0.500 mm and
0.508 mm) produced the most stable behaviour across all magnification levels. This ob-
servation suggests that calibration based on very small geometrical features may be more
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susceptible to image-processing effects and feature localization uncertainties than calibra-
tion performed using larger reference dimensions.

Overall, the results presented in Figure 6 indicate that both calibration artefact geom-
etry and calibration dimension influence the determination of the calibration coefficient.
However, the magnitude of this influence decreases with increasing magnification and
becomes negligible at 4× magnification. Since the calibration coefficient directly affects all
subsequent dimensional measurements, the practical significance of these differences must
be evaluated through measurements of independent reference standards.

Therefore, the calibration coefficients obtained from both calibration artefacts were sub-
sequently applied to the measurement of certified ceramic gauge blocks to determine whether
the observed differences propagate into measurable deviations in dimensional measurements.

3.3. Verification Measurements Using Independent Gauge Blocks

The calibration coefficients obtained from the linear and circular calibration artefacts
were subsequently applied to the measurement of independent ceramic gauge blocks. The
purpose of this verification procedure was to determine whether the differences observed
during calibration propagate into dimensional measurements performed on independent
reference standards.

The verification measurements were carried out using three ceramic gauge blocks
with conventional true values of 1.00504 mm, 1.29999 mm, and 1.50007 mm. For each
magnification level and calibration condition, ten repeated measurements were performed.
The resulting measurement deviations are summarized in Table 5 and graphically presented
in Figure 7.

Table 5. Measurement deviations obtained for independent ceramic gauge blocks, E = Lmeas − Ltrue,
in µm.

Magnification Calibration Condition 1.00504 mm 1.29999 mm 1.50007 mm

1× Linear 1.000 mm −4.81 1.22 2.63
1× Linear 0.500 mm −1.47 −0.87 −2.29
1× Linear 0.200 mm −2.54 −0.55 −2.03
1× Circular 1.000 mm −3.11 0.75 0.54
1× Circular 0.508 mm −4.57 −0.33 0.24
1× Circular 0.200 mm −3.90 2.11 0.63
2× Linear 1.000 mm −3.84 −0.92 0.49
2× Linear 0.500 mm −3.28 3.13 0.71
2× Linear 0.200 mm −3.24 −0.89 −1.57
2× Circular 1.000 mm −3.79 2.63 −1.27
2× Circular 0.508 mm −2.71 1.31 1.43
2× Circular 0.200 mm −1.70 1.18 −0.57
3× Linear 1.000 mm −1.84 1.53 0.07
3× Linear 0.500 mm −3.91 1.93 0.13
3× Linear 0.200 mm −4.34 −0.89 1.03
3× Circular 1.000 mm −4.14 −0.69 −0.17
3× Circular 0.508 mm −4.88 0.46 −0.47
3× Circular 0.200 mm −2.48 −1.26 1.43
4× Linear 1.000 mm −2.34 −0.09 −0.51
4× Linear 0.500 mm −2.64 1.44 2.23
4× Linear 0.200 mm −3.50 0.01 0.38
4× Circular 1.000 mm −2.58 −0.84 2.83
4× Circular 0.508 mm −3.46 1.71 −1.47
4× Circular 0.200 mm −3.74 2.03 1.49
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Figure 7. Measurement deviations of independent ceramic gauge blocks obtained after calibration
using linear and circular calibration artefacts. Error bars represent the standard deviation of ten
repeated measurements.

Figure 7 shows the measurement deviations obtained for all investigated calibration
conditions. The error bars represent the standard deviation of ten repeated measurements
and provide information about the repeatability of the measurement process.

For the 1.00504 mm gauge block, all measurement deviations were negative regardless
of magnification or calibration condition. The measured values therefore remained sys-
tematically below the conventional true value of the gauge block. The deviations ranged
approximately from −1.47 µm to −4.88 µm. The largest negative deviations were generally
observed for calibration conditions involving the smallest calibration dimensions, particu-
larly at 3× magnification. Despite the variation between calibration conditions, the overall
behaviour remained relatively consistent, with all results located within a narrow deviation
range of approximately 3.5 µm.

A different behaviour was observed for the 1.29999 mm gauge block. In this case, both
positive and negative deviations were obtained depending on the calibration condition and
magnification level. The measured deviations varied between approximately −1.26 µm and
+3.13 µm. Several calibration conditions produced deviations close to zero, particularly at
4× magnification, indicating good agreement between the measured and reference values.
Compared with the smallest gauge block, the influence of calibration condition appears
more pronounced for this intermediate dimension.

For the largest gauge block, having a conventional true value of 1.50007 mm, the
measurement deviations were generally distributed around zero. The majority of deviations
remained within approximately ±3 µm. Positive and negative deviations were observed
for both linear and circular calibration artefacts, suggesting that no obvious systematic
bias associated with a particular calibration geometry can be identified solely from the
verification measurements. The largest positive deviation was observed for the circular
1.000 mm calibration condition at 4× magnification, whereas the largest negative deviation
occurred for the linear 0.500 mm calibration condition at 1× magnification.

The repeatability of the measurements can be evaluated from the error bars presented
in Figure 6. In general, the standard deviations remained relatively small compared with
the corresponding measurement deviations, indicating stable measurement performance
under most experimental conditions. Nevertheless, several calibration conditions exhibited
increased variability, particularly for measurements performed at lower magnifications.
Such behaviour is expected because lower magnification levels provide a larger physical
dimension per pixel and therefore increase sensitivity to edge localization and image-
processing uncertainties.
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A comparison of the three gauge blocks reveals that the smallest gauge block con-
sistently produced negative measurement deviations, whereas the larger gauge blocks
exhibited both positive and negative deviations. This observation suggests that the dimen-
sional relationship between the calibration artefacts and the measured object may influence
the resulting measurement error. However, the experimental results alone do not allow
definitive conclusions regarding the statistical significance of these differences.

Although the observed deviations are generally within several micrometres, the mag-
nitude and direction of the deviations vary between calibration conditions. Consequently, a
statistical evaluation is required to determine whether these differences represent random
variation or systematic effects associated with calibration artefact selection.

3.4. Statistical Evaluation of Calibration Artefact Geometry

To determine whether the observed differences between calibration conditions were
statistically significant, a non-parametric statistical analysis was performed. Because
only ten repeated measurements were available for each experimental condition and
the measurement data originated from pixel-based image evaluation, no assumption of
normality was imposed. Consequently, the Kruskal–Wallis test was selected as the primary
statistical method for comparing measurement results obtained under different calibration
conditions. The significance level was set to α = 0.05.

The statistical evaluation consisted of Kruskal–Wallis hypothesis testing, Dunn–Šidák
post hoc comparisons, and effect size analysis using the epsilon-squared coefficient.

3.4.1. Kruskal–Wallis Analysis

The Kruskal–Wallis results are summarized in Table 6 and visualized in Figure 8.

Table 6. Kruskal–Wallis test results and effect sizes.

Gauge Block Magnification H Statistic p-Value ε2 Significant

1.00504 mm 1× 14.175 0.0145 0.170 Yes

1.00504 mm 2× 4.331 0.5027 0.000 No

1.00504 mm 3× 12.359 0.0302 0.136 Yes

1.00504 mm 4× 3.898 0.5642 0.000 No

1.29999 mm 1× 24.818 1.51 × 10−4 0.367 Yes

1.29999 mm 2× 25.756 9.94 × 10−5 0.384 Yes

1.29999 mm 3× 19.005 0.0022 0.254 Yes

1.29999 mm 4× 27.723 4.13 × 10−5 0.421 Yes

1.50007 mm 1× 22.008 5.15 × 10−4 0.315 Yes

1.50007 mm 2× 7.137 0.2388 0.033 No

1.50007 mm 3× 14.611 0.0122 0.178 Yes

1.50007 mm 4× 44.214 2.12 × 10−8 0.726 Yes

The statistical analysis revealed that the influence of calibration conditions depended
strongly on both the gauge block dimension and the selected magnification.

For the smallest gauge block (1.00504 mm), statistically significant differences were
detected only at 1× and 3× magnification. No significant differences were observed at
2× and 4× magnification. The corresponding effect sizes were classified as moderate
(ε2 = 0.170 and ε2 = 0.136), indicating that calibration conditions had a measurable but
limited influence on the measurement results.
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Figure 8. Kruskal–Wallis p-values for the comparison of calibration conditions. Values below 0.001
are displayed as <0.001.

A markedly different behaviour was observed for the intermediate gauge block
(1.29999 mm). Statistically significant differences were identified at all investigated magni-
fication levels. The calculated effect sizes ranged from ε2 = 0.254 to ε2 = 0.421, indicating
medium-to-large effects. This gauge block therefore exhibited the highest sensitivity to
calibration strategy and artefact selection.

For the largest gauge block (1.50007 mm), significant differences were observed at 1×,
3×, and 4× magnification. The strongest statistical effect of the entire study was detected
at 4× magnification, where ε2 reached 0.726 and the p-value decreased to 2.12 × 10−8. In
contrast, no statistically significant differences were found at 2× magnification.

Overall, nine of the twelve investigated conditions exhibited statistically significant
differences between calibration strategies. The significance map shown in Figure 9 summa-
rizes these results.

Figure 9. Statistical significance map of calibration–condition influence. Check marks indicate
statistically significant differences at α = 0.05.

Figure 9 demonstrates that the influence of calibration conditions was consistently
observed for the 1.29999 mm gauge block, whereas the 1.00504 mm and 1.50007 mm gauge
blocks exhibited significant effects only at selected magnifications.

3.4.2. Post Hoc Multiple Comparison Analysis

To identify which calibration conditions were responsible for the observed differences,
a Dunn–Šidák post hoc multiple comparison analysis was performed for all statistically
significant Kruskal–Wallis results.

The most important statistically significant pairwise comparisons are summarized in
Table 7.
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Table 7. Selected statistically significant pairwise comparisons obtained from the Dunn–Šidák procedure.

Gauge Block Magnification Comparison Adjusted p-Value

1.00504 mm 1× Circular 1.000 mm vs. Circular 0.508 mm 0.0155
1.29999 mm 1× Linear 0.500 mm vs. Circular 0.200 mm 0.0012
1.29999 mm 1× Linear 0.200 mm vs. Circular 0.200 mm 0.0020
1.29999 mm 2× Linear 1.000 mm vs. Linear 0.500 mm 0.0073
1.29999 mm 2× Linear 0.500 mm vs. Circular 0.508 mm 0.0065
1.29999 mm 3× Linear 0.500 mm vs. Circular 0.200 mm 0.0148
1.29999 mm 4× Circular 1.000 mm vs. Circular 0.200 mm 0.0003
1.50007 mm 1× Linear 1.000 mm vs. Linear 0.200 mm 0.0001
1.50007 mm 3× Linear 0.500 mm vs. Circular 0.200 mm 0.0285

The post hoc analysis revealed that the observed differences were not exclusively
associated with the distinction between linear and circular artefacts. In many cases, sta-
tistically significant differences occurred between calibration conditions having different
nominal dimensions, even when the artefact geometry remained identical. This observa-
tion indicates that the calibration dimension itself contributes substantially to the final
measurement performance.

Particularly noteworthy is the behaviour of the 1.29999 mm gauge block, which
exhibited statistically significant pairwise differences at every investigated magnification
level. In contrast, the smallest gauge block produced only a single significant pairwise
comparison despite exhibiting significant Kruskal–Wallis results at two magnifications.

3.4.3. Effect Size Analysis

While p-values indicate whether statistically significant differences exist, they do not
quantify the practical magnitude of the effect. Therefore, the epsilon-squared coefficient
(ε2) was calculated for all Kruskal–Wallis tests. The resulting effect sizes are presented in
Figure 10.

 

Figure 10. Effect size of calibration-condition influence expressed by epsilon-squared.

According to commonly accepted interpretation criteria (ε2 < 0.01 negligible,
0.01 ≤ ε2 < 0.08 small, 0.08 ≤ ε2 < 0.26 medium, ε2 ≥ 0.26 large), the influence of cali-
bration conditions ranged from negligible to large.

The largest effect was observed for the 1.50007 mm gauge block at 4× magnification
(ε2 = 0.726), indicating a very strong dependence of the measurement result on the selected
calibration condition. Large effects were also obtained for the 1.29999 mm gauge block at
1×, 2×, and 4× magnification, where ε2 exceeded 0.35.
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Conversely, the 2× and 4× measurements of the 1.00504 mm gauge block produced
negligible effect sizes (ε2 = 0.000), confirming the absence of statistically significant differ-
ences for these experimental conditions.

The effect size analysis therefore supports the conclusions obtained from the Kruskal–
Wallis test and demonstrates that the practical influence of calibration conditions is highly
dependent on both magnification and measured dimension.

3.5. Measurement Uncertainty Analysis

In addition to the statistical evaluation of calibration conditions, a comprehensive
uncertainty analysis was performed to quantify the metrological impact of calibration
artefact geometry on dimensional measurements. The uncertainty budget was evaluated
according to the principles of the Guide to the Expression of Uncertainty in Measurement
(GUM) [13].

The standard uncertainty of Type A was determined from repeated measurements of
the ceramic gauge blocks:

uA =
s√
n

, (17)

where s is the experimental standard deviation and n = 10 is the number of repeated
measurements.

The Type B uncertainty consisted of three independent contributions:

uncertainty associated with the calibration artefact;
uncertainty associated with the reference ceramic gauge block;
uncertainty associated with the microscope maximum permissible error (MPE).

The standard uncertainty of the calibration artefacts was determined from their speci-
fied MPE of ±1 µm assuming a rectangular distribution:

ucal =
1√
3
= 0.577 µm. (18)

Similarly, the uncertainty contribution of the Grade 1 ceramic gauge blocks (ISO 3650)
with an MPE of ±0.20 µm was calculated as

uGB =
0.20√

3
= 0.155 µm. (19)

The uncertainty contribution associated with the microscope MPE was evaluated
using the manufacturer specifications given in Table 1:

uMPE =
MPE√

3
, (20)

resulting in
uMPE,1× = uMPE,2× = 3.464 µm,

uMPE,3× = 2.887 µm,
uMPE,4× = 2.309 µm.

(21)

The manufacturer-specified maximum permissible error (MPE) was interpreted as
a limiting value rather than as a statistical standard deviation. Since no experimental
information regarding the probability distribution of the instrument error was available,
the MPE was treated in accordance with the GUM recommendations as a limiting interval
with a rectangular probability distribution. Consequently, the corresponding standard
uncertainty was obtained by dividing the MPE by

√
3. This approach assumes that any

https://doi.org/10.3390/app16157439

https://doi.org/10.3390/app16157439


Appl. Sci. 2026, 16, 7439 20 of 30

error within the specified tolerance interval is equally probable and is commonly applied
when only the manufacturer’s specification limits are available [13].

The calibration artefacts and ceramic gauge blocks are specified by maximum permis-
sible errors rather than by experimentally determined standard deviations. In accordance
with GUM recommendations, such bounded systematic effects are commonly modelled
using a rectangular probability distribution [13]. For a rectangular distribution with limits
±a, the corresponding standard uncertainty is obtained as

u =
a√
3

(22)

where a represents the half-width of the interval.
The combined Type B uncertainty was then calculated as

uB =
√

u2
cal + u2

GB + u2
MPE (23)

and the combined standard uncertainty as

uc =
√

u2
A + u2

B. (24)

The expanded uncertainty was determined using a coverage factor k = 2:

U = 2uc. (25)

According to ISO/IEC Guide 98-3 (GUM), the expanded uncertainty is obtained by
multiplying the combined standard uncertainty by an appropriate coverage factor [13]. In
the present study, a coverage factor of k = 2 was adopted, corresponding approximately to
a coverage probability of 95%.

The uncertainty budget was evaluated for all calibration conditions and magnifications.
To evaluate the relative importance of individual uncertainty sources, the uncertainty
budget was calculated for each magnification level. The resulting average uncertainty
components are summarized in Table 8.

Table 8. Mean uncertainty contributions for individual magnifications (all uncertainty components
are expressed in µm).

Magnification uA ucal uGB uMPE uB Mean U

1× 0.655 0.577 0.115 3.464 3.514 7.204
2× 0.674 0.577 0.115 3.464 3.514 7.173
3× 0.604 0.577 0.115 2.887 2.946 6.039
4× 0.469 0.577 0.115 2.309 2.383 4.897

Figure 11 presents the expanded uncertainties obtained for all calibration conditions
and all independent gauge blocks.

The results indicate that the expanded uncertainty decreases systematically with
increasing magnification. For all three gauge blocks, uncertainties at 1× and 2× magnifi-
cations are approximately 7 µm, whereas values at 4× magnification decrease to approx-
imately 4.8–5.0 µm. This behaviour is directly related to the lower MPE specified by the
microscope manufacturer for higher magnifications.

A comparison of the individual calibration conditions shows that the influence of
calibration artefact geometry on the expanded uncertainty is relatively small. Although
certain calibration conditions exhibit slightly higher uncertainty values, the differences
between linear and circular artefacts remain substantially smaller than the uncertainty
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contribution associated with the microscope MPE. Consequently, the selection of calibration
artefact geometry does not represent the dominant source of uncertainty in the investigated
measurement system.

 
Figure 11. Expanded uncertainty obtained for independent ceramic gauge blocks after calibration
using different linear and circular artefacts: (a) 1.00504 mm, (b) 1.29999 mm, and (c) 1.50007 mm. All
subplots share the same vertical scale.

To better understand the relative importance of individual uncertainty sources, the
average contribution of each component was analysed as shown in Figure 12.

 

Figure 12. Relative contribution of uncertainty components as a function of objective magnification.
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The contribution analysis reveals that the microscope MPE is the dominant uncer-
tainty component for all investigated magnifications. At 1× and 2× magnifications, the
MPE contribution accounts for approximately 72% of the total uncertainty budget. At
3× magnification, its contribution decreases slightly to approximately 69%, while at 4×
magnification it remains the largest component with a contribution of approximately 66.5%.

The reduction in uncertainty with increasing magnification is primarily caused by
the lower MPE values specified by the microscope manufacturer (Table 1), rather than by
changes in the calibration artefact geometry.

The contribution of repeatability (uA) varies between 13.5% and 14.4%, whereas the
calibration artefact contribution (ucal) ranges from 12.0% to 16.6%. The contribution of the
reference gauge blocks (uGB) remains the smallest component, accounting for only 2.4–3.3%
of the total uncertainty budget.

These findings demonstrate that the overall measurement uncertainty is governed
primarily by the intrinsic performance of the microscope rather than by the choice of
calibration artefact geometry. Although statistically significant differences between cal-
ibration conditions were identified in Section 3.4, their practical metrological impact on
the uncertainty budget is limited when compared with the dominant contribution of the
microscope MPE. Therefore, improvements in measurement performance are more likely to
be achieved through reductions in instrument MPE and repeatability errors than through
modifications of calibration artefact geometry alone.

4. Discussion
The objective of this study was to investigate whether the geometry of a calibration

artefact influences the metrological performance of a pixel-based optical measuring micro-
scope. The experimental results demonstrated that both calibration artefact geometry and
calibration dimension affect the resulting calibration coefficients and subsequent dimen-
sional measurements. However, the magnitude of this influence depends strongly on the
selected magnification and the size of the measured feature.

The analysis of calibration coefficients revealed measurable differences between the
linear and circular calibration artefacts. The largest discrepancies were generally observed
for the smallest calibration dimension (0.200 mm) and at lower magnifications, whereas
the differences decreased substantially as magnification increased. At 4× magnification,
several calibration conditions produced nearly identical calibration coefficients regardless
of artefact geometry. This behaviour can be explained by the increased number of pixels
representing a given physical feature at higher magnifications. As the image sampling
density increases, the influence of pixel quantization, edge localization uncertainty, and
image noise on the calibration coefficient becomes progressively smaller.

It should also be noted that the nominal dimensions of the available calibration targets
were not completely identical. The linear calibration target employed a nominal dimen-
sion of 0.500 mm, whereas the corresponding circular target had a nominal dimension of
0.508 mm. Although the relative difference of approximately 1.6% is small, it represents a
limitation of the present study because the comparison was performed using the commer-
cially available calibration targets supplied with the microscope. Consequently, part of the
observed differences may originate not only from calibration target geometry but also from
the slight difference in nominal calibration dimension. This limitation should be considered
when interpreting the quantitative comparison between these two calibration conditions.

Although the nominal dimensions of the corresponding linear and circular calibration
targets differ by approximately 1.6%, the calibration coefficient is inherently determined
as the ratio between the nominal calibration dimension and the measured pixel distance.
Consequently, the calibration coefficient itself represents a normalized quantity rather than
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an absolute dimensional measurement. Therefore, the observed differences cannot be
attributed solely to the difference in nominal target dimensions. The relative difference be-
tween the nominal calibration dimensions (1.6%) is considerably smaller than the declared
microscope MPE (±4–6 µm) and therefore is not expected to dominate the overall measure-
ment uncertainty. Nevertheless, the slight dimensional mismatch remains a limitation of
the present study and should be considered when interpreting quantitative comparisons
between the two calibration target geometries.

The verification measurements performed using independent ceramic gauge blocks
confirmed that the differences observed during calibration propagate into dimensional
measurements. Nevertheless, the magnitude of the resulting deviations remained relatively
small. Although statistically significant differences were identified for numerous calibration
conditions, no universal superiority of either the linear or circular calibration artefact was
observed. Depending on the magnification and measured gauge block, both calibration
strategies produced either smaller or larger deviations. This finding indicates that the
relationship between calibration artefact geometry and measurement performance is more
complex than a simple comparison between linear and circular reference standards.

The statistical analysis demonstrated that calibration conditions can significantly in-
fluence measurement results. Nine of the twelve investigated combinations of gauge block
dimension and magnification produced statistically significant Kruskal–Wallis test results.
Furthermore, several experimental conditions exhibited medium or large effect sizes ac-
cording to the epsilon-squared coefficient. These findings indicate that calibration strategy
should not be regarded merely as a routine adjustment procedure but rather as a factor
capable of affecting measurement performance. At the same time, statistical significance
should not be interpreted as direct evidence of practical metrological importance. The
uncertainty analysis showed that the dominant contribution to the overall uncertainty
budget originated from the microscope maximum permissible error. Depending on magni-
fication, the MPE contribution accounted for approximately 66–72% of the total uncertainty
budget, whereas the contribution associated with the calibration artefacts represented
only about 12–17%. The uncertainty contribution of the reference gauge blocks remained
below 4% in all cases. Consequently, although calibration artefact geometry influences the
measurement process, the overall measurement uncertainty is governed primarily by the
intrinsic performance of the optical measuring system.

From a practical metrological perspective, this finding indicates that improvements
in calibration target geometry alone are unlikely to produce substantial reductions in the
overall measurement uncertainty of this microscope. Since the manufacturer’s MPE rep-
resents approximately two-thirds of the total uncertainty budget, further improvements
in measurement accuracy are expected to be achieved more effectively through improve-
ments in the optical measuring system itself, such as enhanced optical quality, improved
mechanical stability, higher image sensor resolution, or a reduction in the instrument
MPE. Consequently, the selection of calibration target geometry should be regarded as an
optimization of the calibration procedure rather than the primary factor determining the
achievable measurement accuracy.

The uncertainty analysis presented in this study is intentionally conservative because
the microscope MPE was taken directly from the manufacturer’s specification. In practical
applications, the effective measurement error for a specific measurement task may be con-
siderably smaller than the declared MPE, particularly when measurements are performed
over a limited measuring range, at fixed magnifications, and under controlled laboratory
conditions. Consequently, laboratories requiring lower uncertainty may benefit from ex-
perimentally evaluating the actual measurement performance of the microscope for their
specific application rather than relying solely on the manufacturer’s specification.
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Furthermore, a more comprehensive uncertainty budget could explicitly include
additional influence quantities such as environmental stability, illumination uniformity,
focus repeatability, field-of-view position, and image-processing repeatability. Although
these effects were minimized during the present investigation by controlled laboratory
conditions and standardized measurement procedures, their individual contributions were
not evaluated separately. Such an extended uncertainty analysis represents an interesting
direction for future work and may reduce the relative dominance of the manufacturer’s
MPE within the total uncertainty budget.

The observed dependence on magnification is particularly noteworthy. In the inves-
tigated microscope, the manufacturer-specified MPE decreases from ±6 µm at 1× and
2× magnifications to ±4 µm at 4× magnification. Therefore, a portion of the observed
improvement can be attributed directly to the enhanced metrological characteristics of the
instrument at higher magnifications. Nevertheless, similar qualitative behaviour would
likely be expected even in microscopes exhibiting a constant MPE across all magnifications.
Increasing magnification generally increases the number of pixels representing the mea-
sured feature, thereby reducing discretization effects and improving feature localization
independently of the declared MPE. The magnitude of the improvement would likely differ,
but the overall trend would be expected to remain similar.

The smallest calibration dimension investigated in this study, namely 0.200 mm, con-
sistently produced the largest differences between calibration conditions. A plausible
explanation is that smaller calibration features occupy fewer pixels in the acquired image.
Under such circumstances, the calibration coefficient becomes increasingly sensitive to
edge detection algorithms, threshold selection, image noise, optical blur, and sub-pixel in-
terpolation procedures. This interpretation is consistent with previous findings reported in
machine vision metrology, where small image features are often associated with increased
uncertainty and reduced repeatability. Conversely, larger calibration dimensions are repre-
sented by a greater number of pixels, reducing the influence of local edge detection errors.
However, when dimensions become significantly larger, other effects such as lens distortion,
stage positioning errors, and field non-uniformity may become increasingly important.

The present results were obtained for calibration dimensions ranging from 0.200 mm
to 1.000 mm. Although these dimensions are representative of many practical calibration
procedures used in optical microscopy, caution should be exercised when extrapolating the
results to substantially smaller or larger dimensions. For dimensions below approximately
100 µm, the influence of calibration artefact geometry is expected to increase because the
calibration coefficient would be determined from a very limited number of pixels. Under
such conditions, sub-pixel edge localization and image-processing algorithms may become
dominant contributors to measurement uncertainty. Conversely, for dimensions extending
over several millimetres, the influence of local feature geometry may decrease, while optical
distortion and field-dependent effects may become more significant.

Based on the investigated optical measuring microscope and the experimental con-
ditions considered in this study, calibration dimensions in the range of approximately
0.5–1.0 mm provided stable calibration coefficients, satisfactory verification performance,
and low measurement uncertainty. These dimensions may therefore serve as a practical
guideline for similar image-based optical measurement systems. However, they should not
be regarded as universally optimal. Since the optimum calibration dimension depends on
the optical configuration, field of view, image sensor, magnification range, and measure-
ment algorithm, each laboratory is encouraged to evaluate its own measurement system
using the experimental methodology proposed in this work before establishing routine
calibration procedures.
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The optical design of the microscope should also be considered when interpreting the
results. The investigated system represents a pixel-based optical measuring microscope
in which dimensional measurements are derived from image coordinates. Several design
characteristics may influence the sensitivity of such systems to calibration artefact geome-
try, including objective lens distortion, telecentricity, image sensor resolution, pixel size,
illumination conditions, and image-processing algorithms. In particular, non-telecentric
optical systems may exhibit increased sensitivity to object position and focus level, poten-
tially amplifying differences between calibration artefacts. Similarly, image sensors with
larger pixels or lower resolution may increase the influence of feature localization errors
when small calibration dimensions are used. Consequently, although the qualitative trends
identified in this study are expected to remain valid for similar image-based measuring
systems, the quantitative values should not be interpreted as universally applicable to all
microscope designs.

The investigated microscope employs a non-telecentric optical configuration. Conse-
quently, dimensional measurements may be affected by small variations in object position,
focus level, and feature location within the field of view. Telecentric optical systems would
be expected to exhibit lower sensitivity to such effects. Therefore, the quantitative val-
ues reported in this study should be interpreted within the context of the investigated
optical configuration.

Another aspect that deserves consideration is the spatial position of the measured
feature within the field of view. The present investigation was performed using measure-
ments acquired near the central region of the image, where optical distortion is typically
minimized. In practical applications, however, distortion is often position-dependent and
may vary significantly between the centre and the edges of the image. Therefore, calibra-
tion coefficients determined using features located near the image centre may not fully
represent measurement performance across the entire field of view. Future investigations
should evaluate calibration artefact geometry as a function of image position and generate
two-dimensional calibration maps covering the complete measurement area. Such studies
would provide valuable insight into the interaction between artefact geometry, optical
distortion, and measurement uncertainty.

Several limitations of the present work should also be acknowledged. First, the investi-
gation was performed using a single optical measuring microscope. Although the selected
instrument represents a typical pixel-based measurement system, additional studies in-
volving microscopes from different manufacturers, optical configurations, and accuracy
classes would be beneficial for assessing the generality of the observed trends. Second, only
one type of linear and one type of circular calibration artefact were considered. Additional
studies involving grid standards, checkerboard artefacts, dot arrays, photomasks, and
other machine vision calibration standards could provide a broader understanding of the
relationship between calibration artefact geometry and measurement performance. Third,
only ten repeated measurements were available for each experimental condition. While this
number is sufficient for evaluating repeatability and performing non-parametric statistical
analysis, larger datasets would enable a more comprehensive probabilistic characterization
of measurement variability.

Although individual optical aberrations were not quantified in the present study, no
visually significant image degradation such as severe distortion or defocus was observed
during the calibration and verification measurements. Consequently, the observed dif-
ferences between calibration conditions are considered to originate primarily from the
calibration procedure itself rather than from evident optical defects of the imaging system.

Although the numerical results reported in this study are specific to the investigated op-
tical measuring microscope and the corresponding experimental conditions, the proposed
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experimental methodology is not limited to this particular instrument. The combination of
calibration coefficient evaluation, independent verification using reference gauge blocks,
statistical hypothesis testing, effect size analysis, and uncertainty evaluation constitutes a
general framework for assessing the influence of calibration target geometry in image-based
dimensional metrology. Consequently, the methodology can be readily applied to other
optical measuring systems to evaluate their sensitivity to different calibration strategies.

Future research should therefore focus on expanding the range of investigated mi-
croscope designs, calibration artefacts, and calibration dimensions. Particular attention
should be given to field-of-view mapping, distortion compensation, and the influence of
sub-pixel feature extraction algorithms. The extension of the proposed methodology to
telecentric optical systems, automated machine vision platforms, and three-dimensional
optical measuring instruments such as focus variation and confocal microscopy systems
also represents a promising direction for future investigation.

Overall, the results indicate that calibration artefact geometry influences calibration
coefficients and dimensional measurement results, but its practical metrological impact
depends strongly on magnification, calibration dimension, and instrument characteristics.
While statistically significant differences may occur, the dominant factor governing mea-
surement uncertainty remains the intrinsic performance of the optical measuring system.
Consequently, calibration artefact geometry should be considered as one element of a
broader measurement chain rather than as an isolated determinant of measurement accuracy.

5. Conclusions
In this study, the influence of calibration artefact geometry on the metrological perfor-

mance of a pixel-based optical measuring microscope was systematically investigated. Lin-
ear and circular calibration artefacts with nominal dimensions of 1.000 mm, 0.500/0.508 mm,
and 0.200 mm were used to determine calibration coefficients at four objective magnifica-
tions (1×–4×). The resulting calibration coefficients were subsequently validated using
independent Grade 1 ceramic gauge blocks with nominal dimensions of 1.00504 mm,
1.29999 mm, and 1.50007 mm. Statistical analysis and uncertainty evaluation were per-
formed to quantify the influence of calibration artefact geometry on dimensional measure-
ment results.

The main contributions and findings of the study can be summarized as follows:

(a) Quantitative evaluation of calibration artefact geometry influence. The study demon-
strated that calibration coefficients obtained from linear and circular artefacts are
not identical and that the observed differences depend on both calibration dimen-
sion and magnification. The largest discrepancies were observed for the smallest
calibration dimension (0.200 mm), whereas the differences generally decreased with
increasing magnification. These results confirm that calibration artefact geometry
affects the determination of the pixel-to-length conversion coefficient in image-based
measuring systems.

(b) Experimental verification using independent reference standards. Unlike many cali-
bration studies that evaluate only calibration coefficients, the proposed methodology
included verification measurements using independent ceramic gauge blocks. This
approach enabled the practical impact of calibration artefact selection on dimensional
measurements to be quantified. Although measurable differences were observed
between calibration conditions, all verification measurements remained within the
declared maximum permissible error of the microscope.

(c) Comprehensive statistical assessment of calibration conditions. A statistical frame-
work combining Kruskal–Wallis testing, Dunn–Šidák post hoc analysis and effect size
evaluation was applied. The analysis revealed statistically significant differences in
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nine of the twelve investigated combinations of gauge block dimension and magni-
fication. The calculated effect sizes ranged from negligible to large, indicating that
calibration conditions can significantly influence measurement results depending on
the measurement scenario.

(d) Measurement uncertainty evaluation. The uncertainty analysis demonstrated that
the dominant contribution to the uncertainty budget originated from the microscope
maximum permissible error. Depending on magnification, the MPE contribution
represented approximately 66–72% of the total uncertainty budget, whereas the contri-
bution associated with calibration artefacts remained substantially smaller. Although
calibration artefact geometry influenced the measurement results, its impact on the
overall uncertainty budget was limited compared with the intrinsic performance
characteristics of the measuring system.

(e) Practical implications for optical microscope calibration. For the investigated optical
measuring microscope and the experimental conditions considered in this study, both
investigated calibration target geometries provided satisfactory calibration perfor-
mance and verification results within the declared metrological characteristics of the
instrument. The numerical results reported in this study should therefore not be
interpreted as universally applicable to all optical measuring microscopes but rather
as representative of the investigated measurement system. The principal contribution
of the present work is the proposed experimental methodology for comparing cali-
bration target geometries, which can be readily applied to other optical measuring
systems. However, calibration dimensions of approximately 0.5–1.0 mm exhibited
more stable behaviour and lower sensitivity to artefact geometry than the smallest
investigated calibration dimension (0.2 mm). Therefore, calibration dimensions within
this range are recommended whenever practical measurement conditions allow.

The results further demonstrated that the influence of calibration artefact geometry
cannot be considered independently of magnification, calibration dimension, image resolu-
tion, and microscope design. While statistically significant differences may occur between
calibration strategies, the overall measurement uncertainty remains primarily governed by
the metrological characteristics of the optical measuring system itself.

Several limitations of the present work should be acknowledged. The investigation
was conducted using a single microscope operating on a pixel-based measurement principle,
and only one linear and one circular calibration artefact were evaluated. Consequently,
the quantitative results should not be interpreted as universally applicable to all optical
measuring microscopes. Nevertheless, the proposed methodology is sufficiently general to
be applied to other image-based measurement systems.

The calibration dimensions identified in this work should therefore be regarded as
practical guidelines for the investigated measurement system rather than universally
optimal values. The proposed methodology enables other laboratories to determine the
most appropriate calibration conditions for their own optical measuring microscopes.

From a practical point of view, the proposed methodology enables laboratories to
determine whether measurement performance is limited primarily by the calibration
procedure or by the intrinsic characteristics of the measuring instrument. In the investigated
microscope, the uncertainty budget was dominated by the manufacturer-specified MPE,
indicating that further improvements in calibration target geometry alone are unlikely to
produce substantial improvements in overall measurement accuracy. Therefore, before
investing in alternative calibration targets, laboratories should first evaluate the relative
contributions of individual uncertainty components. If the instrument MPE dominates
the uncertainty budget, improving the calibration artefact alone may have only a limited
influence on the final measurement performance.
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Future research should focus on extending the proposed methodology to microscopes
with different optical configurations, telecentric and non-telecentric optical systems, alterna-
tive calibration artefact geometries, and larger calibration ranges. Additional investigations
should also examine field-of-view dependence, distortion compensation, sub-pixel feature
extraction algorithms, and calibration procedures for advanced optical measuring systems
such as focus variation and confocal microscopes.

Future work will focus on experimentally determining application-specific uncertainty
contributions and replacing conservative specification-based uncertainty components with
experimentally validated estimates wherever appropriate.

In conclusion, the principal contribution of this work is not the specific numerical
values obtained for the investigated microscope, but the development and validation of a
comprehensive experimental methodology for evaluating the influence of calibration target
geometry on pixel-based dimensional measurements. The proposed methodology com-
bines calibration coefficient analysis, independent verification, statistical evaluation, and
uncertainty analysis and can therefore be applied to other image-based optical measuring
systems to support objective comparison of alternative calibration strategies.
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