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𝑒𝑖 – Non-linearity error 
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𝑙1, 𝑙2, 𝑙3, 𝑙4, 𝑢(𝑙1), 𝑢(𝑙2), 𝑢(𝑙3), 𝑢(𝑙4) – average pitches measured by the confocal 

microscope in positions 0º, 90º, 45º, and 135º, respectively, and its uncertainties 

𝑐𝑧, 𝑢(𝑐𝑧) – calibration parameter to permit the calibration in the Z-axis and its 

uncertainty 

𝑤𝑧 – voxel height 

𝐷 – Diameter of the spherical surface fitted by the confocal microscope software 

𝐷𝑚 – Diameter provided by the confocal microscope prior to applying any calibration 

parameter 

𝐷0 – Certified diameter of the sphere by the ACL 

𝑟(𝑐𝑧, 𝑐𝑥𝑦) – Correlation coefficient between 𝑐𝑧 and 𝑐𝑥𝑦 

𝑠𝑟(𝑥) , 𝑠𝑟(𝑦), 𝑠𝑟(𝑧) – Repeatability on each axis 

𝑢NL,𝑥𝑦 – Standard uncertainty estimation for non-linearity in the XY-plane 

𝑅, �̅� and 𝑠(𝑅) – Direct readings from confocal microscope, average results of 10 

readings and the corresponding standard deviation 

𝑅𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 – Corrected measurements 

𝑏, 𝑢(𝑏) – Bias estimation and its uncertainty 
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�̅�, 𝑢(�̅�), 𝑈(�̅�) – Mean bias estimation, its uncertainty, and its expanded uncertainty 

𝑏𝑖, 𝑢(𝑏𝑖), 𝑈(𝑏𝑖) – Bias estimation of each roughness standard, its uncertainty, and its 

expanded uncertainty 

𝑘 – Coverage factor 

𝑏𝑚𝑖𝑛, 𝑏𝑚𝑎𝑥 – Minimum and maximum bias 

𝛿𝑏, 𝑢(𝛿𝑏) – Uniform random variable of null mean and a full range 𝑏𝑚𝑎𝑥 − 𝑏𝑚𝑖𝑛, and its 

uncertainty 

𝑢noise – Noise of the instrument 

𝐿𝑥𝑦 – Length Measurement in XY-Plane 

𝑈(𝐿𝑥𝑦) – Expanded Uncertainty Estimation for Length Measurements in XY Plane 

ℎ – Height Measurements along the Z-Axis 

𝑈(ℎ) – Expanded Uncertainty Estimation for Height Measurements along the Z-axis 

𝑅𝑎 – Roughness Measurements 

𝑈(𝑅𝑎) – Expanded Uncertainty Estimation for Roughness Measurements 

∆𝑃𝐸𝑅𝑥𝑦 – Perpendicularity between x- and y-axes 

NPL – National Physical Laboratory (UK’s NMI) 

ITF – Instrument Transfer Function 

PTB – Physikalisch-Technische Bundesanstalt (German NMI) 

DLW – Direct Laser Writing 

OIML – International Organization of Legal Metrology 

𝑎𝑥, 𝑎𝑦 – Horizontal and vertical pitch and errors on square side dimensions 

𝑎𝑥𝑖, 𝑎𝑦𝑖 – Horizontal and vertical relative displacement of the centers 

Rn – Radius of de arch 

𝑅0 – Radius of the central circle 

ℕ – Number of times the spiral has crossed the horizontal or vertical lines 

𝕃 – Proportional increase 

�⃗� – Corrected coordinates vector 

𝑀𝑜𝑏𝑗
̿̿ ̿̿ ̿̿  – Correction matrix for the objective 

𝑝𝑜𝑏𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ – readings obtained from the objective 

𝑀𝑠
̿̿ ̿̿  – Correction matrix for the system 

𝑝𝑠⃗⃗ ⃗⃗  – readings obtained from the system 

𝜔𝑥𝑦,𝑜𝑏𝑗 – actual voxel width in the objective 
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𝜔𝑥𝑦,𝑜𝑏𝑗,𝑛𝑜𝑚 – nominal pixel width in the objective 

𝑐𝑥𝑦,𝑜𝑏𝑗 – deviation of 𝜔𝑥𝑦,𝑜𝑏𝑗 from 𝜔𝑥𝑦,𝑜𝑏𝑗,𝑛𝑜𝑚 

𝑐𝑧,𝑜𝑏𝑗 – parameter that enables the calibration in the Z-axis 

𝑎𝑜𝑏𝑗 – difference between the pixel widths along X-axis (𝜔𝑥,𝑜𝑏𝑗) and Y axes (𝜔𝑦,𝑜𝑏𝑗) in 

the objective 

𝜃𝑜𝑏𝑗 – perpendicularity error between the X-axis and Y-axis in the objective 

𝑟𝑜𝑏𝑗(𝑐𝑧,𝑜𝑏𝑗, 𝑐𝑥𝑦,𝑜𝑏𝑗) – correlation coefficient between 𝑐𝑥𝑦,𝑜𝑏𝑗 and 𝑐𝑧,𝑜𝑏𝑗 in the objective 

𝑐𝑥𝑦,𝑤𝑡 – common linear calibration coefficient for X and Y axes 

𝑐𝑧,𝑐𝑜𝑙 , 𝑠(𝑐𝑧,𝑐𝑜𝑙), 𝑢(𝑐𝑧,𝑐𝑜𝑙)– parameter that enables the calibration in the Z-axis along the 

column, its standard deviation, and its uncertainty 

𝑎𝑤𝑡 – linear coefficient that estimates the difference between linear amplifications in the 
X and Y axes. 

𝜃𝑤𝑡 – perpendicularity deviation between X and Y-axes 

𝐷𝑖𝑗 – measured distances, where 𝑖 and 𝑗 are the numbers of the quadrants 

𝛼2345 – angle between distances 𝐷23 and 𝐷45 

𝑢FLT,s – flatness deviation of the system 

𝑢FLT,obj – flatness deviation of the objective 

𝑢FLT,T – total flatness deviation 

ℓ0 – certified length of the standard 

ℓ – raw reading provided by the confocal microscope 

ℓ0(𝐷𝑖𝑗) – certified value of distance 𝐷𝑖𝑗 

ℓ(𝐷𝑖𝑗, 𝜑) – measured value of 𝐷𝑖𝑗 at position 𝜑 

𝛼(𝜑) – angles obtained with the confocal microscope at position 𝜑 

𝐷𝑚,𝑧
̅̅ ̅̅ ̅̅ , 𝑢(𝐷𝑚,𝑧

̅̅ ̅̅ ̅̅ ) – mean diameter measured at different levels of Z and its uncertainty 

𝐷0, 𝑢(𝐷0)– certified value of the diameter of the spherical cap and its uncertainty 

𝑠(𝐷𝑚
̅̅ ̅̅ )𝑐𝑜𝑙 – standard deviation of the measurement of 𝐷𝑚

̅̅ ̅̅   

𝑢(𝐷𝑚
̅̅ ̅̅ )𝑐𝑜𝑙 – uncertainty of the measurement of 𝐷𝑚

̅̅ ̅̅   

𝑛 – number of elements 

𝑟(𝑐𝑥𝑦,𝑜𝑏𝑗, 𝑐𝑧,𝑐𝑜𝑙) – correlation coefficient between𝑐𝑥𝑦,𝑜𝑏𝑗 and 𝑐𝑧,𝑐𝑜𝑙 

𝑢NL,xy,wt - Standard uncertainty estimation for non-linearity in the XY-plane in the working 

table 

𝐿, 𝑈(𝐿) – distance that is intended to be determined in the global system and its 

uncertainty 

𝐿𝑠, 𝑢(𝐿𝑠) – displacement of the system and its uncertainty 

𝐿𝑜𝑏𝑗, 𝑢(𝐿𝑜𝑏𝑗) – measurement in the image provided by the objective and its uncertainty 
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1 ABSTRACT 
Nowadays, material characterization is the foundation of science and industrial 
development. The different fields of metrology, the science of measurement, play an 
important role in helping researchers and engineers’ study and work on material science. 
In addition, the current tendency in industry is towards the miniaturization of systems and 
materials and the fabrication of parts at the micro- and nanoscale. For this reason, one 
of the most important fields of study in material science is surface characterization. For 
this kind of applications, involving measurements in the submillimeter range, the use of 
optical, non-contact instruments with suitable traceability is usually advisable. This topic 
is currently a field of growing interest, as many functional properties depend on the 
surface texture.  

Besides, coordinate metrology techniques are widely used in industry to carry out 
dimensional measurements. These techniques are capable of measuring many types of 
three-dimensional geometries with great flexibility and sufficient accuracy. However, as 
the samples could be affected and modified if they are measured using contact methods, 
coordinate metrology techniques should be adapted for measurements in ranges lower 
than millimeter. For these applications, non-contact measuring instruments are used, 
and optical measuring instruments are, probably, the most extended across the industry. 
Among all the existing optical measuring instruments, confocal microscopy is a powerful 
tool as it permits dimensional and 2D/3D roughness measurements without mechanical 
contact. Confocal microscopy has applications in many fields, both in research and 
industrial applications. This type of microscope is widely used in biomedical science, 
material science, and surface quality metrology at micro and macro scales. 

This measuring instrument allows images of optical sections of samples to be obtained, 
filtering out of focus reflected light, and from which the full 3D object geometry can be 
reconstructed using specialized software. Confocal microscopy could become very 
important in the near future as it enables to obtain Z-axis measurements at these scales. 
In all the fields where the confocal microscopes are used, it is very important to have 
good traceability of the scales. Controlling them, it is possible to increase the knowledge 
about materials science and industrial processes and to carry out continuous 
improvements. 

In this document, it is proposed a calibration procedure for the confocal microscope that 
is frequently used in the research center “Centro Láser” of UPM (CL-UPM). In the first 
part, it is proposed a calibration procedure that includes: 

 Calibration of the X and Y scales, using a stage micrometer as a reference 
measurement standard. 

 Estimation of perpendicularity error between X and Y axes. 

 Estimation of the flatness deviation of the focal plane using an optical flat. 

 Calibration of Z scale using a calibrated steel sphere instead of step height 
standards. 

 Calibration of the confocal microscope for the measurement of 2D roughness 
using periodic and aperiodic 2D roughness measurement standards. 

 All uncertainties are estimated following the mainstream GUM method (Guide to 
the Expression of Uncertainty in Measurement) or EA-04/02 M:2013 document, 
as they are standard procedures in calibration laboratories accredited under ISO 
17025. 
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It has been tried that the reference material standards were: 

 Easy to find in industrial environments and research centers. 

 Easy to calibrate with low enough uncertainties in National Measurement 
Institutes or in accredited calibration laboratories. 

 Stable mechanical artifacts that could guarantee long recalibration intervals. 

 Common in the field of dimensional metrology in order to facilitate their 
acquisition, calibration, and correct use. 

Finally, equations to calculate the uncertainties of use are given. 

This procedure is applicable only for measurements carried out in the central position of 
the confocal microscope. This means that the measuring range, limited by objective field, 
is very narrow. Therefore, when measuring samples with higher dimensions it becomes 
necessary to adapt the calibration procedure and material standards covering higher 
ranges should be used. However, the commercial material standards introduce much 
uncertainty to the measure because it depends too much on the person who is carrying 
out the measurement. One potential solution is to create brand new, customized material 
standard, covering the desired measurement range, and that could be easily traced using 
traditional methods. For this purpose, it is proposed a method to manufacture material 
standard with the desired motif scribed over it using the CL-UPM resources, that is, using 
laser technology. In addition, a review of the existing commercial material standard for 
surface texture traceability is given and different motifs to be scribed using lasers are 
proposed. In this way, the needs to provide traceability to a larger volume should be 
covered and it would be able to give traceability to the scales of the confocal microscope 
in larger ranges. Using the new, laser manufactured material standard and adapting 
slightly the calibration procedure, it is proposed a method for the calibration of the scales 
for the whole measuring volume of the confocal microscope, avoiding measurements 
near the end of the stroke.  

It is expected that this work will serve as a starting point so that other industries, research 

centers and laboratories can give traceability in a fast, simple, and economic way to their 

optical measuring instruments. 
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2 INTRODUCTION 

2.1 METROLOGY 

2.1.1 Generalities 

According to section 2.2 of the International Vocabulary of Metrology, onwards VIM [1], 
metrology is the “science of measurement and its application”. In the same document, 
it is possible to find the definition of measurement in section 2.1. It is “the process of 
experimentally obtaining one or more quantity values, which can reasonably be attributed 
to a quantity”. Prior to define some concepts about measurements, the international 
infrastructure of metrology field will be briefly commented. In 1875, as a result of the 
need for a universal decimal metric system, “The Metre Convention” treaty was signed. 
With this treaty, the 17 signatories decided to create a permanent scientific institute 
called BIPM (in French, Bureau International des Poids et Mesures). BIPM 
coordinates international comparisons of national measurement standards and the 
dissemination of units [2, 3]. 

However, the entity that is the highest authority in the metrology field is the CGPM (in 
French, Conférence Générale des Poids et Mesures). This organization is the 
international body that ensures the dissemination, control, and modifications of the of 
International System of Units (or SI) [4]. The representatives of the governments of the 
member states meet every fourth year to discuss and examine the work performed by 
National Metrological Institutes (NMIs) and make recommendations on new fundamental 
metrological determinations. Each year, up to 18 representatives are elected to the CIPM 
(in French, Comité International des Poid et Mesures). This entity supervises BIPM 
on behalf of the CGPM, works with other international metrology organizations and 
undertakes preparatory work for technical decisions to be made by the CGPM. Ten 
consultative committees give support to it [2]. 

At a regional level, the metrology field is coordinated by other entity called Regional 
Metrology Organization (RMO). The main tasks of these organizations are to 
coordinate the comparisons of national measurement standards, cooperate in metrology 
research and development, facilitate traceability to primary realizations of the SI, 
cooperate in developing metrological infrastructure of the member countries, joint 
training and consultation and share technical capabilities and facilities. In Europe, the 
RMO is called EURAMET. At national level, each country has its National Metrological 
Institute (NMI). In Spain, the NMI is the Spanish Center of Metrology (CEM). The NMI 
is designated by national decision to [2, 5]: 

 Develop and maintain national measurement standards. This could be carried 
out by the NMI or by designed institutes. 

 Represent the country internationally in relation to the other NMI’s, RMO’s and 
BIPM. 

 Disseminate the SI units to accredited laboratories, industry, regulators, and 
academia. 

 Research in metrology and development of new and improved measurement 
standards and measurement methods. 

 Participate in comparisons. 

 Maintain a general overview of the national calibration hierarchy.  

In addition, the NMI accredits other laboratories in order to carry out measurements 
according to international standard procedures. 
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They could be public or private laboratories. Accreditation is voluntary but it becomes 
necessary when the industry field requires assurance of measurements [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From something as far back in time as the construction of the pyramids, to the travel to 
the moon in the twentieth century, it is necessary to realize that this evolution was 
impossible without the evolution in measurement technology [4]. Metrology is present in 
human life. Although it is normally associated with the industrial field, it is impossible to 
enumerate all the different applications in which metrology is involved. In addition, 
because of the social concern for health and environmental care, this field has become 
a trend in recent years [2]. This document will focus on applications in industrial and 
researching fields. 

For the success of most of the manufacturing industries, it has become mandatory to 
pay attention to the quality and the compliance with design requirements of all the 
manufactured products. In addition, in order to meet the requirements defined in other 
countries, it is essential to comply with standards and international markets. So that, it is 
important to highlight the fields in which metrology works [6, 7]: 

 The establishment, reproduction, protection, maintenance, transfer, and 
conversion of units of measurements. 

 The establishment, reproduction, protection, maintenance, transfer, and 
conversion of unit’s standards. 

 The correctness of measurement, also known as measurement accuracy. This 
concept is defined at section 2.13 of [1] as the closeness of agreement between 
a measured quantity value and a true quantity value of a measurand (defined 
below). 

 The definition of standards that can be used in different fields of work of the 
human being, such as science, safety, and environment. 

 The maintenance of uniformity of measurements in each country, through legal 
metrology. 

 Inspection during manufacturing process. 

  

Figure 1 International infrastructure of metrology [2] 



3 
 

Inspection is a key step during manufacturing process, in which a part or product 
characteristic is analyzed in order to determine the agreement with design specifications. 
This activity is required to [6, 7]: 

 Acquire of good-quality raw materials, tools, and equipment. 

 Ensure that the part, the material, or the component conforms to the established 
or desired standards. 

 Achieve the interchangeability of manufacture. 

 Elimination of bottlenecks and adopting agile production techniques to reach 
better production results. 

 Coordinate the activities of the different departments of the organizations. 

 Reduce the scrap by finding out inadequacies in manufacture and reporting 
improvement actions to production control department to ensure the production 
of acceptable parts. 

 Reduce the scrap by carrying out reworks on defective parts. 

 Ensure that no defective products reach the customers. 

Inspection normally requires taking measurements. The elements of measurement are 
the following [1, 6]: 

 Measurand (section 2.3): physical quantity to be measured (length, weight, 
angle…). 

 Measuring instrument (section 3.1): device used for making measurements, 
alone or in conjunction with one or more supplementary devices. In this case it is 
called measuring system (section 3.2). 

 Measurement standard (section 5.1): (also known as etalon, material standard 
or reference) is the realization of the definition of a given quantity used as a 
reference. 

 Measured quantity value (section 2.10): it is the quantity value representing a 
measurement result. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2 Elements of a measurement [6] 
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There are many classifications of the measuring methods. In literature and normative, a 

first classification enables to distinguish between [6, 8]: 

 Direct method: it is a method of measurement in which the value of the 

measurand is obtained without supplementary calculations. One of the most 

common direct method is to compare the measurand with a standard. This 

method is widely used in production field for scales, Vernier calipers, 

micrometers...  

 Indirect method: it is a method of measurement in which the value of the 

measurand is obtained by measuring other quantities that are mathematically 

related to the required value. Some examples of indirect method of measurement 

are the angle measurement using sine bar, the determination of effective 

diameter of a screw thread, the determination of roughness parameters… 

Depending on whether the measurand is touched or not during the measurement 
method, it will be [6]: 

 Contact method: the measurand is examined by touching it with a sensor or 

measuring tip. It is necessary to consider the contact pressure. This factor of the 

measurement should be constant, in order to avoid errors due to excessive 

pressure. Measurements with stylus instrument is an example of this method. 

 Contactless method: the measurand is examined without direct contact. Optical 

instruments and profile projector are examples of this method.  

Considering the strategy followed to carry out the measurement, it is possible to find the 

methods listed below [6, 8]: 

 Fundamental (or absolute) method: it is a method of measurement based on 

the measurement of the base quantities used to define a particular quantity. One 

example of this measuring method is the determination of the volume of solids 

by liquid displacement. 

 Comparison method: it is a method of measurement in which the value of the 

measurand is obtained by comparing it with a known quantity of the same kind. 

The most common examples are electronic comparators for gauge blocks. The 

comparator is capable to measure the small difference between the measurand 

and a standard.  

 Substitution method: it is a comparison method of measurement in which the 

measurand is replaced by a known quantity of the same kind. The effects 

produced in the indicating device by these two values are the same. Determining 

mass by Borda method is an example of this method. 

 Complementary method: it is a comparison method of measurement in which 

the measurand is combined with a known quantity chosen so that the sum of their 

values is equal to a predetermined comparison value. The determination of the 

volume of a solid by liquid displacement is an example of this method. 

 Resonance method: it is a comparison method of measurement in which a 

known relationship between two compared values of a quantity is established by 

means of the attainment of a condition of resonance or near resonance. This 

measuring method is widely used in nondestructive testing. 

 Coincidence method: it is a comparison method that consists of comparing the 

measurand with the reference by careful observation of the coincidence of certain 

lines and signals. Measurements using Vernier calipers and micrometers are 

examples of this method.  
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 Differential method: it is a comparison method of measurement in which the 

measurand is compared with a quantity of the same kind with a known value. 

This value should be slightly different from that of the measurand and then the 

algebraic difference between these two values is measured. 

 Null method: it is a differential method of measurement in which the value of the 

measurand is obtained by comparing the measurand with a known value of the 

same quantity. The difference between these values is brought to zero. Examples 

of this measuring method are the Wheatstone bridge and the weighing scale. 

 Beat method: it is a differential method of measurement which uses the 

phenomenon of beating between the two frequencies, related to two compared 

quantities, one being the measurand and the other being the reference quantity. 

Oscilloscopes are examples of measuring instruments that use the beat method. 

Other methods that it is possible to find in literature are: 

 Transposition method: it is a method where the value of the measurand is 

obtained by making direct measurements. The measurand (𝑉) is balanced using 

a known value (𝑋) of the same quantity. Then, the known value (𝑋) is replaced 

by the measurand and it is balanced again using other known value (𝑌). If (𝑉) is 

equal to both, (𝑋) and (𝑌), it is possible to estimate the measurand quantity value 

as  𝑉 = √𝑋 · 𝑌. This method is widely extended for mass determination by 

balancing methods. 

 Deflection method: the value of the measurand quantity value is obtained by 

deflection of a pointer on a calibrated scale. Pressure measurements are 

examples of this method. 

 Composite method: the actual contour of the measurand is compared with its 

maximum and minimum tolerance limits. This method is very reliable to ensure 

interchangeability and the most common example is the go-no go gauges. 

Through measurements, it is possible to give traceability to the measurand. At this point, 
it becomes necessary to define several concepts that are important in metrology [1]: 

 Traceability (section 2.41) is the property of a measurement result whereby the 
result can be related to a reference through a documented unbroken chain of 
calibrations, each contributing to the measurement uncertainty. 

 Calibration (section 2.39) is an operation that, under specified conditions, 
establishes a relation between the quantity values with measurement 
uncertainties and uses this information to establish a relation for obtaining a 
measurement result from an indication. 

 Calibration hierarchy (section 2.40) is the sequence of calibrations from a 
reference to the final measuring system, where the outcome of each calibration 
depends on the outcome of the previous calibration is called. 

 Traceability chain (section 2.42) is the sequence of measurement standards 
and calibrations that is used to relate a measurement result to a reference. 

 Uncertainty: (section 2.26) is a non-negative parameter characterizing the 
dispersion of the quantity values being attributed to a measurand, based on the 
information used. It increases with each new calibration. For the estimation of the 
uncertainty, the most widespread is the Guide to the Expression of Uncertainty 
in Measurement (or GUM) and the Evaluation of the Uncertainty of Measurement 
In Calibration (EA-4/02) of the European Accreditation [4, 9, 10] 

Traceability is a key factor for ensuring that measurements are consistent and accurate. 
At measuring laboratories, quality systems based on documented evidence of the 
traceability are used. One example of quality systems is the ISO 17025 [4, 11].  
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Quality of measurements not only depends on the accuracy of the measuring 
instruments, but also depends on all the factors surrounding the measure. It will be 
necessary to attend to the factors listed below [7]: 

 Standards for setting accuracy: traceability, calibration methods, coefficient of 
thermal expansion, elastic properties, geometric compatibility… 

 Workpiece control during measurement: cleanliness, surface finish, waviness, 
scratch, depth, surface defects, hidden geometries, definable datum, thermal 
stability… 

 Inherent characteristics of measuring instruments: range of scale, 
amplification, effect of friction, hysteresis loss, backlash, instrumental drift error, 
handling, calibration errors, readability, repeatability of measurement, zero 
adjustment, sensitivity, contact geometry, thermal expansion effects… 

 Inspector (human factor): skill, training, awareness of precision measurement, 
selection of instruments, working attitude, socio-economic awareness, consistent 
efforts towards minimizing inspection time and cost… 

 Environmental conditions: noise, vibration, temperature, humidity, electrical 
parameter variations, adequate lighting, atmospheric refraction, clean 
surrounding… 

As there are many factors, the measuring procedures should include some steps prior 
to measurement in order to avoid or minimized the effects of these factors. In summary, 
the main objectives of metrology are listed below [6]: 

 To ensure uniformity of measurements. 

 To carry out capability studies in manufacturing processes to accomplish better 

component tolerances. 

 To determine that recently developed parts are correctly evaluated and designed. 

 To ensure the accuracy of measuring instrument capabilities. 

 To investigate and eliminate the different sources of measuring error in order to 

assure economic and effective inspection, correct design of gauges and special 

fixtures and optimal use of available facilities. 

 To reduce the scrap by adopting suitable quality control techniques. 

 To standardize measuring methods for industry. 

 To establish an appropriate calibration plan to guarantee measurement accuracy.  

Figure 3 Traceability chain [2] 
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2.1.2 Units of SI 

For all the signer countries, the use of SI of Units for measurements is mandatory. In 
2019, during the 26th meeting of the General Conference on Weights and Measures 
(CGPM), all the SI units were redefined in terms of universal constants. With these 
changes, BIPM’s Member States assure the stability of the SI and open the opportunity 
for the use of quantum and other new technologies to implement the definitions. 
According to BIPM, there are seven basic units, from which all others are derived. The 
units of the SI are [12, 13]: 

 The unit of time (t) is the second (s). It is defined by taking the fixed numerical 

value of the unperturbed ground-state hyperfine transition frequency of the 𝐶𝑠 
133  

atom ∆𝜈𝐶𝑠 = 9 192 631 770 𝐻𝑧 = 9 192 631 770 𝑠−1. 

 The unit of length (l) is the meter (m). It is defined by taking the fixed numerical 

value of the speed of light in vacuum 𝑐 = 299 792 458 𝑚 · 𝑠−1, where the second 

is defined in terms of ∆𝜈𝐶𝑠. 

 The unit of mass (M) is the kilogram (kg). It is defined by taking the fixed 

numerical value of the Planck constant ℎ = 6,626 070 15 · 10−34 𝐽. 𝑠, what is 

equivalent to ℎ = 6,626 070 15 · 10−34 𝑘𝑔 · 𝑚2 · 𝑠−1, where the meter and the 

second are defined in terms of 𝑐 and ∆𝜈𝐶𝑠. 

 The unit of electric current (I) is the ampere (A). It is defined by taking the fixed 

numerical value of the elementary charge 𝑒 = 1,602 176 634 · 10−19𝐶, what is 

equivalent to 𝑒 = 1,602 176 634 · 10−19𝐴 · 𝑠, where the second is defined in terms 

of ∆𝜈𝐶𝑠. 

 The unit of thermodynamic temperature (T) is the kelvin (K). It is defined by 

taking the fixed numerical value of the Boltzmann constant 𝑘 = 1,380 649 ·
10−23 𝐽 · 𝐾−1, what is equivalent to 𝑘 = 1,380 649 · 10−23𝐴 · 𝑠, where the 

kilogram, the meter and the second are defined in terms of ℎ, 𝑐 and ∆𝜈𝐶𝑠. 

 The unit of amount of substance (n), that is the number of specified elementary 
entities (either atom, a molecule, an ion, an electron, any other particle, or 
specified group of particles), is the mole (mol). It is defined by taking the fixed 

numerical value of the Avogadro constant 𝑁𝐴 = 6,022 140 79 · 1023 𝑚𝑜𝑙−1, that is 
the number of elementary entities in a mol. 

 The unit of luminous intensity (IV) in a given direction is the candela (cd). It is 

defined by taking the fixed numerical value of the luminous efficacy of 

monochromatic radiation of frequency 540 · 1012 𝐻𝑧, 𝐾𝑐𝑑 = 638 𝑙𝑚 · 𝑊−1 =

638 𝑐𝑑 · 𝑠𝑟 · 𝑘𝑔−1 · 𝑚−2 · 𝑠3, where the kilogram, the meter and the second are 

defined in terms of ℎ, 𝑐 and ∆𝜈𝐶𝑠. 

The SI definitions are collected at the SI Brochure, which is published by the BIPM [14]. 

 

 

 

 

 

 

 

 

The field of metrology responsible for the control and dissemination of the unit of length 
is dimensional metrology.  

Figure 4 SI Brochure [13, 14] 
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2.1.3 Dimensional metrology 

Dimensional metrology (DM) includes all the techniques and instrumentation to measure 
the dimensions of an object, the relative position between each of its parts and the 
characteristics of the surface [15]. 

There is no clear boundary to distinguish between ranges of measurements. 
Nevertheless, according to CEM the physical length magnitudes can be classified in [16]: 

 Macrogeometry: that includes dimensional measurements, forms, positions, 
and swing. 

 Microgeometry: surface quality. 

In literature, it is possible to find other classifications, but it is important to highlight those 
that depend on measurand size [17]. Therefore, it becomes necessary to define limits 
between classes. 

Gauge blocks are one of the most widely used material measures at metrology 
laboratories, because they are normalized. Material measures are defined at section 3.6 
of VIM as “measuring instruments reproducing or supplying quantities of one or more 
given kinds, each with an assigned quantity value” [1]. Typically, the measurements of 
gauge blocks are comprised between 0.5 mm and 1 m. Due to this, it seems to be a 
good starting point. For this reason, it could be considered the following classification: 

 Large-scale measurements: where measures above few meters are included. 

 Medium-scale measurements: where measures from a few micrometers up to 
some meters are included. 

 Low-scale measurements: where measures below the micrometers are 
included. Micro- and nanoscale measurements are included in this category. 

Although this classification establishes border values between the different types, these 
boundaries are clear. There are some instruments that can be used in two type of 
measurements, carrying out minor changes. 

Large-scale measurements are carried out at fields of aerospace industry, at 
construction of buildings and large structures. The measurement devices used in large-
size measurements are classified in [17]: 

 Contact devices: Coordinate Measuring Machines (below CMM’s), laser tracker, 
total station, GPS, contact systems with multilateration technique. 

 Contactless devices: Theodolite, laser radar, optical probe CMM, camera-
based triangulation, photogrammetry, non-contact systems with multilateration 
technique. 

Medium-scale measurements are performed in all fields across industry. Among the 
different measuring instruments, it is possible to find [6, 18, 19]: 

 Depth gauges. 

 Combination set: square, protractor and center head. 

 Calipers: firm joint calipers (outside and inside calipers and firm joint dividers) 
and spring calipers (outside and inside calipers and transfer calipers). 

 Vernier instruments: Vernier caliper, dial caliper, electronic digital caliper, 
Vernier depth gauge and Vernier height gauge. 

 Micrometers: outside micrometers (disk, screw thread, dial, blade, universal), 
Vernier micrometers, digital micrometer, inside micrometer caliper, inside 
micrometer, depth micrometer and floating carriage micrometer. 

 Gauge blocks: gauge block sets and comparators. 

 Other instruments: gauge block, sine bars and clinometers and for angular 

measurements, flatness standards, parallelism standards…  
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In addition, there are a lot of measuring machines. As an example, it is worth mentioning 
CMM’s, roundness and cylindricity machines, autocollimators, laser interferometers… 
One of the most relevant techniques in precision engineering is coordinate metrology 
(CM). 

Finally, miniaturization of technologies and developments has become one of the main 
topics in recent years. Due to this, low-scale measurements have become a key 
discipline in modern industrial manufacture of components. The main technologies in 
micro and nano-metrology are [4, 20]: 

 Interferometric technologies: displacement interferometry, surface 
interferometry… 

 Microtopography measuring instruments: stylus instruments, autofocus and 
confocal microscopes... 

 Scanning electron microscopy: 2D and 3D SEM. 

 Micro and nano-coordinate metrology:  

 Scanning probe microscopy: scanning tunneling and atomic force microscopes 
and others. 

One field of study is the design of precision measurement instrumentation. As it is not 
the main topic of this document, it will not be treated in deep. However, during the design 
of precision instrumentation it will be necessary to observe the following points [4]: 

 Geometrical considerations: the effects on the measurement of the interaction 
between surfaces must be considered. 

 Kinematic design: J. C. Maxwell stated, “the pieces of our instruments are solid, 
but not rigid. If a solid piece is constrained in more than six ways it will be subject 
to internal stress, and will become strained or distorted, and this in a manner, 
which, without the most micromechanical measurements, it would be impossible 
to specify”. This means that kinematic design is a key concept that the designer 
must consider. 

 Dynamics: motion usually requires some form of guideway, i.e., two or more 
elements that move relative to each other with fixed degrees of freedom. Due to 
this, it becomes necessary to take pay attention to these interactions. 

 The Abbe Principle: E. Abbe stated, “if errors of parallax are to be avoided, the 
measuring system must be placed co-axially (in line with) the line in which 
displacement (giving length) is to be measured on the work-piece”. So that, errors 
of parallax need to be corrected. 

 Elastic compression: caused by applied forces between different parts, 
designers need to calculate these forces to correct the potential deviations. 

 Force loops: either structural, thermal, or metrological loops should be observed 
in order to understand how the precision instruments behave. 

 Materials: in order to avoid mechanical and thermal distortions that causes 
inaccuracies. 

 Symmetries: any asymmetry in a system has to be compensated. 

 Vibration isolation: this concept is especially important when studying surface 
topography or, in general terms, when great accuracy is required. The causes of 
vibration could be atmospheric, pressure fluctuations, wind-blown, oceans 
waves, human activity, damping, internal resonances, acoustic, … 
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2.2 COORDINATE METROLOGY 

In CM, measuring machines carry out measurements of the actual shape of a workpiece 
by collecting data of its surface at certain point areas, compare them against the desired 
shape and evaluate the metrological information [21]. The main difference between one-
dimensional measuring instruments and these measuring machines is that while it is 
necessary to turn the piece to determine the coordinates of a point with one-dimensional 
measuring instruments, CMM’s are able to provide two or more coordinates of a point 
simultaneously with the measurand in the same position. This means that these 
machines are able to determine spatial coordinates on the surface of the part being 
scanned [4]. Simultaneity is an important metrological and mathematical property 
because it makes the result of a measurement a vector instead of a scalar. Therefore, 
the CMM’s are vector-measuring instruments.  

This technique provides a scientific basis for carry out measurements in a wide range of 
dimensions, including the micro- and nanoscales. Because of new technologies and the 
development of science in measuring field, the scope of applications of these systems 
to obtain increased accuracy on measurements and three-dimensional geometric object 
imaging is constantly growing [22, 23]. The advantages of coordinate metrology 
compared to surface plate metrology are [21]: 

 It is not necessary to carry out a manual alignment of the workpiece. 

 it is possible to perform different measurements with low changes by software. 

 It is possible to compare measurements with mathematical or numerical models. 

 It is possible to determine the size, form, location, and orientation in one setup 
using one reference system. 

 Individual performing measurements need not be skilled if a program is prepared 
for the task. 

 It is possible to carry out fully automatic measurements with less operator 
dependency. 

2.2.1 Operating principle 

The operating principle of coordinate metrology is described in the following figure [22]: 

 

 

 

 

 

 

 

 

 

Once the object is placed at its measuring position, the coordinates of several points are 
identified. The measuring machine performs the acquisition of the coordinates of the 
different data point, referring them to reference coordinate system of the measuring 
machine. Each data point is expressed in terms of its measured coordinates [21, 23, 24]: 

  

Figure 5 Coordinate metrology measuring sequence [22] 
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It does not matter which reference system is used because there are relationships 
between the coordinate systems. Taking Cartesian reference system as a reference, the 
relationships are [25, 26]: 

 Cylindrical: 

𝑥 = 𝜌 · 𝑐𝑜𝑠𝜃 

𝑦 = 𝜌 · 𝑠𝑖𝑛𝜃 

𝑧 = 𝑧 

 Spherical: 

𝑥 = 𝜌 · 𝑠𝑖𝑛𝜃 · 𝑐𝑜𝑠𝜑 

𝑦 = 𝜌 · 𝑠𝑖𝑛𝜃 · 𝑠𝑖𝑛𝜑 

𝑧 = 𝜌 · 𝑐𝑜𝑠𝜃 

Normally, the coordinates of the points by themselves are useless because the real 
interest resides on the relationships between them. Therefore, it becomes necessary a 
software that transforms the surfaces into a point cloud. With these relationships, it is 
possible to obtain different dimensions as angles and diameters and then, defects as 
flatness and cylindricity. What is more, the software is able to calculate geometrical 
operations as surface intersections, distance between elements, angles… [21] 

2.2.2 Coordinate measuring systems 

The purpose of this section is to comment some examples of the most common 
measuring machines in CM.  

COORDINATE MEASURING MACHINES 

These devices were the first coordinate measuring instruments. They are based on the 
use of a Cartesian reference. According to ISO 10360-1 [27], the CMM is a measuring 
system with the means to move a probing system and capability to determine spatial 
coordinates on a workpiece surface. There are several types of CMM’s, such as fixed 
table cantilever, moving bridge, gantry, L-shaped bridge, fixed bridge, moving table 
cantilever, column, moving ram horizontal arm, fixed table horizontal arm and moving 
table horizontal arm [4, 21, 23, 27]. Below, some commercial examples of CMM’s are 
shown [28, 29, 30, 31, 32]. 

  

Figure 6 Coordinate reference system [24] 
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To carry out measurements, the probing system is used. It is a device consisting of a 
probe (a system that generates the signals during measuring) with other parts, such as 
probe extensions, probe changing system, stylus, stylus changing system and stylus 
extensions. There are three types of proving systems: the scanning probe, the touch 
trigger probe and the probe that employs optical technology [4]. A basic probing system 
has the following parts [27]: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8 Probing system [27] 

Figure 7 Types of CMM [28, 29, 30, 31, 32] 
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ROUNDNESS MEAURING SYSTEMS 

Classical roundness machines use cylindrical reference systems for measurements. 
Therefore, as the main purpose of these machines is to identify roundness, cylindricity 
and related defects, the displacement in X-axis is too short to be considered a coordinate 
measuring machine.  

As an example of coordinate measuring instruments with cylindrical reference systems, 
it is necessary to highlight the gear measurement instruments. During the last two 
decades, the way to measure the shape of a gear has evolved from the first models of 
form tester, consisting on a rotary table and a gauge head [33], to modern Gear 
Measuring Instruments (GMIs) [34, 35]. Of each tooth, it is possible to scan two types of 
lines (profile and helix). 

 

 

 

 

 

 

 

 

 

 

Through probing, it can be measured elements as [34]: 

 Profile. 

 Lead. 

 Pitch. 

 Runout. 

 Topography. 

 Tooth thickness. 

There are many companies that produce this kind of measuring instruments [36]: 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 9 Tooth measurement lines [35] 

Figure 10 Commercial GMI [36] 
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PHOTOGRAMMETRY 

According to several authors, photogrammetry is an accurate non-contact measuring 
procedure that allows to reconstruct the position, orientation, shape, and size of different 
objects from pictures, using triangulation principle. Through different sensors, such us 
charge-coupled devices (CCD’s), complementary metal-oxide semiconductor (CMOS) 
and infrared cameras, the boundaries of the patterns and features of a surface are 
identified taking overlapping images and the surface is, then, mathematically 
reconstructed taking into account the relative positions of the sensors and the 
characteristics of the camera [37, 38, 39, 40]. To carry out a measurement, it is 
necessary to take at least two images with two different cameras, knowing the distance 
between them. 

 

 

 

 

 

 

 

 

 

 

As stated above, once the images are taken it is necessary to transform the raw data to 
a model that can be interpreted, using math tools. For three-dimensional models, a 
rotation matrix is typically used. For this purpose, it is necessary to define a reference 
[37]: 

(
𝑋
𝑌
𝑍

) = (

𝑥0

𝑦0

𝑧0

) + [

cos(𝑥�̂�) cos(𝑦�̂�) cos(𝑧�̂�)

cos(𝑥�̂�) cos(𝑦�̂�) cos(𝑧�̂�)

cos(𝑥�̂�) cos(𝑦�̂�) cos(𝑧�̂�)

] · (
𝑥
𝑦
𝑧

) 

Where: 

 (𝑋, 𝑌, 𝑍) are the coordinates of each point in the measuring instrument reference 
system. 

 (𝑥0, 𝑦0, 𝑧0) are the distance between the origin of the measuring instrument 
reference system and the origin of the reference system of each camera. 

 Each element of the matrix represents the rotation between the reference 
systems on each axis. 

 (𝑥, 𝑦, 𝑧) are the coordinates of different points of the images taken by each 
camera.  

The results of a photogrammetric analysis are [37]: 

 The coordinates of the points of the surface. 

 Maps and plans with planimetric detail. 

 Geometric models and images. 

 

  

Figure 11 Operating principle of photogrammetry [39] 
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SURVEYING INSTRUMENTS 

Engineering surveying is the process of measuring for large-scale distances and angles 
on site. There are several surveying instruments but one of the most important are the 
theodolites [41]. 

According to section 1.12 of ISO 9849:2000, a theodolite is an instrument for measuring 
horizontal directions or horizontal directions and vertical angles, whose main 
components are [42]: 

 Telescope: defined at section 2.40 as an optical device to establish a line of sight 
by sighting to a sighting point, comprising essentially an objective, a focusing lens 
with focusing drive, a reticule, and an adjustable eyepiece. 

 Graduated circles: defined at section 2.15 as a glass disc with a circular scale 
graduated in degrees, which may be subdivided. 

 Horizontal axis: defined at section 2.17 as the axis on which the telescope 
rotates when moved vertically. 

 Vertical axis: defined at section 2.46 as a mechanical device that defines the 
axis on which the alidade can be rotated.  

There are several types of theodolites, as compass, suspension, repetition, and 
electronic theodolites and gyrotheodolites [42]. These devices are widely used for 
horizontal and vertical angles measurements with high precision. In addition, it is 
possible to carry out other operations as prolonging a line, measuring distances indirectly 
and levelling [41, 43, 44]. Depending on the measurement, there are different test 
configurations and the calculations for each one are included in ISO 17123-3:2001 [45]: 

 

 

 

 

 

 

 

 

 

 

 

Other surveying instruments are the total stations, also called electronic tachometer. 
These instruments are electronic devices that work similarly. They are capable to 
measure with great accuracy angles and distances to one prism or to three prisms. They 
are operated using a multi-function keyboard connected to a microprocessor built into 
the instrument [41]. The total stations with robotic scanner are effective measuring 
instruments for 3D modelling, as they are able to obtain the coordinates of hundreds of 
points [40].  

 

 

 

  

Figure 12 Configuration of measurements [45] 
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LASER SYSTEMS 

Among the measuring instruments that use laser systems, it is important to highlight 
laser tracker and laser tracer systems. 

Laser trackers are coordinate measuring devices that are able to measure the three-
dimensional coordinate position of a target with high accuracy. The measuring system 
provides the position data in a spherical coordinate system by getting the distance to the 
target via its Spherically Mounted Retro-reflectors (SMR’s), in terms of two angles, in the 
horizontal and vertical planes [46, 47]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Laser tracer is a new design of self-tracking interferometer, based on the principle of 
the multilateration method, that provides the highest precision distance measurements 
to a moving reflector [48, 49].  

 

 

 

 

 

 

 

 

 

  

Figure 13 Scheme of a laser-tracker system [47] 

Figure 14 Laser tracer system [48] 
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2.2.3 Traditional Surface Metrology 

One field within coordinate metrology is the characterization of areal surface texture, also 
known as surface topography.  

There are several manufacturing factors apart from functional effects in devices. One of 
them is the surface, that is usually defined as part of a component or device that interacts 
with the environment or with another surface [50]. Traditionally, the importance of the 
surface has been neglected. It was very common that one of the requirements was that 
the surface should be “as smooth as possible”. Over the years, manufacturers have 
realized that the surface affects directly to [4, 51]: 

 Manufacturing process: because as roughness of the surface increases, it also 
increases the wear of the machine tool and the time invested on manufacturing 
process of the workpiece. 

 Function of the surface: because as roughness of the surface increases, it also 
increases the wear between two bodies in contact and the body-optical fatigue. 

Because of machining process, it is possible to find the following deviations [52]: 

 Form errors (flatness, roundness, straightness, cylindricity, etc.): due to errors 
of machine tool slides, elastics deformations, erroneous fixation of tool or 
workpiece or severe tool wear. 

 Waviness: due to eccentric rotation of workpiece or tool, vibrations in the 
manufacturing system, tool wear or in homogeneity of processed materials. 

 Grooves: due to tool edge form, process kinematics or chip morphology. 

 Cracks: due to tool-nose wear, built-up-edge formation, mode of chip formation 
or galvanic procedures. 

 Crystalline structure: due to crystallization mode, irregularities due to chemical 
reactions or corrosive damage. 

 Crystalline formation: due to physical and chemical alterations in the material 
fine structure or deformations of lattice. 

To control these deviations and to study their importance, it takes more importance the 
surface metrology. This field of the DM has two important roles [51, 53]: 

 To help controlling the manufacturing process. This field allows analyzing of 
the quality of manufacturing process and the level of compliance that workpiece 
has to specifications. 

 To help controlling the function. This field allows evaluating the quality of the 
design, considering and predicting the behavior of the workpiece during function. 

Traditionally, the most common measurement instrument to make the analysis of the 
surface is the stylus instrument. This device is a measuring instrument that explores 
surfaces with a stylus and acquires deviations in the form of a surface profile [54]. It 
consists of an arm that allows carrying out the analysis perpendicularly to the grooves, 
a needle, with a very fine tip, that physically contacts the surface being measured and a 
transducer, with a series of springs, to convert its vertical movement into an electrical 
signal [55, 56]. The stylus instruments are limited to spatial wavelength greater than the 
stylus radius (2 µm) [4]. 

The main sources of error in stylus instruments are surface deformation, amplifier 
distortion, finite stylus dimensions, lateral deflection, effect of skid or other datum, 
relocation upon repeated measurements, effect of filters (electrical or mechanical), 
quantization and sampling effects, dynamic effect, environmental effects, and effect of 
incorrect data processing algorithms [4]. 
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The stylus instrument analyzes a surface portion that is a portion of a partitioned 
integral surface [57]. The result of the analysis is the surface profile, the line resulting 
from the intersection between the surface portion and an ideal plane [51, 57, 58]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In X-axis, it is necessary to distinguish between two different distances [55, 58]: 

 Sampling length (𝑙𝑃 , 𝑙𝑅 , 𝑙𝑊): it is the length used for identifying the irregularities, 

which characterize the profile under evaluation.  

 Evaluation length (𝑙𝑛): it is the total length used for the assessment of the profile 

under evaluation. 

 Total traverse length: it is the total length of the surface traversed in making a 

measurement. It is greater than the evaluation length for allowing a short over 

travel at the star and the end of the measurement. 

When a profile is being evaluated, the sampling and evaluation lengths will be taken as 
specified in normative ISO 4288:1996 [50, 59].  

Figure 15 Stylus instrument [4, 55, 56] 

Figure 16 Surface profile [51, 57, 58] 
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When exploring a surface, measurements are carried out using three types of exploring 
methods. Below these three methods are exposed [60]: 

 

Figure 17 Different surface exploring methods and their technology [60] 

When it is necessary to characterize a surface at micro- and nanoscale, the use of 
contact methods can modify and also destroy structures. Due to this, it becomes 
necessary to use non-contact, i.e., non-destructive, exploration techniques and here is 
where optical measuring systems show their full potential. Another advantage of optical 
methods is that the scanning is faster than in contact methods [60]. 

The topography data can be used to estimate a great variety of parameters, which will 
be detailed later. It is important to highlight that the measured value of the different 
parameters depend on the measurement method used. Because each method has its 
own characteristics (such as spatial resolution in each direction), estimating uncertainties 
along the different axes becomes particularly important. Although surface metrology has 
many advantages, it is also subject to certain limitations [61]: 

 Surface homogeneity: this limitation refers to the dependence that exists 
between the measuring method and the variations along the sample. This means 
that for large variations in the explored surface, lower accuracy of the 
measurement will be obtained. 

 Range and resolution: it is important to understand what are the range and 
resolution in lateral and vertical directions of the used instrument. The lateral 
resolution is limited by the spatial resolution of the sensor, the lateral range is 
limited by the length of profile or size of area measured, the vertical resolution is 
limited by the noise of the measuring instrument and the vertical range is limited 
by the length of travel in the vertical direction. 

 Slope measurement: one of the major limitations of these instruments is for 
measuring snappish sloped surfaces. 
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The surface profile should be filtered for a better compression of the results of the 
measurement. Filtering consists of selecting for analysis a range of structure in the total 
profile. Typically, the filters used are called [4, 55, 58, 62]: 

 𝝀𝒔 profile filter: (low pass) defines the intersection between the roughness and 
the even shorter wave components present in a surface. This filter removes 
small-scale lateral components from the primary surface. 

 𝝀𝒄 profile filter: (high pass) defines the intersection between the roughness and 
the waviness components. This filter removes large-scale lateral components 
from the primary surface. 

 𝝀𝒇 profile filter: (band pass) defines the intersection between the waviness and 

the even longer wave components present in a surface. This filter removes the 
form from the primary surface. 

 

 

 

 

 

 

 

 

After applying the different filters, it is possible to distinguish between [4, 51, 55, 56, 58, 
63]: 

 Primary profile (P): it is the total profile after application of the short wavelength 

(low pass) filter, with cut-off 𝜆𝑠. 

 Roughness profile (R): it is the profile derived from the primary profile by 
suppressing the long wave component using a long wavelength (high pass) filter, 
with cut-off 𝜆𝑐. 

 Waviness profile (W): it is profile derived by the application of a band pass 
filter 𝜆𝑓 to select the surface structure at rather longer wavelength than the 
roughness. 

The cut-off wavelength is a wavelength of a sinusoidal profile of which 50% of the 
amplitude is transmitted by the profile filter [64]. Waviness and roughness are two effects 
that remain at the workpiece because of the process and the interaction between the 
workpiece and the machine tools [51, 62]: 

 

 

 

 

 

 

 

  
Figure 19 Characteristics of the surfaces [51] 

Figure 18 Separation of surface texture into roughness, waviness and primary profile [4, 51, 55, 58] 
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Each profile could be divided in elemental units called profile elements. These units are 
the sections of a profile between two consecutive points that cross the mean line in the 
same direction [55, 58]:  

 

 

 

 

 

 

With the different geometrical parameters, it is possible to define the different 
mathematical parameters that are used at surface metrology. The notation consists of a 
prefix in capital letter (R for primary profile, W for waviness and R for roughness), 
followed by other small letters, depending on the parameter. The different profiles have 
a good deal of information, it becomes necessary to simplify the curves to a measurable 
number. This way, it will be possible to define and compare different surfaces. As a result 
of this simplification, there are a lot of parameters that highlight different characteristics. 
In order to simplify the expressions to calculate the different parameters, it will be detailed 
the parameters for roughness profile. The parameters for primary profile and waviness 
profile should be calculated using the same formula but using the corresponding profile 
[4, 52, 55, 58, 65, 66] 

AMPLITUDE PARAMETERS (PEAK TO VALLEY) 

1. Max. profile peak height: 𝑅𝑝 = 𝑚𝑎𝑥. {𝑅𝑝} 

 

 

 

 

 

 

2. Max. profile valley depth: 𝑅𝑣 = 𝑚𝑎𝑥. {𝑅𝑣} 

 

 

 

 

 

3. Max. profile element height: 𝑅𝑧 = 𝑚𝑎𝑥. {𝑅𝑝} + 𝑚𝑎𝑥. {𝑅𝑣} 

 

 

 

 

 

  

Figure 20 Geometrical parameters of a profile element [55] 

Figure 21 Representation of 𝑅𝑝 [66] 

Figure 22 Representation of  𝑅𝑣 [66] 

Figure 23 Representation of 𝑅𝑧 [66] 
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4. Mean height of profile elements:  𝑅𝑐 =  𝑍𝑡̅̅ ̅ 

 

 

 

 

 

 

 

5. Total height of profile: 𝑅𝑡 = 𝑚𝑎𝑥(𝑍𝑝𝑖) + 𝑚𝑖𝑛(𝑍𝑣𝑖) 

 

 

 

 

 

 

 

AMPLITUDE PARAMETERS (AVERAGE OF ORDINATES) 

1. Arithmetical mean deviation: 𝑅𝑎 =
∑ 𝑍(𝑥𝑖)𝑁

𝑖=1

𝑁
 

 

 

 

 

 

 

Note that N is the number of measured points in the sampling length 

2. Root mean square deviation: 𝑅𝑀𝑆 = √∑ 𝑍(𝑥𝑖)2𝑁
𝑖=1

𝑁
 or 𝑅𝑞2 =

∑ 𝑍(𝑥𝑖)2𝑁
𝑖=1

𝑁
 

 

 

 

 

 

 

 

 

 

  

Figure 24 Representation of 𝑅𝑐 [66] 

Figure 25 Representation of 𝑅𝑡 [66] 

Figure 26 Representation of 𝑅𝑎 [66] 

Figure 27 Representation of 𝑅𝑀𝑆 or 𝑅𝑞2 [66] 
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3. Skewness of the assessed profile: 𝑅𝑠𝑘 =  
(

∑ 𝑍(𝑥𝑖)3𝑁
𝑖=1

𝑁
)

𝑅𝑞3  

 

 

 

 

 

 

 

Note that this parameter serves to represent the asymmetry of a distribution. 

4. Kurtosis of the assessed profile: 𝑅𝑘𝑢 =  
(

∑ 𝑍(𝑥𝑖)4𝑁
𝑖=1

𝑁
)

𝑅𝑞4  

 

 

 

 

 

 

 

SPACING PARAMETERS 

 Mean width of the profile elements: 𝑅𝑠𝑚 = 𝑋𝑠̅̅̅̅  

 

 

 

 

 

 

HYBRID PARAMETERS 

 Root mean square slope: 𝑅𝑞 = √∑ (
𝑑𝑍(𝑥𝑖)

𝑑𝑋
)

2
𝑁
𝑖=1

𝑁
 

 

 

 

 

 

  

Figure 28 Representation of 𝑅𝑠𝑘 [66] 

Figure 29 Representation of 𝑅𝑠𝑘 [66] 

Figure 30 Representation of 𝑅𝑠𝑚 [66] 

Figure 31 Representation of 𝑅𝑞 [66] 
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CURVES AND RELATED PARAMETERS: 

1. Material ratio curve, probability density curves and related parameters 

(Abbot-Firestone or Bearing Ratio Curve): this curve is useful for separating 

the different process characteristics in terms of their height [63]: 

The material ratio curve is used for the calculation of the parameters 𝑅𝑘, 𝑅𝑝𝑘 

and  𝑅𝑣𝑘 between two material ratios [63, 67]: 

 

 

 

 

 

 

 

 Core roughness depth: (𝑅𝑘) is the depth of the roughness core profile 
(RCP), that is the roughness profile excluding the protruding peaks and deep 
valleys. 

 Reduced peak height: (𝑅𝑝𝑘) is the average height of the protruding peaks 
above the RCP. 

 Reduced valley depth: (𝑅𝑣𝑘) is the average depth of the protruding peaks 
below the RCP. 

The material probability curve is used for the calculation of the parameters 𝑅𝑝𝑞,
𝑅𝑚𝑞 and  𝑅𝑣𝑞 [62, 63, 68]: 

 

 

 𝑹𝒑𝒒 Parameter: slope of a linear regression performed through the plateau 
region 

 𝑹𝒗𝒒 Parameter: slope of a linear regression performed through the valley 
region. 

 𝑹𝒎𝒒 Parameter: relative material ratio at the plateau to valley intersection. 

 

 

  

Figure 32 Material ratio curve and calculation of parameters 𝑅𝑘, 𝑅𝑝𝑘 and  𝑅𝑣𝑘 [67] 

Figure 33 Material ratio curve and calculation of parameters 𝑅𝑝𝑞, 𝑅𝑚𝑞 and  𝑅𝑣𝑞 [62, 68] 
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2. Material ratio of the profile: 𝑅𝑚𝑟(𝑐) =
∑ 𝑋𝑠𝑖

𝑛
𝑖=1

𝑙𝑛
 

 

 

 

 

 

 

3. Profile section height difference: 𝑅𝑑𝑐 = 𝑍(𝑅𝑚𝑟1) − 𝑍(𝑅𝑚𝑟2) 

 

 

 

 

 

 

 

4. Relative material ratio: 𝑅𝛿𝑐 

 

 

 

 

 

 

 

5. Profile height amplitude curve 

 

 

 

 

 

 

 

 

  

Figure 34 Representation of 𝑅𝑚𝑟 [66] 

Figure 35 Representation of 𝑅𝑑𝑐 [66] 

Figure 36 Representation of 𝑅𝛿𝑐 [66] 

Figure 37 Representation of Profile height amplitude curve [55, 58] 
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2.2.4 Characterization of Areal Surface Texture 

Modern applications usually require analyzing surfaces with low dimensions. In these 
situations, it may not be possible to ensure that the exploring length has the dimensions 
specified in normative. Using profile measurements (2D) it is difficult to determine the 
exact nature of a surface. For this reason, it becomes necessary to adapt the traditional 
methods of analysis in two dimensions for three-dimensional surface analysis. Control 
of the areal nature of a surface allows the manufacturer to alter the interaction between 
the surface and its surroundings [4]. At this point, it is necessary to redefine some 
concepts. 

There are several options for measuring textures, such as [51, 69]: 

 Profile topography measurement: the most important measuring instrument is 
the traditional contact stylus instruments (treated previously). 

 Bi-dimensional imaging: this kind of measurement is carried out using optical 
microscopy and scanning electron microscopy (SEM). 

 Areal topography measurement: this kind of measurement is performed using 
various measuring devices, such us elastomeric sensors, atomic force 
microscopy (AFM), scanning tunneling microscopy (STM), conoscopic 
holography, coherence scanning interferometry, focus variation microscopy and 
traditional or chromatic confocal microscopy 

 Other: X-ray computed tomography, Raman spectrometry, etc. 

Later in this document, the different measuring instruments will be discussed. The 
different measurement devices provide an imagen similar to [70]: 

 

 

 

 

 

 

 

 

 

 

As it is possible to see in figure above, all the surfaces are composed by [50, 62, 71]: 

 The topographic feature is any areal, line or point feature on a scale-limited 
surface. 

 The peak (point feature) is a point on the surface that is higher than all the other 
points within a neighborhood of that point. This areal surface is called hill. The 
curve (line feature) that separate two adjacent peaks is called course line. 

 The pit (point feature) is a point on the surface that is lower than all the other 
points within a neighborhood of that point. This areal surface is called dale. The 
curve (line feature) that separate two adjacent pits is called ridge line. 

 The intersection between course and ridge lines is called saddle. Typically, it is 
a set of points on the scale-limited surface, but if it is just one point, it is called 
saddle point (point feature). 

 Surfaces could be represented attaching the points of equal height, what is called 
contour lines.  

Figure 38 3D view of a surface in a confocal microscope [70] 
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Therefore, respecting to the coordinate system based on the reference surface, every 
point will be defined by its [62]: 

 Height is signed normal distance from the reference surface to the scale-limited 
surface. 

 The ordinate value is the height of the scale-limited surface at position (𝑥, 𝑦). It 

will be denoted as 𝑧(𝑥, 𝑦). 

 The local gradient vector is the gradient of the scale-limited surface at position 

(𝑥, 𝑦). It will be denoted as (
𝛿𝑧

𝛿𝑥
,

𝛿𝑧

𝛿𝑦
). 

When a surface is explored, the most common way to perform the analysis is by dividing 

the surface is equal parts. This is called segmentation. Normative includes three 

segmentation properties [62]: 

 First property: each event is assigned to the set of significant events or the set 
of insignificant events, but not both. 

 Second property: if a significant event is removed from the set of events, then 
the remaining significant events are contained in the new set of significant events. 

 Third property: if an insignificant event is removed from the set of events, then 
the same set of significant events is obtained. 

The primary surface is the portion of the surface obtained when it is represented as a 
specified primary mathematical model with specified nesting index. The finite set of data 
points sampled from the primary surface are called primary extracted surface [62].  

As seen previously, data points should be filtered in order to distinguish between form 
and lateral components. Areal Gaussian filters, that are an extrapolation of linear 
Gaussian filters, are included in ISO/TS 16610 series. In 3D measurements, the filters 
are [4, 62, 64, 72]: 

 S-filter: which removes small-scale lateral components from the primary surface. 
The default S-filter is an areal Gaussian filter. 

 L-filter: which removes large-scale lateral components from the primary surface. 
The default L-filter is an areal Gaussian filter. 

 F-operation: which removes form from the primary surface.  

The evaluation area will be the portion of the scale-limited surface for specifying the 
area under evaluation. For defining the parameters that characterize the scale-limited 
surface, it will be analyzed a portion of the evaluation area called definition area. 

The scale-limited surfaces are the following [50, 62, 72]: 

 S-F surfaces: those derived from the primary surface by removing the form using 
an F-operation. It will be necessary a square surface, if not otherwise specified, 
to obtain this kind of surface. If the F-operation is a filtration operation, the length 
of the sides of the square evaluation area is the same length as the filter-nesting 
index. If the F-operation is an association operation, the length of the sides of the 
square evaluation area is used as a substitute for the F-operation nesting index 
value. The chosen value will be used as filter-nesting index. 

 S-L surfaces: those derived from the S-F surface by removing the large-scale 
components using an L-filter are called. It will be necessary a square surface 
whose sides are the same length as the L-filter nesting index vale, if not otherwise 
specified, to obtain this kind of surface. 

Note that nesting index is defined as a number, or set of numbers, indicating the relative 
level of nesting for a particular primary mathematical model [57]. 
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Regarding geometrical parameter terms, it is necessary to highlight the following 
concepts [4, 62]: 

 Field parameter is the parameter defined from all the points on a scale-limited 
surface. 

 Feature parameter is the parameter defined from a subset of predefined 
topographic features from the scale-limited surface. 

 V-parameter is a material volume, void volume field or feature parameter. 

 S-parameter is a field or feature parameter that is nor a V-parameter. 

Sometimes, it becomes necessary to use some mathematical tools in order to simplify 
and make easier the interpretations of the lectures of measurement instruments. The 
most used mathematical operations that can play an important role in the analysis of 
mathematical models are Fourier and Laplace Transforms [73]. Due to its importance in 
metrology, it is important to highlight Fourier transform (FT) and the particular case of 
Fast Fourier Transform (FFT) [62, 73, 74, 75]. 

 

 

 

 

 

 

 

 

 

The equation that defines FT is (with A being the definition area) [62, 73, 74]: 

ℱ(𝑝, 𝑞) = ∬ 𝑧(𝑥, 𝑦) · 𝑒−𝑖(𝑝·𝑥+𝑞·𝑦)𝑑𝑥𝑑𝑦
 

𝐴

 

It will be called angular spectrum to the power spectrum for a given direction, with 

respect to a specified direction 𝜃 in the plane of the definition area (where 𝑅1 and 𝑅2 are 

the range of integration in the radial direction and 𝑠 the specified direction) [62]: 

𝑓𝐴𝑃𝑆(𝑠) = ∫ 𝑟 · |ℱ[𝑟 · 𝑠𝑖𝑛(𝑠 − 𝜃), 𝑟 · 𝑐𝑜𝑠(𝑠 − 𝜃)]|2
𝑅1

𝑅2

𝑑𝑟 

Due to its application in the spatial parameters’ calculation, it is necessary to mention is 
the autocorrelation function [62]: 

𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) =
∬ 𝑧(𝑥, 𝑦) · 𝑧(𝑥 − 𝑡𝑥 , 𝑦 − 𝑡𝑦)𝑑𝑥𝑑𝑦

 

𝐴

∬ 𝑧2(𝑥, 𝑦) · 𝑑𝑥𝑑𝑦
 

𝐴

 

  

Figure 39 Gaussian pulse (a) in time domain and (b) in frequency domain (FFT) 
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This function describes the existing correlation between a surface and the same surface 

translated by (𝑡𝑥 , 𝑡𝑦) [66]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding field 3D parameters, the prefixes in capital letters will be S and V. The prefix 
S is used for the majority of parameters and the prefix V is used for volume parameters. 
Once more, if the parameter is defined on a sampling length, ISO 4288:1996 will be used 
[59]. However, surface and areal parameters are calculated on the measured surface 
without segmenting the surface into small sub-areas that depend on the sampling length 
[50]. As for bi-dimensional measurements, there are a lot of parameters to enable the 
study of different characteristics. The parameters could be classified into [4, 50, 62, 66]: 

AREAL HEIGHT PARAMETERS (of the scale-limited surface) 

1. Max. peak height: 𝑆𝑝 = 𝑚𝑎𝑥[𝑍(𝑥, 𝑦)] 

 

 

 

 

 

 

2. Max. pit height: 𝑆𝑣 = |𝑚𝑖𝑛[𝑍(𝑥, 𝑦)]| 

 

 

 

 

 

  

Figure 40 Representation of the application of the autocorrelation function to a surface [66] 

Figure 41 Representation of 𝑆𝑝 [66] 

Figure 42 Representation of 𝑆𝑣 [66] 
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3. Max. height: 𝑆𝑧 = 𝑆𝑝 + 𝑆𝑣 

 

 

 

 

 

 

 

4. Root mean square height: 𝑆𝑞 = √
1

𝐴
∬ 𝑧2(𝑥, 𝑦)𝑑𝑥𝑑𝑦

 

𝐴
 

 

 

 

 

 

 

 

Note that A is the complete area explored. 

5. Skewness: 𝑆𝑠𝑘 =
1

𝑆𝑞3 [
1

𝐴
∬ 𝑧3(𝑥, 𝑦)𝑑𝑥𝑑𝑦

 

𝐴
] 

 

 

 

 

 

 

 

 

6. Kurtosis: 𝑆𝑘𝑢 =
1

𝑆𝑞4 [
1

𝐴
∬ 𝑧4(𝑥, 𝑦)𝑑𝑥𝑑𝑦

 

𝐴
] 

 

 

 

 

 

 

 

  

Figure 43 Representation of 𝑆𝑧 [66] 

Figure 44 Representation of 𝑆𝑞 [66] 

Figure 45 Representation of 𝑆𝑠𝑘 [66] 

Figure 46 Representation of 𝑆𝑘𝑢 [66] 
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7. Arithmetical mean height: 𝑆𝑎 =
1

𝐴
∬ |𝑧(𝑥, 𝑦)|𝑑𝑥𝑑𝑦

 

𝐴
 

 

 

 

 

 

 

AREAL SPATICING PARAMETERS 

1. Autocorrelation length: is the horizontal distance of 𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) that has the 

fastest decay to a specified value 𝑠, with 0 ≤ 𝑠 ≤ 1. 

𝑆𝑎𝑙 = √𝑡𝑥
2 + 𝑡𝑦

2

𝑡𝑥,𝑡𝑦 ∈ 𝑅

𝑚𝑖𝑛

= 𝑅𝑚𝑖𝑛 

Where 𝑅 = {(𝑡𝑥 , 𝑡𝑦): 𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) ≤ 𝑠} 

2. Texture aspect ratio: is the horizontal distance of 𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) which has the 

fastest decay to a specified value  𝑠 to the horizontal distance of the 𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) 

which has the slowest decay to a specified value 𝑠, with 0 ≤ 𝑠 ≤ 1. 

𝑆𝑡𝑟 =

√𝑡𝑥
2 + 𝑡𝑦

2

𝑡𝑥,𝑡𝑦 ∈ 𝑅

𝑚𝑖𝑛

√𝑡𝑥
2 + 𝑡𝑦

2

𝑡𝑥,𝑡𝑦 ∈ 𝑄

𝑚𝑎𝑥  

Where 𝑅 = {(𝑡𝑥 , 𝑡𝑦): 𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) ≤ 𝑠} and 𝑄 = {(𝑡𝑥, 𝑡𝑦): 𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) ≥ 𝑠(∗)}. 

(*) is the property that 𝑓𝐴𝐶𝐹(𝑡𝑥, 𝑡𝑦) ≥ 𝑠 on the straight line connecting the point 

(𝑡𝑥, 𝑡𝑦) to the origin. 

 

  

Figure 47 Representation of 𝑆𝑎 [66] 

Figure 48 Representation of autocorrelation function of a surface, 𝑆𝑎𝑙 and 𝑆𝑡𝑟 [62] 
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3. Texture direction: 𝑆𝑡𝑑 is the value 𝑠 that maximizes |𝑓𝐴𝑃𝑆(𝑠 − 𝜃)|. So that, this 
parameter refers to the angle, with respect to a specified direction, of the absolute 
maximum value of the angular spectrum. It is obtained using the Fourier 
spectrum. This tool allows representing in a graph the energy of the different 
spatial frequencies, with amplitudes coded with a color o gray level. The greater 

value observed will be considered as 𝑆𝑡𝑑 and it will be the main texture direction. 

 

 

 

 

 

 

 

 

AREAL HYBRID PARAMETERS 

1. Root mean square gradient:  

𝑆𝑑𝑞 = √
1

𝐴
∬ [(

𝜕𝑧(𝑥, 𝑦)

𝜕𝑥
)

2

+ (
𝜕𝑧(𝑥, 𝑦)

𝜕𝑦
)

2

] 𝑑𝑥𝑑𝑦
 

𝐴

 

 

 

 

 

 

 

This parameter is useful for assessing surfaces in sealing applications and for 

controlling surface cosmetic appearance. The parameter 𝑆𝑑𝑞 is associated with 

the distribution of the horizontal and vertical angles 𝛼 and 𝛽. These angles 

represent the steepest gradient in the vertical plane (defined from 0º, for 

horizontal facet, to 90º, for vertical facet) and the mean orientation of the surface 

facets (that is to say the evaluation of surface texture direction, which is defined 

from 0º, in x-axis direction, to 360º, counterclockwise), respectively [50]: 

 

 

 

 

 

 

 

 

  

Figure 50 Representation of 𝑆𝑑𝑞 [66] 

Figure 51 Inclination (𝛼) and orientation (𝛽) of a surface facet [50] 

Figure 49 Polar spectrum graph [50] 
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2. Developed interfacial area ratio: 

 𝑆𝑑𝑟 =
1

𝐴
[∬ (√[1 + (

𝜕𝑧(𝑥, 𝑦)

𝜕𝑥
)

2

+ (
𝜕𝑧(𝑥, 𝑦)

𝜕𝑦
)

2

] − 1) 𝑑𝑥𝑑𝑦
 

𝐴

] 

 

 

 

 

 

This parameter is used as a measure of the surface complexity and provides 

useful correlations between several stages of processing on a surface. Adhesion 

applications is the main field of application for this parameter [50].  

FUNCTIONS AND RELATED PARAMETERS 

1. Areal material ratio: (𝑆𝑚𝑟(𝑐)) this parameter represents the ratio of the area of 

the material at a specified height 𝑐 from evaluation area. It is usually expressed 

as a percentage. 

 

 

 

 

 

 

 

 

 

2. Inverse material ratio: (𝑆𝑚𝑐(𝑝)) this parameter represents the specified height 

𝑐 from evaluation area at which a specified areal material ratio 𝑝 is satisfied. 

 

 

 

 

 

 

 

 

  

Figure 52 Representation of 𝑆𝑑𝑟 [66] 

Figure 53 Material ratio curve and calculation of 𝑆𝑚𝑟(𝑐) [62] 

Figure 54 Material ratio curve and calculation of 𝑆𝑚𝑐(𝑝) [62] 
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3. Surface section difference: this parameter is used to give the maximum height 
of the surface, removing the extreme peaks and valleys or applying a threshold. 
The parameters 𝑝 and 𝑞 could be chosen freely, depending on the application: 

𝑆𝑑𝑐 = 𝑆𝑚𝑐(𝑝) − 𝑆𝑚𝑐(𝑞) 

This parameter is currently used to evaluate abrasion and lubricant retention of a 
surface [66]. 

4. Peak extreme height: this parameter is a particular case of 𝑆𝑑𝑐, used for 
characterizing the upper part of the surface, from de mean plane to the highest 
peak, despising the 2,5% of the points that may not be significant: 

𝑆𝑥𝑝 = Smc(2,5%) − Smc(50%) 

5. 𝑺𝒌, 𝑺𝒑𝒌 and 𝑺𝒗𝒌 parameters: using the areal material ratio curve. These 

parameters are calculated the same way as 𝑅𝑘, 𝑅𝑝𝑘 and 𝑅𝑣𝑘. 

 

 

 

 

 

 

 

 

 

 

 

6. 𝑺𝒑𝒒, 𝑺𝒎𝒒 and 𝑺𝒗𝒒 parameters: (using the areal probability curve) these 

parameters are calculated the same way as 𝑅𝑝𝑞, 𝑅𝑚𝑞 and 𝑅𝑣𝑞 [50]. 

 

 

 

  

Figure 56 Material ratio curve and calculation of parameters 𝑆𝑘, 𝑆𝑝𝑘 and  𝑆𝑣𝑘 [50] 

Figure 55 Probability curve and calculation of parameters 𝑆𝑝𝑞, 𝑆𝑚𝑞 and 𝑆𝑣𝑞 [62] 
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VOLUME PARAMETERS 

These parameters are also associated to areal ratio curve, but they are treated at this 
point for greater clearness. If the material ratios 𝑝 and 𝑞 are considered, four regions are 
generated: 

 

 

 

 

 

 

 

 

 

Therefore, the following parameters are defined [50, 62, 66]: 

1. Void volume: this parameter is the volume of the voids per unit area at a given 
material ratio, calculated from the areal material ratio curve. This parameter is 
useful to evaluate the surface texture of mechanical components that are used in 
contact with other surfaces. 

 𝑉𝑣(𝑝) = 𝑘 · ∫ [𝑆𝑚𝑐(𝑝) − 𝑆𝑚𝑐(𝑡)]𝑑𝑡
100%

𝑝

 

Note that 𝑘 is a constant to convert the volume into the required unit. In the figure 
above, for the material ratio 𝑞, 𝑉𝑣(𝑞) will be the region 4. 

2. Material volume: this parameter is the volume of the material per unit area at a 
given material ratio, calculated from the areal material ratio curve.  

𝑉𝑚(𝑝) = 𝑘 · ∫ [𝑆𝑚𝑐(𝑡) − 𝑆𝑚𝑐(𝑝)]𝑑𝑡
𝑝

0%

 

Note that 𝑘 is a constant to convert the volume into the required unit. In the figure 
above, for the material ratio 𝑞, 𝑉𝑚(𝑞) will be the sum of the regions 1 and 2. 

3. Peak material volume: (𝑉𝑚𝑝) when two different material ratios are observed, 
this parameter refers to the material volume calculated for the lowest fixed 
material ratio. The default value for this parameter, unless otherwise specified, is 

10% [72]. In the figure above, 𝑉𝑚𝑝 will be the region 1. 
4. Deals void volume: (𝑉𝑣𝑣) when two different material ratios are observed, this 

parameter refers to the dale volume calculated for the highest fixed material ratio. 
The default value for this parameter, unless otherwise specified, is 80% [72]. In 

the figure above, 𝑉𝑚𝑝 will be the region 4. 
5. Core material volume: (𝑉𝑚𝑐) when two different material ratios are observed, 

this parameter refers to 𝑉𝑚𝑐 = 𝑉𝑚(𝑞) − 𝑉𝑚(𝑝). The default value for 𝑝 and  𝑞 are 
10% and 80%, respectively [72]. In the figure above, 𝑉𝑚𝑐 will be the region 2.  

6. Core void volume: (𝑉𝑣𝑐) when two different material ratios are observed, this 

parameter refers to 𝑉𝑣𝑐 = 𝑉𝑣(𝑝) − 𝑉𝑣(𝑞). The default value for 𝑝 and  𝑞 are 10% 
and 80%, respectively [72]. In the figure above, 𝑉𝑚𝑐 will be the region 3. 

  

Figure 57 Definition of volume parameters on areal ratio curve [50] 
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2.2.5 Summary of Surface Metrology 

The feature characterization process is specified in ISO 25178-2 and it has the steps 
detailed below [4, 62]. 

STEP 1 – TEXTURE FEATURE SELECTION 

It is important to select the appropriate type of surface texture feature to describe the 
function of the surface that is being characterized. For this purpose, the type of scale-
limited feature should be selected from Table 1: 

Class of scale-limited feature Type of scale-limited feature Symbol 

Areal 
Hill H 

Dale D 

Line 
Course line C 

Ridge R 

Point 

Peak P 

Pit V 

Saddle point S 

Table 1 Types of scale-limited features [4] 

STEP 2 - SEGMENTATION 

This step consists of identifying the hills and dales on the scale-limited surfaces. The 
dales are defined as regions around a pit such that all maximal downward paths end at 
the pit. For its step, the surfaces are graphed using the change free diagrams. In these 
graphs, the contour line is plotted as a point against height in such a way that adjacent 
contour lines are adjacent points on the graph [62]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 58 Examples of change tree [4] 
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In Table 2 criteria of size for segmentation are detailed: 

Criteria size Symbol Threshold 

Local peak/pit height (Wolf pruning) Wolfprune % of Sz 

Volume of hill/dale (at height of connected saddle 

on change tree) 
VolS Specified volume 

Area of hill/dale Area % of definition area 

Circumference of hill/dale Circ Specified length 

Table 2 Criteria of size for segmentation [4] 

Change trees can be dominated by very short contour lines due to noise and insignificant 
features on a surface [4].  

STEP 3 – SIGNIFICANT FEATURES 

At this point, it becomes necessary to determine which features are significant. The 
methods for determining the significant features are presented in Table 3: 

Class Segmentation functions Symbol Parameter units 

Areal 

Feature is significant if not connected to 
the edge at a given height 

Closed 
Height is given as 

material ratio 

Feature is significant if not connected to 
the edge at a given height 

Open 
Height is given as 

material ratio 

Point 

A peak is significant if it has one of the 
top N Wolf peak heights 

Top N is an integer 

A pit is significant if it has one of the top 
N Wolf peak heights 

Bot N is an integer 

Areal, line, 
point 

 All - 

Table 3 Methods for determining significant features [4] 

STEP 4 – SELECTION OF FEATURE ATTRIBUTES 

Once the significant features are selected, feature attributes should be selected from 
Table 4: 

Feature class Feature attribute Symbol 

Areal 

Local peak/pit height Lpvh 

Volume of areal feature VolS 

Area of areal feature VolE 

Circumference of areal feature Area 

Line Length of line Leng 

Point 
Local peak/pit height Lpvh 

Local curvature at critical point Curvature 

Areal, line, point Attribute takes value of one Count 

Table 4 Feature attributes [4]  
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STEP 5 – QUANTIFICATION OF FEATURE ATTRIBUTE STATISTICS 

This is the final part of feature characterization. The different attribute statistics are 
collected in Table 5: 

Attribute statistic Symbol Threshold 

Arithmetic mean of attribute value Mean - 

Maximum attribute value Max - 

Minimum attribute value Min - 

RMS attribute value RMS - 

% above a specified value Prec Value of threshold in units of attribute 

Histogram Hist - 

Sum of attribute value Sum - 

Sum of all the attribute values 
divided by the definition area 

Density - 

Table 5 Attribute statistics [4] 

Following this process, it is possible to obtain the metrological characteristics that are 
included in Table 6 [76, 77]:  

Metrological characteristic Symbol Main potential error along 

Amplification coefficient 𝛼𝑥 , 𝛼𝑦, 𝛼𝑧 𝑥, 𝑦, 𝑧 

Linearity deviation 𝑙𝑥 , 𝑙𝑦, 𝑙𝑧 𝑥, 𝑦, 𝑧 

Flatness deviation 𝑢𝐹𝐿𝑇 𝑧 

Measurement noise 𝑁𝑀 𝑧 

Topographic spatial resolution 𝑊𝑅 𝑧 

x-y mapping deviations 
∆𝑥(𝑥, 𝑦) 

∆𝑦(𝑥, 𝑦) 
𝑥, 𝑦, 

Topography fidelity 𝑇𝐹𝑖 𝑥, 𝑦, 𝑧 

Table 6 Metrological characteristics and main potential errors [77] 
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As a summary of the measuring procedures used to characterize a surface, the Figures 
shown below collect the main stages in Surface Metrology [78]. 

TRADITIONAL SURFACE METROLOGY 

 

(*) The extracted profile is sampled in x-axis and digitized in z-axis. 

AREAL SURFACE TEXTURE 

(*) The extracted profile is sampled in x and y-axes and digitized in z-axis.  

Figure 59 Traditional surface measurement procedure [54, 78] 

Figure 60 Areal surface texture measurement procedure [54, 78] 
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2.3 MICROSCOPY 

In this section, it is intended to comment the fundamentals of the different measuring 
devices used in surface texture metrology, apart from stylus instruments. 

2.3.1 Definition of microscopy and microscope 

According to Cambridge Online Dictionary, the term microscopy is defined as the use, 
design or production of microscopes. In addition, it is an invaluable technique for studying 
structures [79]. 

If we consider the definition of the Dictionary of Spanish Language (onwards DLE), this 
concept means [80]: 

 Construction and use of the microscope. 

 Set of methods for research through the microscope. 

The microscope is a device that uses lenses to make very small objects look bigger, so 
that it is possible to examine and study them [79, 80]. In other words, these devices are 
specialized optical instruments designed to produce magnified visual or photographic 
images (including digital images) of objects too small to be seen with the naked eye [81, 
82]. It consists of two lenses, one of very short focus (objective) and other of longer focus 
(ocular) [83]. 

2.3.2 Operating principle 

It is important to note that human eyes, in combination with the brain, are the most 
efficient image-processing system, capable of distinguishing colors in the visible 
spectrum by using cone cells, roughly from 400 to 700 nm [84], and differences in 
brightness or intensity ranging by using the rod cells [81, 82, 85]. 

The light goes through the following way: 

 

 

 

 

 

 

 

 

 

The light converges at the retina and the signal is transmitted to the brain through the 
optic nerve [85, 86, 87]. When the sample is too small to be seen with the naked eye, it 
is necessary to it is necessary to amplify the image. 

  

Figure 61 Convergence of light in the human eye [85] 
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As it is shown in the Figure 62 this amplification is done by interposing a series of glasses 
between the sample and the detector, the eye in optical microscopy (a) and CCD image 
sensor in digital microscopy (b) [81, 82, 84, 88, 89]. 

 

 

2.3.3 Parts of a microscope 

Over the years, microscopes have evolved from the simplest models, where the 
necessary distance of 25 cm [82, 88] between the sample and the eyepiece was 
preserved, going through the design of the Karl Zeiss optical microscope to more 
sophisticated models such as the Olympus Provis AX70. The parts of the 
aforementioned microscopes are shown below [89]: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 62 Basic optical path [81, 82, 84, 88, 89] 

Figure 63 (a) Traditional microscope; (b) modern microscope [89] 
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For summarize, microscopes have a mechanical system and optics. The mechanical 
system includes all the devices that support the optics and that allow the movement of 
both the focus and the stage. The optics are the devices used to generate and deflect 
the light in the necessary directions and end up generating an enlarged image of the 
sample. Optics include [83]: 

 Illumination system: including light source and condenser. 

 Objective: lens set with a very short focus. 

 Eyepiece: (also known as ocular) lens set with a long focus. Some microscopes 
include an optical prism to correct light direction, especially in binocular 
microscopes, where a prism divides the light beam from the objective to direct it 
to two different eyepieces [84, 88].  

ILLUMINATION SYSTEM 

From the first models of microscopes to modern devices, the illumination of the sample 
has been a crucial point for achieving high-quality images in microscopy. Early 
microscopes used, for example, the sunlight on a cloudy day to illuminate the sample. 
However, these methods did not provide an illumination with good quality and caused 
distortions like glare and flooding. For a correct observation, the illumination of the 
sample should be bright, glare-free, and equally distributed along the field of view. The 
most extended illumination technique is Köhler illumination because it can produce an 
illumination uniformly bright and free from glare  [88, 89, 90, 91]. 

Through the optics, the light is directed and focused to illuminate the specimen. Once 
the light is refracted by the surface, it is then redirected into the eyepieces or CCD image 
sensor. For this reason, it becomes necessary to carry out an alignment of optics. There 
are a lot of light sources [90, 92]: 

 Incandescent lamps: it is the primary illumination source because of its simple 
design, construction, and operation. These lamps emit a continuous spectrum of 
light that allows to change color temperature and luminance by varying the 
applied voltage. In this type, traditional bulbs, halogens, and fiber-optics 
illuminators are included. 

 Arc lamps: they provide constant illumination through applying current to 
electrodes that are in contact with xenon, mercury, or zirconium vapor. By the 
ionization of the gaseous vapor, and electrical arc is produced. These lamps are 
used in specialized forms of microscopy, as fluorescence microscopy.  

 Laser light sources: (Light Amplification by the Stimulated Emission of 
Radiation) these sources have become especially useful for several applications 
in recent years because they are characterized by an extremely high degree of 
monochromaticity, coherence, directionality, and brightness [93]. 

 Electronic flash: this type of illumination produces a high-intensity illumination 
by an instantaneous burst and allow to photographing moving specimens. These 
devices need a continuous illumination source to ensure framing of the specimen, 
Köhler illumination, focusing and alignment. 

Illumination system also includes the condenser, that is a device that forms an image of 

the light source in the aperture of the projection lens [94]. 
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OBJECTIVE 

The objective is a set of lenses that forms the magnified image. They are responsible 
for primary image formation and determine the quality of images that the microscope 
produces [83, 88, 95]. 

 

 

 

 

 

 

 

 

 

The objectives have several optical characteristics and produce optical aberrations, 
which will be commented below. 

EYEPIECE 

These devices, also called oculars, work in combination with microscope objectives to 
magnify the image [83, 88, 89, 96]. 

 

 

 

 

 

 

 

 

 

 

2.3.4 Optical characteristics of microscopes 

There are several characteristics that it is needed to understand prior to talk more about 
microscopes. In this section, these characteristics will be commented. 

FOCAL LENGTH 

The focal length of a lens is the distance where a collimated beam is reduced to a small 
spot called the focal point. In other words, the focal length is the distance between the 
focal point and the point where the optical axis and the lens cross (vertex). 

 

 

  

Figure 64 Parts of an objective [95] 

Figure 65 Parts of an eyepiece [96] 
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As it is shown below, depending on the type of lens (convex or concave) and the incident 
angle, the focal point will be at object or image plane. The primary focal point (𝑭) is the 
one that generates rays parallel to the optical axis for any ray coming from it (for convex 
lenses) or for any ray that form an angle dependent on the height and the focal length 𝑓 
(for concave lenses). The secondary focal point (𝑭′) is the one that, starting from 
paraxial rays, generates oblique rays that are concentrated on it (in convex lenses) or 
forming an angle dependent on the height and the focal length 𝑓′ (for concave lenses) 
[83, 88, 97]: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note that those rays that lie close to optical axis and make very small angles with it are 
called paraxial ray [98].  

When a ray is approaching to a surface parallel to the axis and with a specified height, it 
is refracted with an outgoing angle given by the following formula [84]: 

𝑛´ · 𝑢´ = −𝑦 · 𝜙 

In this equation: 

 𝑛´ refers to the refractive index at the image plane (without " ´ " refers to the 
refractive index at the object plane). 

 𝑢´ refers to the paraxial ray angle at the image plane (without " ´ " refers to the 
paraxial ray angle at the object plane). 

 𝑦 is the paraxial ray height. 

 𝜙 is the surface power. This parameter is a scalar property of the interface that 
relates the reflection and refraction of a surface through 𝜙 = 𝑐(𝑛´ − 𝑛), where 𝑐 
is the spherical surface curvature This parameter can be positive, negative or 
zero. 

  

Figure 66 Focal points and focal lengths associated with (a) convex and (b) concave 

lenses, with radius r and center C, separating two medium with index 𝑛 and 𝑛´ [83]. 
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MAGNIFICATION 

The magnification is the term used in optics to denote the ratio of conjugate object and 
image dimensions. There are [83, 84, 98]: 

 Transverse (or lateral) magnification: (𝑚) it is the ratio of image height to object 

height. It has a sign and can acquire a value from −∞ to +∞. 

 Longitudinal (or axial) magnification: (𝑚𝐿) is the ratio of image length to object 
length in the limit of small lengths. 

 Visual magnification: is the ratio of the angular subtense of an image relative to 
that of the object viewed directly. 

In a converging lens, virtual images are produced when the object is placed between the 
focal point and the lens and with diverging lenses when the object is in any position [83]: 

 

 

 

 

 

 

 

 

In both cases, the magnification is calculated using the following formula [83]: 

𝑚 = −
𝑠′

𝑠
 

As it is said above, a microscope has an objective and an ocular that, in brief, are sets 
of lenses. Each set of lenses has its own magnification, specified by manufacturers. 
Therefore, total magnification in a microscope is calculated using [82, 98]: 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 · 𝐸𝑦𝑒𝑝𝑖𝑒𝑐𝑒 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 

 

 

  

Figure 67 Refraction at a single spherical surface with center C and radius r [84] 

Figure 68 (a) converging and (b) diverging lenses [83] 
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REFRACTIVE INDEX 

This optical characteristic, relative to a medium, is defined as [83, 84, 98]: 

𝑛 =
𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑣𝑎𝑐𝑢𝑢𝑚

𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚𝑒𝑑𝑖𝑢𝑚
=

𝑐

𝑣
 

Each medium is characterized by its refractive index. If 𝑛 is the same everywhere, the 
medium is called homogeneous. In 𝑛 varies with the position, the medium is called 

inhomogeneous or heterogeneous. In heterogeneous mediums, 𝑛 can vary following 
a function. Then, the medium is called isotropic [84]. 

WAVELENGTH OF LIGHT 

The wavelength of light (λ) is the distance between two consecutive points of a wave 
with the same characteristics. In a given medium is determined by the velocity of light in 
that medium and the frequency [83, 84, 88].  

 

 

 

 

This parameter is important because contrast and resolution are very important in 
microscopy field. 

NUMERICAL APERTURE 

The numerical aperture (NA) is the most common measure of light-gathering power. It 
is the inverse relationship with the diffraction limit of lateral spatial resolution and 
indicates the light acceptance angle. It also determines the light gathering power, the 
resolving power and the depth of field of an objective [89]. Furthermore, it is defined by 
the following formula [83, 84, 88, 98, 99]: 

𝑁𝐴 = 𝑛′ · sin (𝑢´) 

As viewed previously: 

 𝑛´ refers to the refractive index at the image plane. 

 𝑢´ refers to the paraxial ray angle at the image plane. 

The larges NA that it is possible to obtain is 1’3 [83, 88]. 

LATERAL RESOLUTION 

This characteristic is defined as the minimum separation between two points sources of 
light in the microscope that enables to distinguish them as two separate objects in the 
image plane [88, 100]. When a point is illuminated, the light is diffracted with different 
angle depending on its wavelength. Due to this, the image of the points is often blurred. 
To distinguish between two points close to each other and with the same illumination, 
there are as several criterions to calculate the lateral resolution in the microscope using 
the following equation [82, 83, 84, 88]: 

𝛿 =
𝒦 · 𝜆

𝑁𝐴
 

Where: 

 𝜹: is the resolution. 

 𝓚: is a constant that acquires different values depending on the criterion used. 
There are three main criterions: Rayleigh (𝑘 = 0.61), Sparrow (𝑘 = 0.51) and 

Abbe (𝑘 = 0.5) [100]  

Figure 69 Wave characteristics [83] 
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DEPTH OF FIELD 

This parameter refers to the thickness of the optical section along the z-axis within which 
objects in the specimen are in focus. The depth of focus, a parameter related with depth 
of field, is the thickness of the image plane itself. This parameter is calculated using the 
following expression [88]: 

𝑍 =
𝑛 · 𝜆

𝑁𝐴2
 

Where: 

 𝒁: is the depth of field. 

 𝒏: is the refractive index. 

 𝝀: is the wavelength. 

 𝑵𝑨: is the numerical aperture of the objective. 

IRRADIANCE OR INTENSITY 

It is a parameter important for the resolution of the microscope and it is the reason why 
it is possible to distinguish the image of a specimen, as human eye is sensitive to 
variations in brightness. When the specimen diffracts the light, the interference with the 
optics of the microscope results in the generation of a pattern containing a wide spectrum 
of grayscale values, forming the image. It is defined as the radiant flux incident per 
surface unit area and it is a measure of the concentration of power [84, 88, 101].  

When a microscope is designed, it is very important to take care of manufacturing 
process in order to avoid some of the aberrations. None the less, it will be necessary to 
carry out a calibration process prior to use the microscope. This process consists in two 
parts: 

 Adjustment: set of operations carried out on a measuring device in order to 
provide defined indications corresponding to given values of a quantity to be 
measured. To carry out this point it is necessary to calibrate the measuring 
system and, once it is performed, a recalibration may be necessary. 

 Calibration: the estimation of the measurement uncertainty. 

2.3.5 Optical aberrations of microscopes 

When optical systems are used, it is possible to observe certain deviations or unexpected 
behaviors, respecting to the ideal models, with the light that occur due to the 
manufacturing process of the lenses, called aberrations [83, 84, 88, 89, 98, 102]. 

In literature, it is possible to find several classifications. It seems that one of the most 
extended is to distinguish between on-axis aberrations, off-axis aberrations, and 
distortions [88, 89, 103]. Other authors suggest that the total aberration, i.e., the sum of 
all the aberrations, may be decomposed in two perpendicular components: astigmatic 
and comatic. In addition, these components can be decomposed [98]: 
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CHROMATIC ABERRATION 

This on-axis aberration occurs when a lens refracts the paraxial rays in different angles 
due to the dispersion phenomenon, according to wavelength, and puts the focus at a 
different distance [83, 84, 88, 98, 102, 104]: 

 

 

 

 

 

To correct it, achromatic doublets are used. These devices are pairs of lenses of different 
materials, one with a high refractive index (called flint) and another with a low one (called 
crown) [105]. 

 

 

 

 

 

 

SPHERICAL ABERRATION 

This on-axis aberration is a variation with aperture of the image distance or focal length. 
This occurs when the paraxial rays are diffracted by a lens or a spherical mirror and focus 
on different points depending on the distance to the optical axis. There are two types of 
spherical aberration, longitudinal or transversal. This behavior is unavoidable, and it 
happens because of using lenses with spherical surfaces [83, 84, 88, 98, 102, 106]. 

  

Figure 72 Comparison of rays in lenses with chromatic aberration and correction [88, 105] 

Figure 70 Classification of aberrations [98] 

Figure 71 Chromatic aberration [98] 
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There are different ways to correct this: 

 The combination of lenses with opposite effects, lens doublets or triplets, 
cemented together [106]. 

 The use of parabolic instead of spherical surfaces [107]. 

 The use of a diaphragm that prevents the passage of the rays furthest from the 
optical axis [88]. 

 The application of the “General formula to design a freeform singlet free of 
spherical aberration and astigmatism”, developed in [108]. 

 

 

 

 

 

 

 

 

 

 

DEFOCUS 

This aberration is the mismatch between the image plane and the object. If there are no 
aberrations, this kind of aberration has two basic geometrical effects [84, 98]: 

 Blurring: that is the lack of convergence between the rays from an object point 
on the receiving surface. 

 Lateral shift: it depends on the different positions of the blur’s centroid and the 
correctly focused point. 

, 

 

 

 

 

 

 

 

 

 

It is described by the formula [98]: 

𝐷𝐹(𝜌, 𝜉) = −𝜉 · tan(𝜈𝑎
′ ) = −

𝜌

𝑓
𝜉 

  

Figure 73 (a) Spherical aberration [88, 98] and (b) correction [107]  

Figure 74 Defocus [98] 
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Where: 

 𝝃: is the longitudinal distance between image plane and paraxial image plane. 

 𝝂𝒂
′ : is the angle of the marginal paraxial ray in image space. 

 𝝆: is the pupils radius 

 𝒇: is the focal length. 

ASTIGMATISM 

This off-axis aberration occurs when rays that hit the lens through the horizontal and 
vertical diameters are focused at two different focal planes. This aberration increases 
when the displacement of the object from the optic axis increases. It is also caused by 
asymmetry in lens curvature due to manufacturing or mounting errors. To correct this 
aberration, it is necessary to use cylindrical lenses. When the astigmatism of a device is 
corrected, it is called anastigmatic. In the Figure 75, the point A is the intersection of the 
rays in horizontal plane and the point B is the intersection of the rays in vertical plane. 
[83, 84, 88, 98, 102, 109]. 

 

 

 

 

 

FIELD CURVATURE OR CURVATURE OF FIELD 

This off-axis aberration highlights the existence of flatness deviation in the exploration 
plane, increasing as the exploration plane dimensions increase. Due to this, it is not 
possible to focus simultaneously the whole image. To correct this deviation, it is 
necessary to design properly the objective, the tube and the oculars [83, 84, 88, 98, 102, 
103, 110]. 

 

 

 

 

 

 

 

COMA 

This off-axis aberration occurs when source rays hit the lens obliquely. The rays that hit 
close to the edge of the lens are focused closer to the optic axis than those that hit close 
to the center of the lens. Coma is the most important off-axis aberration, and it is very 
similar to spherical aberration. It is greater in lenses with wider aperture. To correct this 
aberration, it is necessary to use combinations of lenses and diaphragms. 

  

Figure 76 Curvature of field [88] 

Figure 75 Astigmatism [88] 
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The lenses used to correct both the spherical and coma aberrations are called aplanatic 
lenses [83, 84, 88, 98, 102, 103, 111, 112]. 

 

 

 

 

 

 

 

DISTORTIONS 

This kind of aberrations causes that focus position of the object image changes laterally 
in the image plane. Due to this, a nonlinear magnification in the image from the center to 
the periphery of the field occurs. The origin is the existing difference between the 
transverse magnification of a lens and the off-axis magnification at the image plane. 
There are two different distortions, barrel (negative) and pincushion (positive) distortions. 
The same measures described for curvature of field are applied to correct these 
aberrations [83, 84, 88, 98, 102, 103, 113]. 

 

 

 

 

 

 

The distortion can be described by [113]: 

Δ𝑀 =
𝑀(𝐼) − 𝑀

𝑀
 

Where: 

 𝑴: is the axial lateral magnification. 

 𝑴(𝑰): is the off-axis magnification at the image plane. 

To correct this kind of aberrations, authors have elaborated different mathematical 
models based in the measurement of a grid. In the Figure 79, five different models are 
collected [114]: 

 

 

 

 

 

 

 

 

  

Figure 78 Distortions [88] 

Figure 77 Coma [88] and correction [112] 

Figure 79 Correction models for distortions [114] 
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2.3.6 Types of microscopes 

As stated above, there are many devices used to measure and characterize a surface. 
In this section, the different types of microscopes and texture characterization devices 
mentioned previously are commented, except confocal microscopy, that it will be 
analyzed later. 

SCANNING ELECTRON MICROSCOPY 

Electron microscopy, that includes both Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM), are devices designed to achieve better 
resolution in microscopy, higher than 1000x, by accelerating electrons to high energies 
of between 2 and 1000 keV. SEM is a method of surface topography measurement 
whereby local gradients of a surface are determined by angular distributions of reflection 
of secondary electron emission intensity and then, an areal-topography image is 
obtained by integration of them. The difference between SEM and TEM is that the 
second one is mainly used when the sample is very thin. In the SEM, the surface to be 
examined is irradiated with a focused electron beam. The magnification range 10-10000x 
[61, 115, 116, 117]. 

 

 

 

 

 

 

 

 

 

 

 

There are several types of SEM, depending on the signal. Among all the signals, it is 
worth highlighting [116, 117]: 

 Secondary Electron (SE): This signal is obtained from those electrons that 
escape from the specimen with energies below 50 eV. This signal provides the 
highest spatial resolution. It is mainly used for topographic studies. 

 Backscattered Electron (BSE): This signal is obtained from those electrons that 
approach the nucleus of an atom enough closely to be scattered through a large 
angle. Energies higher than 50 eV become necessary. This signal has lower 
resolution, and it is used for compositional studies, to obtain crystallographic 
information and strain measurements in semiconductors. 

  

Figure 80 SEM scheme [116] 
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There are other signals, such us Electron Beam Induced Current (EBIC), cathode-
luminescence (CL), voltage-contrast imaging, auger electrons and x-rays, that are used 
in other applications different to surface characterization [117, 115].  

 

 

 

 

 

 

 

 

 

The characteristics of this kind of microscopes are [116]: 

 Lateral resolution: between 10 and 50 nm for conventional electron sources and 
between 1 and 5 nm for field emission electron sources. 

 Depth resolution: between 10 and 1000 nm for BSE and between 1 and 10 nm 
for secondary electrons SE. 

 Depth of field: selectable with final aperture 0.1, a unit of the image field width. 

The main limitation of these devices is the impossibility to get an absolute focus. The 
reason is the diffraction and interference caused by the electron’s wave nature, 
associated with its high speed [115]. 

SCANNING TUNNELING MICROSCOPY 

STM enables to investigate electrically conducting surfaces down to the atomic scales. 
In this method, the determination of surface height arises from the height-related 
variation in an electrical current applied over a conducting surface. The STM has a 
scanning tip that goes over the scanned surface maintaining a very small distance 
between them. Through quantum mechanical tunneling of electrons, these devices allow 
the particles to travel through the gap when a tunneling current is applied. As there is a 
relationship between the tunneling current and the gap, it is possible to control the 
distance with high precision. This property allows obtaining a great model of the 
exploration surface [61, 115]. 

 

 

 

 

 

 

 

 

 

 

  

Figure 81 The interaction volume and the regions of emission of each electron [115] 

Figure 82 STM scheme [115] 
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There are two operation modes [115]: 

 Constant height mode. 

 Constant current mode. 

The main limitation of these devices is that it could only be helpful for the conducting 
surfaces. For this reason, AFM was developed in 1986 [115]. 

ATOMIC FORCE MICROSCOPY 

AFM has a similar operation to STM. Instead of using the tunneling effect of electrons, 
van der Waals interactions between the tip and the sample are used. The surface height 
is sensed from the mechanical attraction or repulsion force between the tip and the 
sample. The probe is supported on a cantilever, similar to a tip attached to a spring. The 
topography, either two or three-dimensional analysis, is explored by observing the 
deflection of the probe due to the different forces acting between the tip and the sample 
[61, 115]. 

 

 

 

 

 

 

 

 

 

 

There are three working modes, depending on the gap [115]: 

 Non-contact: with gap between 0.1-10 nm. 

 Intermittent contact: with gap between 0.5-2 nm. 

 Contact: with gap <0.5 nm. 

The main limitation of AFM is that the resolution of these devices has limitations at 
atomic scales because AFM imaging tip is not ideally sharp. Due to this, AFM images 
represent the interaction between the probe and the sample (tip convolution) [115]. 

RAMAN SPECTROSCOPY 

This technique is based on scattering phenomenon of a monochromatic, intense light 
beam when it is irradiated over a surface. The incident beam disturbs the electronic 
distribution of the charge over the surface of the sample, inducing a dipolar moment. The 
sum of the induced dipole moments acts as a macroscopic polarization, that it is the main 
source of the scattered light. There are two main scatterings [115, 118]: 

 Rayleigh scattering: that have the same frequency 𝜈0 as the incident light. 

 Raman scattering: that have a frequency of 𝜈0 ± 𝜈𝑔, where 𝜈𝑔 is the molecular 

vibration frequency. 𝜈0 + 𝜈𝑔 and 𝜈0 − 𝜈𝑔 are called anti-Stokes and Stokes lines. 

  

Figure 83 AFM scheme [115] 
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A Raman microscope has the following configuration [118]: 

 

 

 

 

 

 

 

 

 

Raman microscopes take advantage of this phenomenon to identify the chemical 
bonding in molecules and solids, to identify the different forms of carbon materials and 
to determine the size and conductivity of nanoscale systems with high precision. Raman 
spectrometer is able to be set-up to a confocal scanning optical microscope 
configuration, improving the positional accuracy of the nanomaterials. As it is the central 
topic of this document, confocal principle will be discussed later [107, 108]. 

The main limitation of Raman Spectroscopy is the high level of background 
fluorescence, what makes it difficult to carry out some analysis, and the low sensitivity of 
this technic for some applications [119]. 

CONOSCOPIC HOLOGRAPHY 

This technology is a type of incoherent light interferometry that it is not widely known. 
The holography is based on the interference between the different rays in which a 
monochromatic polarized light beam is divided when crossing a crystal. The main 
characteristic of this crystal is that it should be uniaxial, i.e. those crystals whose 
refraction index is different in one direction. Then a CCD captures the interference, 
known as Gabor Zone Lens and it is reconstructed [4, 61, 120, 121, 122].  

 

 

 

 

 

 

 

 

 

 

 

The main limitation of this technology is that the incoherent holographic schemes are 
very complicated or need tricky mechanical or electronic devices. In addition, this 
technique provides a low signal-to-bias ratio [120].  

Figure 84 Raman microscope scheme [118] 

Figure 85 Conoscopic hologram principle scheme [122] 
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COHERENCE SCANNING INTERFEROMETRY 

CSI is a three-dimensional imaging technique based on the localization of interference 
fringes during a scan of the optical path length to determine a surface topography map. 
As it is shown in the figure below, there are two beam splitters. The upper one is 
responsible of redirect the light towards the objective lens. For its part, the lower one, 
placed in the objective lens, splits the light in two beams, one directed to the sample and 
the other one is redirected towards an internal reference mirror. When the two beams 
are recombined and collected by the detector, it is possible to observe that there is a 
slight difference between the beam that proceeds from the sample and the reference, 
enabling the reconstruction of the surface in a 3D model. The device has de following 
typical configuration [61, 123, 124]. 

 

 

 

 

 

 

 

 

 

 

 

The main limitation of CSI is that the surface roughness tends to be overestimated by 
this technique due to the multiple scattering. In addition, it occurs in some effects, as 
field dependent dispersion and “batwing” effect, that it is necessary to correct [123]. 

X-RAY COMPUTED TOMOGRAPHY 

X-Ray CT is an imaging method in which the sample is irradiated with X-rays and then, 
cross-sectional images are created by using mathematical algorithms. In the analysis 
process, X-ray radiography is used to take a lot of radiographic projections. The 
mathematical algorithms transform the data into a slice image of the object and, then, 
the different slices are stacked to form a three-dimensional model [125]. 

 

 

 

 

 

 

 

The main limitation of these devices is that, for a better result, it becomes necessary to 
carry out several iterations, what involves high costs, in terms of time. In addition, CT 
resolution may be another problem, as it makes it difficult to recognize certain shapes, 
resolve rough surfaces, rounded corners, and large variations in wall thickness [125]. 

  

Figure 86 CSI scheme [123] 

Figure 87 X-Ray CT scheme [125] 
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FOCUS VARIATION MICROSCOPY 

This topography measurement method where the reflected light over the surface is used 
to measure the focal distance of each point along the sample in an optical microscope, 
allowing to reconstruct the sharpness of the surface image using mathematical tools. 
These devices use optics with a limited depth of field combined with a vertical scanning 
process. A great quantity of images is recorded as the optics are moved along the optical 
axis and then, the computer selects the image with the maximum local contrast for each 
pixel. With this, x, y, and z coordinates are estimated, and it is possible to create a 3D 
map of the surface [4, 61, 126, 127]. 

The main limitation of this kind of devices is that it is only applicable to surfaces where 
the surface image varies enough during the vertical scanning process. As other 
microscopes, it is also a limitation to the measurement of points with a very steep slope 
(typically slopes greater than 85º) [61, 126, 127, 128]. 

  

Figure 88 Focus variation microscope scheme and operation [127] 
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2.4 CONFOCAL MICROSCOPY 

In this section, it will be firstly detailed the operating principle. Secondly, the parts of the 
device are commented. Then, the different exploration techniques and the main 
applications in which confocal microscopes are used. Finally, the calibration procedures 
for confocal microscopes will be summarized. 

To understand the circumstances that gave rise to the confocal microscope, it becomes 
important to highlight that one of the aims of the biological science research is to image 
biological events as they occur in vivo. For this reason, in 1955 Marvin Minsky (1927-
2016) developed a functional scanning optical microscope for analyzing preparations of 
living brains. In 1961, Minsky obtained the patent of the principle of confocal imaging 
(US patent 3,013,467), although the term of confocal imaging was introduced later. At 
that moment, the technology was not available to demonstrate the whole potential of this 
development. However, after all this time, confocal technology has become very popular 
[129, 130, 131]. 

This surface topography measurement method is capable of filtering out-focus light beam 
by using spatial filters called pinholes. Confocal microscopy is a powerful tool for 
observation of low thickness surfaces and, therefore, for science research. It allows 
obtaining optical sections of samples and then, reconstruct the three-dimensional 
surface. It presents the following advantages [61, 70, 132, 133]: 

 It adds the Z-axis to traditional measuring optical microscopes. 

 Furthermore, it allows carrying out analysis of 3D geometry of surfaces and the 
characterization of its quality from data points. 

 Besides, it is possible to observe transparent specimens and live tissues with 
cutting physically the sample. 

Since 1955, technological advances have helped confocal microscopy to evolve. It is 
important to highlight [129]: 

 Laser light sources, that enable to have bright and stable light sources. 

 More efficient reflecting mirrors. 

 Filters with enhanced precision. 

 The methods of specimen preparation, methods of scanning and electronics for 
data acquisition also have been improved. 

 High quantum efficiency low noise photodetectors. 

 The modern computers and computational resources enable faster image 
processing, creating more precise, high resolution, color models for analysis. 

Nowadays, the most extended confocal microscope is the Laser Scanning Confocal 
Microscope (LSCM) that will be commented below. 

According to bibliography, there are two main fields where confocal microscopes are 
used [129, 134]: 

 Material science: for the evaluation of the fracture process, the study of 
corrosion, the accurate measurement of residual strains and the surface 
topography measurements. 

 Biological science: for the imaging of the spatial distribution of macromolecules 
in fixed or living cells, the collection of 3D data, the imaging of multiple labeled 
specimens and the measurement of physiological events in living cells. 
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2.4.1 Operating principle 

As said above, the main characteristic of confocal microscopy is that these devices have 
complex optics and an electronical and computational system that enable to filter the out-
focus signal so that it becomes possible to focus the analysis at a determined plane [70, 
129, 135, 136, 137]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

As it is possible to see in the figure above, the light coming from the illumination system 
is redirected to the surface. Then, two different signals are obtained: the points placed in 
focal plane and the other points of the sample’s surface. When they make their way to 
the detector, they have to go through a pinhole. This part is the key element of the device, 
as it allows only the signal coming from the focal plane to pass, due to its small diameter. 
This way, the out-focus signal is eliminated. 

Thanks to the electronic controller, it is possible to identify the coordinates (𝑥, 𝑦) for each 
point on a given plane, i.e., 𝑧- coordinate. As 2D images are composed of pixels, voxel 
concept was introduced to identify the minimum unit in which the 3D model is divided. 
The construction of each voxel is done by interpolating two consecutive images [70, 138]. 

 

 

 

 

 

 

This way, confocal microscopy enables to obtain high-resolution 3D models from images 
taken in different focal planes, with a sufficiently small focal length. 

Figure 89 Filtration of out-focus signal in confocal microscopy [70] 

Figure 90 Voxelization process [70] 
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2.4.2 Parts 

A LSCM is made up of [70]: 

As it is possible to see, a confocal microscope is composed of [70, 133, 135, 76, 139]: 

 Light source: is an optical device that emits light with an appropriate range of 
wavelengths in a specified spectral region. There are several lasers that are used 
for lighting the sample, with the wavelength comprised between 275 and 530 nm. 
Pulsed lasers are not very used in confocal microscopy because pulsed lasers 
difficult the process of pixelization, which is the process of dividing the image in 
a great number of parts. 

 Beam splitter: (also beamsplitter) is an optical device that are able to separate 
the illumination and observation. 

 Electronic controller or Z motion actuator: is the device in charge of controlling 
the focal length. Allows sweeping a controlled distance on the z-axis. 

 Pinholes: is a mechanical device that only allows passing certain light beams. 
The bigger the pinhole, the more photons get through it. In the case of the 
detector pinhole, it filters the out-focus signal. 

 Detector: is a device that converts the photons of the light beam that comes from 
the sample into an electric signal. This process permits the output electronics to 
create a topological model, attending to the obtained coordinates. There are 
several models of detectors. The most extended detectors are the photomultiplier 
tubes (or PMT’s) that have good sensitivity in visible spectrum, and it has less 
dark noise, but when the wavelength is greater than 700 nm and when the 
imaging is at video rate, avalanche photodiode (or APD) is used. The other typical 
detector is a CCD camera. This device allows obtaining images with high 
definition thanks to the process of pixelization, allowing CCDs to work as human 
eye. 

  

Figure 91 Confocal microscope scheme [70] 
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2.4.3 Types of confocal microscopes 

Confocal microscopes are classified depending on the scanning method of the samples 
[4, 129, 134, 140]: 

 Laser scanning systems: (LSCMs) those that carry out the scanning by moving 
the specimen. The original model developed by Minsky was based on this 
concept. The main disadvantage is that it is so slow to build an image. These 
systems are traditionally used in microchip industry and for screening DNA 
sequences. The position of the light source and the detector could be swapped, 
depending on the manufacturer. There are several imaging modes: Single Optical 
Sections, Multiple Wavelength Images, 3D imaging, X-Z Imaging, Live Cell 
Imaging, Multidimensional Imaging, Reflected Light Imaging, Transmitted Light 
Imaging, Correlative Microscopy,  

 Disk scanning systems: (DSCMs) those that carry out the scanning across a 
stationary specimen. This configuration is the basis of those systems that have 
evolved into the current generation of research microscopes. The main 
advantage of DSCMs is that confocal images are taken at high frame rates. There 
are two main types of beam scanning confocal microscopes: single beam 
scanning and multiple beam scanning. The first type carries out the scanning by 
using a computer-controlled galvanometer-driven mirrors that direct the beam 
across the sample. The second type has a device that allows having parallel or 
multiple layer excitation approaches, overcoming the speed limitation in 
fluorescence. The most typical are the spinning disk systems, like Nipkow disk. 
Modern spinning disks avoid fluorophore saturation enabling the use of higher 
levels of excitation. As these systems can guide multiple light spots 
simultaneously, the Nipkow disk is mainly used with white light systems. 

 

 

 

 

 

 

 

 

 

 

 Programmable Array Scanning Systems: (PACMs) those that carry out the 
scanning across a stationary specimen by using a micro-display for the 
illumination and/or detection patterns generation. A PACM can be configured in 
illumination only mode (where the micro-display is used to restrict the incident 
light on the surface while the optical sectioning is achieved using the CCD 
camera) and in illumination and detection mode (where the micro-display is used 
to illuminate the surface and to filter out the reflected, out-of-focus light). As it is 
possible to see, a PACM working on illumination and detection mode is very 
similar to a DSCM. 

In the next Figure, the schemes of the three types of confocal microscopes described 

above are shown.

Figure 92 Confocal microscope with Nipkow disk [4] 
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Figure 93 Schemes of (a) LSCM (b) DSCM (c) PACM [140] 
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APPLICATIONS 

Traditionally, confocal microscopy has been used in biological science for: 

 The imaging of the spatial distribution of macromolecules in fixed or living cells 

 The collection of 3D data. 

 The imaging of multiple labeled specimens. 

 The measurement of physiological events in living cells. 

However, recently it has been discovered that confocal microscopy is particularly useful 
for dimensional measurements due to its obtaining from a set of digitized images. In 
material science and engineering, one of the most important current trends is additive 
manufacturing (AM). This field, defined at ASTM F2792 − 12a as “process of joining 
materials to make objects from 3D model data, usually layer upon layer, as opposed to 
subtractive manufacturing methodologies” [141], is a key field of study for Industry 4.0. 
The materials that form said layers can be polymers, resins or even metal. These layers 
adhere to each other by deposition, light curing or melting of the material [142]. Due to 
the interest of Industry 4.0 on developing micro- and nano-systems, confocal 
microscopes and the other areal-topography measuring instruments will be very 
important. This measuring instrument allows a wide spectrum of applications for different 
methodologies, including [129, 134]: 

 Microsystem measurement. 

 The evaluation of the fracture process. 

 The study of corrosion. 

 The accurate measurement of residual strains 

 Surface topography measurements. 

2.5 CASE STUDY 

In this document, it will be used the confocal microscope property of the Laser Center of 
the Polytechnic University of Madrid (hereinafter, CL-UPM). The apparatus available is 
the Leica DCM3D and the software for data processing is the LeicaSCAN DCM3D 
3.41.0.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 94 Leica DCM3D (photograph taken at CL-UPM) 
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The specifications of this device are [143]: 

 

At CL-UPM, the objectives installed at the confocal microscope are the following (all of 
them supplied by Leica) [144, 145]: 

Table 7 Objectives Characteristics [144, 145] 

  

Obj. 5x 10x 20x 50x 100x 

Type N PLAN N PLAN N PLAN N PLAN 
HCX PL-

FLUOTAR 

NA 0,12 0,25 0,40 0,75 0,90 

DOF ∞ µm 11 µm ~0,35 µm ~0,5 µm ~0,15 µm 

Res. ~2,5 µm ~1 µm 4 µm ~0,37µm 0,3 µm 

Software 5x 10x 20x 50x 100x 

Type EPI-L EPI-L EPI-L EPI-L EPI-L 

NA 0,15 0,30 0,50 0,80 0,90 

Area 
2.55x1.91 

(mm2) 
1.27x0.95 

(mm2) 
636.61x477x25 

(µm2) 
254.64x190.90 

(µm2) 
127.32x95.45 

(µm2) 

Pixels 768x576 768x576 768x576 768x576 768x576 

Figure 95 Leica DCM 3D Confocal microscope specifications [143] 
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In Table 7, they are collected the objectives for optical microscopes. Leica also provides 
interferometric objectives, but they are not the topic of study on this document. From the 
table above, it is important to highlight that N-PLAN objectives are those that comprise 
improved achromatic lenses with field flatness up to 22 mm. This kind of objectives are 
suitable for transmitted light and differential interference contrast. The N-PLAN EPI 
incident light objectives provide excellent image contrast and safe working distances. 
The PL-FLUOTAR objectives incorporate an outstanding chromatic correction for at least 
three wavelengths. This correction permits fluorescence imaging [145]. Note that EPI-
objectives are those that work as a condenser and as an objective and have an enhanced 
lateral resolution [88].  

It is also important to highlight the illumination system. In the case of LEICA DCM3D 
confocal microscope, there are two possible illuminations: 

 White LED with λ=530 nm. 

 Blue LED with λ=460 nm. 

These illumination types permit to obtain the following lateral resolution (δ) for each 
objective, applying the Abbe’s criterion: 

Table 8 Lateral resolution for each objective with each illumination 

Note that it is not necessary to apply the Rayleigh criterion due to the use of EPI-
objectives. As the lateral resolution of an ideal light microscope is limited to about 200 
nm [146], this microscope represents a good tool for surface analysis, especially when 
using objectives with low magnification. 

 

  

Obj. 5x 10x 20x 50x 100x 

NA 0,12 0,25 0,40 0,75 0,90 

δwhite (nm) 2208,33 1060,00 662,50 353,33 294,44 

δblue (nm) 1916,67 920,00 575,00 306,67 255,56 
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3 OBJECTIVES 
In this section, the main objectives of this document will be commented. Until now, it has 
been carried out a deep analysis of: 

 The main principles of the dimensional metrology. 

 The main fields of study depending on the measurement range. 

 The fundamentals of surface metrology. 

 The measuring instruments in surface metrology. 

 The fundamentals of confocal microscopes. 

 The characteristics of the confocal microscope that will be used. 

In research centers, in the technology sector, with research lines related to AM most of 
the jobs require taking measurements on a small scale. At CL-UPM, the different lines 
of work that are carried out require both dimensional and morphological characterization 
of what has been treated with laser. Therefore, measuring instruments as confocal 
microscopes acquire a very important role in its activity and it is necessary to have 
adequate metrological traceability and a correct estimation of the uncertainty of the 
measurements made with it. For this reason, the main purpose of this work is to 
demonstrate the possibility of giving traceability to the scales of a confocal microscope 
using material standards available in a research center similar to CL-UPM. 

To achieve this goal, this work is divided in three parts: 

 In the first part of the work, it will be proposed a method to give traceability to one 
objective, both in the XY plane and height measurements (Z axis). For this 
purpose, dimensional standard elements easily traceable to conventional 
measuring instruments will be used and it will be provided an equation to estimate 
the associated uncertainty of use. In addition, it will be given traceability for 
roughness measurements using different roughness material standards and it will 
be proposed the associated uncertainty of use. Finally, two different examples of 
applications will be commented, the measurement of a cylindrical surface and a 
roughness comparison of the performance between stylus instruments and 
calibrated confocal microscopes. 

 In the second part of the work, they will be presented the different commercial 
models of surface material standards and they will be proposed several models 
to give traceability to different characteristics. In this part, it will be also proposed 
a method for manufacturing customized surface standards using laser 
technologies. Finally, a parameterization of the laser process for obtaining the 
best results will be presented. 

 In the third part of the work, it will be proposed a method to give traceability to 
the system of the confocal microscope using a material standard manufactured 
as proposed in the second part. For this purpose, the procedure proposed in the 
first part will be adapted and extended for larger dimensions. Finally, as in the 
first part, they will be provided equations for calculating the uncertainty of use in 
the XY plane and along Z-axis. 
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4 CALIBRATION OF CONFOCAL 
MICROSCOPES 

In this section, the article “Industrial Calibration Procedure for Confocal Microscopes” 
[70], written by Alberto Mínguez and Jesús de Vicente, is presented. 

4.1 INTRODUCTION 

As presented above, this kind of microscope usually uses a low-power, high-intensity, 
monochromatic laser system for illumination. The light passes through a beam splitter, 
and one of the beams is then redirected to the sample, passing through complex optics. 
Once the scanning surface is illuminated, the reflected beam travels back along the same 
path. If the illumination is properly focused on the surface, the reflected beam will go to 
the detector without losing intensity, but if the surface is out of focus, the intensity will be 
lower. The filtered beam arrives at the detector and a computer system processes the 
signal, making a 3D reconstruction of the surface.  

It is important to highlight that several factors affect the quality of these measurements 
[70, 76, 147, 148]: 

 Metrological characteristics of the instrument: measurement noise, flatness 
deviation, non-linearity errors, amplification coefficients, and perpendicularity 
errors between axes. 

 Instrument geometry: alignment of components and the XY stage and rotary 
stage error motions. 

 Source characteristics: focal spot size and drift. 

 Detector characteristics: pixel response, uniformity and linearity, detector o 
set, and bad pixels. 

 Reconstruction and data processing: surface determinations, data 
representation, and calculation approaches. 

 Environmental conditions: temperature, humidity, and vibration. 

This calibration should provide estimations of voxel sizes along X, Y, and Z axes, but it 
would also be advisable to provide estimations of perpendicularity errors between axes. 
Additionally, as the confocal microscope can be used to perform roughness 
measurements, a specific calibration of the instrument for roughness measurements is 
advisable.  

4.2 MATERIALS AND METHODS 

The calibration procedure was carried using: 

 Leica DCM3D confocal microscope (Wetzlar, Germany) with a 10× objective 
(EPI-L, NA = 0,30). Field of view 1270 μm × 952 μm (768 × 576 pixels); 1.65 μm 
nominal voxel width. The overall range of the Z-axis is 944 μm using 2 μm axial 
steps (voxel height), but the instrument is used in a reduced working range of 
only 100 μm. 

 SensoSCAN—LeicaSCAN DCM3D 3.41.0 software developed by Sensofar Tech 
Ltd. (Terrassa, Spain). 
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In [70], it is proposed a calibration procedure that is only valid for single topography 
measurements—that is, without using image stitching. In single topography 
measurements, the XY stage is not moved during measurement, and its errors do not 
contribute to uncertainty. When using image stitching (extended topography 
measurements), the XY stage does contribute to uncertainty, and the calibration 
procedure described should be updated using techniques similar to those described in 
[149, 150]. 

The complete calibration procedure includes the following: 

 Calibration of the X and Y scales, using a stage micrometer as a reference 
measurement standard. 

 Estimation of perpendicularity error between X and Y-axes. 

 Estimation of the flatness deviation of the focal plane using an optical flat. 

 Calibration of Z scale using a calibrated steel sphere. 

 Calibration of the confocal microscope for measurement of 2D roughness using 
periodic and aperiodic 2D roughness measurement standards.  

 All uncertainties will be estimated following the mainstream GUM method (Guide 
to the Expression of Uncertainty in Measurement [9]) or EA-04/02 M:2013 
document [10] as it is a standard procedure in calibration laboratories accredited 
under ISO 17025 [11]. 

All reference measurement standards used have been chosen to be: 

 Easy to find. 

 Easy to calibrate with low enough uncertainties in NMIs or preferably in 
Accredited Calibration Laboratories (ACLs). 

 Stable mechanical artifacts that could guarantee long re-calibration intervals. 

 Common in the field of dimensional metrology to facilitate its acquisition, 
calibration, and correct use. 

4.3 CALIBARTION PROCEDURE 

In this section, the nominal values and the uncertainties of the different reference 
measurement standards used during calibration are summarized. All of them were 
calibrated in ACLs. 

It is included the calibration procedure of the confocal microscope against roughness 
standard #6 only for informative purposes. Its measurements were made using a 
sampling length of 𝑙𝑅 = 0.8 mm because of the reduced field of view of the instrument 
(with an 10x objective). However, ISO 4288 [59] recommends the use of a sampling 

length 𝑙𝑟 = 2.5 mm, which is a measurement that is impossible to achieve with a 10x 
objective. 

4.3.1 Flatness Verification 

Before calibrating the X and Y-axes, a flatness verification must be performed. It is 
necessary because it is often observed that the XY plane of the confocal microscope is 
slightly curved. This is evident when exploring a flat surface such as an optical flat whose 
total flatness error is usually lower than 50 nm. In these cases, the reference flat surface 
when observed by the confocal microscope appears curved, as if it were a cap of a 
sphere or an ellipsoid. According to manufacturers, this error is usually small enough, 
but it is impossible to carry out an accurate measurement without considering this 
component of uncertainty [151]. 
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For this calibration, it is proposed to follow a procedure based on [152], but using the 
confocal microscope instead of an interferometer. The software of the confocal 
microscope provides a topographic map of the explored surface from which the total 
flatness error (peak to peak) or the RMS flatness can be estimated. 

The calibration will be done in two positions (0° and 90°) and, therefore, two 
measurements are obtained: 

 

 

 

 

 

 

 

 

In this part of the procedure, RMS flatness deviation will be used because it is considered 
more statistically stable than the total flatness deviation. As discussed in [153] (Section 
1.3.5.6 “Measures of Scale”), the total flatness deviation—which is equivalent to the 
range—is very sensible to the presence of outliers because it is determined as the 
difference between the two most extreme points. The problem increases with the number 
𝑁 of points from which the range is determined. In our case, the number of points was 

very large (𝑁 = 768 x 576 = 442,368). For these reasons, other parameters such as the 
standard deviation (equivalent to the root mean square error), or even better, the median 
absolute deviation (MAD) should be used. Since confocal software always includes the 
RMS flatness deviation and it is not very easy to include MAD, the RMS flatness deviation 
is preferable. 

4.3.2  XY Plane Calibration 

In the literature, it is possible to find several procedures for this calibration. Following the 
studies of de Vicente et al. [154] and Guarneros et al. [155], it is possible to calibrate X 
and Y scales and estimate their perpendicularity error by making measurements of a 
stage micrometer in four positions: 

 

 

 

 

 

 

 

 

  

Figure 96 Positions (a) of the optical flat during calibration; (b) optical flat [70]. 

Figure 97 (a) The different positions of scanning for the stage micrometer; (b) the stage micrometer used 
during calibration [70]. 
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A stage micrometer is a measuring instrument easy to calibrate in a NMI or in an ACL 
with enough low uncertainty (equal to or lower than 1 µm) for the calibration of a confocal 
microscope. It is strongly recommended that the stage micrometer should be metallic 
and have the marks engraved, not painted, such as those used to calibrate 
metallographic microscopes. Marks painted over glass are difficult to detect with a 
confocal instrument. 

The matrix model proposed for calibration by de Vicente et al. [156] would be the 
following: 

[
𝑥
𝑦] = [

𝑝
𝑞] + [

𝑐𝑥𝑦 + 𝑎 𝜃/2

𝜃/2 𝑐𝑥𝑦 − 𝑎
] ∙ [

𝑝
𝑞] (1) 

Where: 

 (𝑝, 𝑞) are the readings directly provided by the confocal microscope for the 
Cartesian coordinates in the XY plane. 

 (𝑥, 𝑦) are the corrected Cartesian coordinates once the calibration parameters 
𝑐𝑥𝑦, 𝑎 and 𝜃 have been applied using the previous matrix model. 

The meanings of these three parameters are the following: 

 𝑐𝑥𝑦 represents the deviation of actual pixel width 𝑤𝑥𝑦 from the nominal pixel width 

𝑤𝑥𝑦,𝑛𝑜𝑚: 

𝑤𝑥𝑦 = 𝑤𝑥𝑦,𝑛𝑜𝑚 ∙ (1 + 𝑐𝑥𝑦) (2) 

 

 𝑎 represents the difference between pixel widths along 𝑥-axis (𝑤𝑥) and 𝑦-axis 
(𝑤𝑦): 

𝑤𝑥 = 𝑤𝑥𝑦,𝑛𝑜𝑚 ∙ (1 + 𝑐𝑥𝑦 + 𝑎) (3) 

𝑤𝑦 = 𝑤𝑥𝑦,𝑛𝑜𝑚 ∙ (1 + 𝑐𝑥𝑦 − 𝑎) (4) 

𝑤𝑥𝑦 =
(𝑤𝑥 + 𝑤𝑥)

2
 (5) 

 𝜃 represents the perpendicularity error between 𝑥-axis and 𝑦-axis. The actual 

angle between these axes is 𝜋/2 − 𝜃. 

The amplification coefficients 𝛼𝑥, 𝛼𝑦  and 𝛼𝑧 of the axes (according to ISO 25178-70 

[157]) are: 

𝛼𝑥 = 1 + 𝑐𝑥𝑦 + 𝑎 (6) 

𝛼𝑦 = 1 + 𝑐𝑥𝑦 − 𝑎 (7) 

𝛼𝑧 = 1 + 𝑐𝑧 (8) 

The use of the average pitch ℓ of the stage micrometers is recommended because it is 
the average of all individual pitches (distances between two consecutive marks) 
observed in the images provided by the confocal microscope. In the following Figure, the 
measurement of the stage micrometer in one position is summarized. 

  



71 
 

 

Figure 98 Measurement of stage micrometer in position 0º: (a) pitch measurement results in µm; (b) non-
linear errors in µm [70] 

Using special software for this task, written in Matlab®R2019a and developed at the 
Laboratorio de Metrología y Metrotecnia (LMM), it is possible to automatically detect and 
estimate the distance di of each mark from the zero mark. Using this software, all the 
distances (pitches) between two consecutive marks in the stage micrometers were 
estimated (Figure 6a). Moreover, pitches can be measured in different positions —in the 
middle and in higher and lower positions— which permits the estimation of the 
repeatability during the pitch measurements. In Figure 98a, for each pitch, the average 
value is represented by a circle, and the measurement variability around this value is 

represented with a vertical line. To estimate the non-linearity errors 𝑒𝑖 (Figure 98b), a 
straight line 𝑑𝑖 ≅ 𝑚 + ℓ ∙ 𝑖 was fitted, and the errors were estimated as 𝑒𝑖 = 𝑑𝑖 −
(𝑚 + ℓ ∙ 𝑖). The coefficient 𝑚 represents the deviation of the zero mark from its estimated 
position and ` represents the average pitch. 

If the previously mentioned special software is not available, measurements of distances 
between marks must be done by hand. However, although it is more laborious, the entire 
procedure described above for the estimation of the average pitch ℓ and non-linearity 

errors 𝑒𝑖 can be carried out without any problem. 
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At this point, let us define:  

 𝑙0 as the average pitch of the stage micrometer certified by a suitable laboratory. 

 𝑢(𝑙0) as the standard uncertainty associated to 𝑙0. 

 𝑙1, 𝑙2, 𝑙3 and 𝑙4 as the average pitches measured by the confocal microscope in 
positions 0º, 90º, 45º, and 135º, respectively. 

 𝑢(𝑙1), 𝑢(𝑙2), 𝑢(𝑙3) and 𝑢(𝑙4) as the standard uncertainty associated to 𝑙1, 𝑙2, 𝑙3 

and 𝑙4, respectively. 

When the matrix model is applied to positions 0º, 90º, 45º and 135º, we obtain the 
following expressions that permit simple estimations of calibration parameters 𝑐𝑥𝑦, 𝑎 and 

𝜃: 

Position 0°:  ℓ1 ∙ (1 + 𝑐𝑥𝑦 + 𝑎) ≅ ℓ0 (9) 

Position 90°:  ℓ2 ∙ (1 + 𝑐𝑥𝑦 − 𝑎) ≅ ℓ0 (10) 

Position 45°: ℓ3 ∙ (1 + 𝑐𝑥𝑦 + 𝜃/2) ≅ ℓ0 (11) 

Position 135°:  ℓ4 ∙ (1 + 𝑐𝑥𝑦 − 𝜃/2) ≅ ℓ0 (12) 

 

From these expressions, it is easy to conclude that possible estimations of 𝑐𝑥𝑦, 𝑎 and 𝜃: 

𝑐𝑥𝑦 =
ℓ0

4
∙ (∑

1

ℓ1

4

𝑖=1

) − 1 (13) 

with 𝑢(𝑐𝑥𝑦) =
√𝑢2(ℓ0)+[∑ 𝑢2(ℓ𝑖)4

𝑖=1 ]/16

ℓ0
 (14) 

𝑎 =
ℓ0

2
∙ (

1

ℓ1
−

1

ℓ2
) (15) 

with 𝑢(𝑎) =
√𝑢2(ℓ1)+𝑢2(ℓ2)

2ℓ0
 (16) 

 𝜃 = ℓ0 ∙ (
1

ℓ3
−

1

ℓ4
) (17) 

with 𝑢(𝜃) =
√𝑢2(ℓ3)+𝑢2(ℓ4)

ℓ0
 (18) 

Correlations between these parameters (𝑐𝑥𝑦, 𝑎 and 𝜃) are usually very small (lower than 

0,01). Therefore, these correlations can be neglected. 
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4.3.3 Z-Axis Calibration 

In [158] it is proposed to calibrate the Z-axis using a step gauge built with gauge blocks 
over an optical flat but the short field of view of confocal microscopes makes it difficult to 
carry out the calibration with this type of measurement standard. To solve this problem, 
several authors have proposed the use of step height standards [147, 159]. This kind of 
measurement standard has several grooves whose nominal depths cover the range of 
use of the confocal microscope on the Z-axis. Following their procedures, every groove 
must be measured 10 times, changing the position of the standard on the objective. 
However, if it is pretended to calibrate the Z-axis, these standards have the limitation of 
the groove depth, which usually is small to cover the measuring range of the Z-axis (note 
that the step heights used in [159] have nominal values of 0.7, 2, 7 and 24 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As measuring instruments presented above do not allow the calibration in a sufficient 
measuring range, it is proposed to carry it out using a ball bearing, that is, a small 
diameter, metallic sphere as in [160].  

 

 

 

 

 

 

 

 

  

Figure 99 (a) A step gauge built on an optical flat, (b) model of a step height standard; and (c) different 
models of step height standards' grooves [70] 

Figure 100 Steel sphere used in calibration [70]. 
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Metallic spheres are easy to find and calibrate in both NMIs and ACLs with uncertainties 
equal to or lower than 0.5 µm. The software of the confocal microscope permits to fit a 
spherical surface to the points detected over the observed surface of the spherical 
measurement standard. standard. If not, coordinates (𝑝, 𝑞, 𝑟) obtained with the confocal 
microscope can be exported to a text file and processed with a routine similar to that 
described in Appendix A of [70]. Therefore, it is possible to compare the certified 
diameter 𝐷0 of the sphere against the diameter 𝐷𝑚 of the spherical surface fitted by the 
confocal microscope.  

In this case, the matrix model needs to be extended to take into account the calibration 
of the Z-axis: 

[
𝑥
𝑦
𝑧

] = [

1 + 𝑐𝑥𝑦 + 𝑎 𝜃/2 0

𝜃/2 1 + 𝑐𝑥𝑦 − 𝑎 0

0 0 1 + 𝑐𝑧

] ∙ [
𝑝
𝑞
𝑟

] (19) 

Where: 

 (𝑝, 𝑞, 𝑟) are the readings directly provided by the confocal microscope for the 
Cartesian coordinates (𝑥, 𝑦, 𝑧). 

 The calibration parameters 𝑐𝑥𝑦, 𝑎 and 𝜃 are the same as seen previously. 

 𝑐𝑧 is a calibration parameter to permit the calibration in the Z-axis. 

Therefore, the corrected z coordinate is: 

𝑧 = (1 + 𝑐𝑧) ∙ 𝑟 (20) 

This simple matrix model supposes that there is no (or negligible) perpendicular error 
between Z-axis and XY-plane. This a hypothesis very close to reality when the Z-axis 
range is clearly lower than ranges of X and Y-axes. When Z-axis range is equal or greater 
than X and Y ranges, a more complex model must be used (zero terms in the matrix of 
the model are no longer zero, see, for example [161]). It is easy to demonstrate that, 

using the matrix model, the corrected diameter 𝐷 of the spherical surface fitted by the 
confocal microscope software is: 

𝐷 = 𝐷𝑚 ∙
1 + 2𝑐𝑥𝑦

1 + 𝑐𝑧
 (21) 

Where 𝐷𝑚 is the diameter provided by the confocal microscope prior to applying any 

calibration parameter. So, the estimation of 𝑐𝑧 is: 

𝑐𝑧 =
𝐷𝑚

𝐷0
∙ (1 + 2𝑐𝑥𝑦) − 1 (22) 

Where 𝐷0 is the certified diameter of the sphere by the ACL. The standard uncertainty of 
𝑐𝑧 is: 

𝑢(𝑐𝑧) = √
𝑢2(𝐷0) + 𝑢2(𝐷𝑚)

𝐷0
2 + 4𝑢2(𝑐𝑥𝑦) (23) 

As it is possible to see in expression (22), it exists a great dependency with 𝑐𝑥𝑦. For this 

reason, it becomes necessary to define and estimate the correlation coefficient 𝑟(𝑐𝑧, 𝑐𝑥𝑦): 

𝑟(𝑐𝑧, 𝑐𝑥𝑦) = 2 ∙
𝑢(𝑐𝑥𝑦)

𝑢(𝑐𝑧)
 (24) 

Note that the correlation coefficient is denoted as 𝑟(𝑐𝑧, 𝑐𝑥𝑦) and should not be confused 

with the reading of the confocal microscopes for the Z-axis, denoted as 𝑟. 
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4.3.4 Calibration for Roughness Measurements 

Once the Z-axis is traced using the reference sphere to the SI unit of length (the meter), 
it is possible to give an adequate traceability to any vertical roughness parameter. The 
recommendations included in documents DKD-R 4-2 [162, 163, 164] on validating the 
calibration on the z-axis with a calibration of roughness will be followed. Among the 2D 
roughness parameters presented above, one of the most widely used is the 𝑅𝑎. For this 
reason, the calibration will be performed considering this parameter. However, the 
calibration may be extended to other 2D roughness vertical parameters (𝑅𝑞, 𝑅𝑝, 𝑅𝑣, 𝑅𝑧 

or others) using the same procedure but with minor variations. 

Calibration will be performed in the range 0.1 µm < 𝑅𝑎 ≤ 2 µm. According to [59], the 
sampling length for this range should be 𝑙𝑟= 0.8 mm, which is possible to carry out with 

a field of view of 1270 x 952 µm. For 𝑅𝑎 > 2 µm, the sampling length should be 𝑙𝑟= 2.5 
mm, which is not possible to carry out with a field of view of 1270 x 952 µm. It makes no 

sense to measure 𝑅𝑎 < 0.1 µm with an instrument with repeatability in z-axis of around 
0.5 µm. Therefore, calibration for 𝑅𝑎 < 0.1 µm and 𝑅𝑎 > 2 µm is discarded. 

The standards used to measure roughness are the following: 

 

 

 

 

 

 

 

Between all the types of 2D roughness standards that could be found in Section 7 of ISO 
25178-70 [157], it is recommended the use of aperiodic standards because they cover a 
wide range of wavelengths. However, periodic standards were used in this case in order 
to complete the range of measurements between 0.1 µm and 2 µm for different 
calibration points and for different materials. They will be used three different roughness 
standards of each type with nominal values of 𝑅𝑎 uniformly distributed along the range 
of calibration. 

These standards are measured over five different zones in two different orientations 
(Figure 102a, b). In each zone, the measurement will be carried out along a line 
perpendicular to the roughness lines (Figure 102c) and located at the center of the zone. 
Therefore, a total of 2 x 5 = 10 roughness measurements from each standard are 
obtained. 

 

 

 

 

 

 

 

  

Figure 101 Step height standards used during calibration. (a) aperiodic, metallic standards 
(b) periodical, glass standards [70]. 

Figure 102 Location of the five scanning positions for roughness calibration: (a) horizontal orientation; (b) 
vertical orientation; and (c) location of measurement lines [70]. 
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There will be differences between measurements obtained with a confocal microscope 
and measurements obtained with a stylus instrument [4, 165]. The main reasons are: 

 Optical instruments present higher instrument noise than stylus instruments. This 
is because there are effects of multiple scattering and discontinuities. As a 
consequence, optical instruments tend to overestimate surface roughness. 

 Stylus instruments permit evaluation lengths 𝑙𝑛 that are as long as estates in [59]. 
Microscopes usually have small fields of view that limit the maximum length of 
the profile that can be scanned. In this case, the confocal microscope described 
above has a maximum evaluation length of 1.27 mm. Therefore, only one 
sampling length 𝑙𝑅 = 0.8 mm could be used. Using only one sampling length 

instead of five usually causes a bias toward lower 𝑅𝑎 values, which are 
accompanied by an increase in variability. The effect is considerably higher when 

even the sampling length 𝑙𝑟 has to be reduced. 

To ensure a good match between roughness measurements performed with stylus 
instruments and optical instruments, the concept of “bandwidth matching” should be 
applied. This term refers to the good correspondence between the spectral bandwidths 
of two different instruments used for roughness measurements [45]. The effective 
spectral bandwidth of a roughness-measuring instrument is limited by the two cut-off 
wavelengths, 𝜆𝑠 (a high-pass filter), and 𝜆𝑐 (a low-pass filter), and it is influenced by the 
X-axis resolution and tip radius in stylus instruments or lateral resolution and pixel size 
in optical instruments.  

4.3.5 Certified values of the standards 

In Table 9, the nominal values, and the uncertainties of the material reference standards: 

Table 9 Nominal values and the uncertainties of the material reference standards used during calibration.1 
Sm is a spacing parameter defined as the mean spacing between peaks. Sm values included in this table 
are only informative. RMS: root mean square error. 

  

Reference 
Measurement Std. 

Parameter 
Certified Value 

(µm) 
Std. Uncertainty 

(𝒌 = 𝟏) (μm) 

Optical flat 
Total flatness error 0.118 0.025 

RMS flatness 0.028 0.007 

Stage Micrometer Average pitch ℓ0 9.980 0.005 

Sphere Diameter 𝐷𝑜 4 001.08 0.25 

Roughness std. #1 
metallic, aperiodic 

𝑅𝑎  (𝑅0) 

𝑆𝑚 1 

0.183 

48 

0.039 

 

Roughness std. #2 
metallic, aperiodic 

𝑅𝑎  (𝑅0) 

𝑆𝑚 1 

0.512 

185 

0.041 

 

Roughness std. #3 
metallic, aperiodic 

𝑅𝑎  (𝑅0) 

𝑆𝑚 1 

1.677 

176 

0.057 

 

Roughness std. #4 
glass, periodic 

𝑅𝑎  (𝑅0) 

𝑆𝑚 1 

0.460 

100 

0.030 

 

Roughness std. #5 
metallic, aperiodic 

𝑅𝑎  (𝑅0) 

𝑆𝑚 1 

0.850 

120 

0.030 

 

Roughness std. #6 
glass, periodic 

𝑅𝑎  (𝑅0) 

𝑆𝑚 1 

2.440 

200 

0.080 
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4.4 RESULTS 

In this section the main results collected in [70] are presented and commented. 
Additionally, the results obtained in an intercomparison are included. 

4.4.1 Flatness Verification 

Figure 132 shows a topographic image of the optical flat of Figure 96 that was used as 
a flatness calibration surface. This optical flat was previously calibrated in an accredited 
laboratory. As shown in Table 9, the total flatness error was 118 nm with a standard 

uncertainty of 25 nm (𝑘 = 1), and and its RMS flatness was 28 nm with a standard 
uncertainty of 7 nm (𝑘 = 1).  

 

 

 

 

 

 

 

 

 

Note the absence of significant curvature in the XY plane. A slight uncorrected curvature 
of about 0.6 μm (peak to peak) was observed, which is small and could be neglected 
when compared with the Z-axis axial step (2.0 μm) and observed instrument noise (about 
1.0 μm peak to peak). This could be an empirical demonstration of a good adjustment 
and/or correction of the microscope by the manufacturer. In a situation such as this, there 
is no need to apply any further correction to compensate the curvature of the XY plane. 

Table 10 shows the results of the measurements performed with the confocal 
microscope (in both positions 0º and 90º). 

 

 

 

Table 10 RMS flatness measured with the confocal microscope in positions 0 

Note that these RMS values are small when compared with the Z-axis axial step of 2.0 
μm. Therefore, they were probably caused by the lack of repeatability of the instrument. 
In any case, the most conservative option is to estimate a component of the uncertainty 
associated with the possible curvature of the XY plane equal to the average value of both 
RMS values. This way: 

𝑢FLT = 0.54 µm (25) 

A better estimation for 𝑢FLT would likely be to quadratically subtract the RMS flatness of 
the optical flat (0.028 μm): 

𝑢FLT = √(0,54 µm)2 − (0,028 µm)2 = 0,539 µm (26) 

Regardless, we considered that the first estimation (𝑢FLT = 0.54 µm) is slightly more 
conservative and clearly simpler.  

Position RMS value (μm) 

0° 0.48 

90° 0.59 

Figure 103 Result of the flatness measurement performed over the optical flat 
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4.4.2 XY Plane Calibration 

The following figure shows the four positions (0º, 45º, 90º, 135º) in which the stage 
micrometer was measures in the confocal microscope during XY plane calibration. 

 

Figure 104 Different measurement positions (0º, 45º, 90º, 135º) of the stage micrometer 

In each position, the average pitch 𝑙i was determined from readings provided by the 
confocal microscope. The results are shown in Table 11. 

Table 11 Measurements of the average pitch 𝑙𝑖 in different orientations. 

From Table 9, remember that the stage micrometer has a certified average pitch ℓ0 = 
9,980 µm with a standard uncertainty 𝑢(ℓ0) = 0,005 µm. 

The average value for repeatability in the XY plane was 𝑠𝑟(𝑥) = 𝑠𝑟(𝑦)= 0.4 µm. It is a 
reasonable value when compared with 1,65 µm lateral resolution (nominal voxel width). 

Using the expression (13) to (18), we obtained the following estimations for calibration 
parameters 𝑐𝑥𝑦, 𝑎 and 𝜃. All the parameters are dimensionless: 

𝑐𝑥𝑦 =
ℓ0

4
∙ (

1

ℓ1
+

1

ℓ2
+

1

ℓ3
+

1

ℓ4
) − 1 = 0,008 83 (27) 

with 𝑢(𝑐𝑥𝑦) =
√𝑢2(ℓ0)+[𝑢2(ℓ1)+𝑢2(ℓ2)+𝑢2(ℓ3)+𝑢2(ℓ4)]/16

ℓ0
= 0,000 50 (28) 

𝑎 =
ℓ0

2
∙ (

1

ℓ1
−

1

ℓ2
) = −0,000 040 (29) 

with 𝑢(𝑎) =
√𝑢2(ℓ1)+𝑢2(ℓ2)

2ℓ0
= 0,000 036 (30) 

𝜃 = ℓ0 ∙ (
1

ℓ3
−

1

ℓ4
) = −0,000 798 (31) 

with 𝑢(𝜃) =
√𝑢2(ℓ3)+𝑢2(ℓ4)

ℓ0
= 0,000 074 (32) 

Observing the non-linearity RMS values in Table 11, the overall standard uncertainty 
estimation for non-linearity in the XY-plane was 𝑢NL,𝑥𝑦 = 0,7 µm. 

  

Position 
Average Pitch 

𝓵𝒊(μm) 
Uncertainty 
𝒖(𝓵𝒊) (μm) 

Repeatability s 
(μm) 

Non-Linearity 
RMS (μm) 

0° 9,892 34 0,000 53 0,34 0,71 

45° 9,897 33 0,000 57 0,38 0,60 

90° 9,891 56 0,000 49 0,42 0,69 

135° 9,889 50 0,000 47 0,34 0,61 
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4.4.3 Z-Axis Calibration 

In Figure 105, an example of a measurement of the spherical cap of a stainless-steel 
reference sphere with a 4-mm nominal diameter is shown. It is a three-dimensional 
reconstruction of the sphere surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using this information, the confocal microscope software can perform a least-square 
fitting to a spherical surface from which we could estimate the diameter of the sphere 
and RMS error of the fit. If the confocal software does not permit fitting a spherical 
surface, a code similar to the one described and listed in Appendix A of [70] can be used. 

In this calibration, two different types of illumination were used (white and blue light), and 
measurements were taken in three orientations: 0º, 45º, and 90º. There were 𝑛 = 6 
measurements. The results obtained during the measurement of the bearing steel 
sphere are presented in Table 12: 

 

 

 

 

 

 

 

 

Table 12 Root mean square error and diameter 𝐷𝑚 of the spherical caps fitted using least squares 

With these measurements of the diameter, it is possible to calculate the average value 

and the standard deviation and, with this, estimate the 𝑢(Dm
̅̅ ̅̅ ): 

  

Position Illumination 
RMS error 

(μm) 
Diameter 
𝑫𝒎 (mm) 

0° Blue 0,86 3,9740 

45° Blue 1,08 3,9562 

90° Blue 1,08 3,9638 

0° White 0,86 3,9740 

45° White 0,89 3,9828 

90° White 0,87 3,9766 

Figure 105 Results of the measurement of a bearing sphere with white light 
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𝐷𝑚
̅̅ ̅̅ =

∑ 𝐷𝑖𝑖

6
= 3.9712 mm (33) 

𝑠(𝐷𝑚𝑖) = √
1

6
· ∑(𝐷𝑖 − 𝐷𝑚

̅̅ ̅̅ )2

𝑖

= 0.0096 mm (34) 

𝑢(�̅�𝑚) =
𝑠(𝐷𝑚)

√𝑛
=  0.0039 mm  (35) 

The RMS error is an estimation of the repeatability in the Z-axis that, probably, includes 
to the non-linearity in the Z-axis. In this case, the mean value for Z-axis repeatability 
would be𝑠𝑟(𝑧)  = 0,8 µm which seems to be a reasonable value when compared with the 
Z-axis axial step of 2 µm. 

As shown in Table 9, the certified value for the diameter of the reference sphere was 
𝐷0 = 4.0011 mm with a standard uncertainty 𝑢(𝐷0) = 0.25 µm. Using the expressions 

(22) to (24), it can be estimated the Z-axis calibration parameter 𝑐𝑧 : 

𝑐𝑧 =
𝐷𝑚

𝐷0
∙ (1 + 2𝑐𝑥𝑦) − 1 = 0,0101 (36) 

with 𝑢(𝑐𝑧) = √
𝑢2(𝐷0)+𝑢2(�̅�𝑚)

𝐷0
2 + 4𝑢2(𝑐𝑥𝑦) = 0,0014 (37) 

𝑟(𝑐𝑧, 𝑐𝑥𝑦) = 2 ∙
𝑢(𝑐𝑥𝑦)

𝑢(𝑐𝑧)
= 0,72 (38) 

This correlation coefficient is clearly higher than zero showing a strong positive 
correlation between 𝑐𝑧 and 𝑐𝑥𝑦 that should be considered after calibration when needed. 

Correlation coefficients 𝑟(𝑐𝑧, 𝑎) and 𝑟(𝑐𝑧, 𝜃) are usually very small (lower than 0,01) and 

therefore correlation between 𝑐𝑧 and parameters 𝑎 and 𝜃 can be neglected. 

4.4.4  Calibration for Roughness Measurements 

As an example of data acquisition results when measuring a material roughness 
standard, the following figures show three-dimensional reconstructions of the surface of 
an aperiodic, metallic roughness standard (Figure 106) and a periodic, glass roughness 
standard (Figure 107). 

 

 

 

 

 

 

 

 

 

 

  

Figure 106 Measurement of an aperiodic roughness standard with a confocal microscope: 3D view of the 
measurement results 
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Calibration was performed by repeating the measurements of six roughness standards 
10 times (five zones, two orientations, see Figure 102). The results are summarized in 
Table 13: 

Table 13 Results obtained when calibrating the confocal microscope. 1 Values obtained when measuring 
roughness standard #6 are included in this table only by informative reasons. Measurements of this standard 
were made using a sampling length 𝑙𝑟 = 0,8 mm, because of the reduced field of view of the instrument, 

instead of a sampling length 𝑙𝑟 = 2,5 mm as recommended by [59] 

In Table 13: 

 �̅� are the average results of the 10 repeated measurements of the direct 
readings 𝑅. 

 𝒔(𝑹) are the corresponding standard deviations. This parameter also shows the 
repeatability of the measurements. It can be concluded from Table 13 that a 
typical value for this parameter is 0.07 µm, which is the quadratic average of 
repeatabilities.  

 𝑹𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 are the corrected readings after applying the following expression: 

�̅� ∙ (1 + 𝑐𝑧) (39) 

Remember that 𝑐𝑧 is the calibration parameter using only one sampling length 
𝑙𝑟 = 0,8 mm. As stated in [165], the reduction in the number of sampling lengths 

from five to one caused slightly lower values for 𝑅𝑎 and higher variabilities. Note 
that corrected values were always higher than the certified values 𝑅0. It seems 

that for surface roughness similar to the nominal voxel height (𝜔𝑧 = 2 𝜇𝑚), 
readings provided by the confocal microscope presented a positive bias caused 
by noise observed, for example, when measuring an optical flat. 

  

Ref. Meas. Std. �̅� (μm) 𝒔(𝑹) (μm) 𝑹𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 (μm) 
Bias estimation. 

𝒃 (μm) 

Uncertainty 
𝒖(𝒃) (μm) 

Roughness std. #1 0,43 0,06 0,43 0,25 0,04 

Roughness std. #2 0,59 0,06 0,60 0,08 0,05 

Roughness std. #3 1,70 0,11 1,71 0,04 0,07 

Roughness std. #4 0,51 0,04 0,52 0,06 0,03 

Roughness std. #5 0,95 0,05 0,96 0,11 0,03 

Roughness std. #6 1 2,50 0,06 2,53 0,09 0,08 

Figure 107 Measurement of a periodic roughness standard with a confocal microscope: 3D view of the 
measurement results with roughness lines (a) parallel to the X-axis and (b) parallel to the Y-axis 
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It also important to note that the RMS flatness observed when measuring the optical flat 

(0.54 µm) was slightly higher than the 𝑅𝑎 values that were observed when measuring 
roughness standard #1, which is a quasi-flat surface (certified value 𝑅𝑎 = 0.183 𝜇𝑚) for 
an instrument with a voxel height of 2 µm. As is possible to see above, the definition of 
𝑅𝑎 is similar but not equal to the definition of RMS flatness, but most importantly, this 
parameter was evaluated after filtering the readings using a low-pass filter (defined 
through the sampling length 𝑙𝑟). 

Besides, it is suggested to estimate the positive bias at each calibration point using the 
following expression:  

𝑏 = �̅� ∙ (1 + 𝑐𝑧) − 𝑅0 (40) 

with 𝑢(𝑏) = √𝑢2(𝑅0) + �̅�2 ∙ 𝑢2(𝑐𝑧) +
𝑠2(𝑅)

𝑛
 (41) 

�̅� =
∑ 𝑏𝑖

𝑁
𝑖=1

𝑁
=

𝑏1 + 𝑏2 + 𝑏3 + 𝑏4 + 𝑏5

5
= 0,11 µm (42) 

with  𝑢(�̅�) =
1

𝑁
∑ 𝑢(𝑏𝑖)𝑁

𝑖=1 =
𝑢(𝑏1)+𝑢(𝑏2)+𝑢(𝑏3)+𝑢(𝑏4)+𝑢(𝑏5)

5
= 0,05 µm (43) 

These results are represented graphically in Figure 108 in order to analyze their 
metrological compatibility. 

 

 

 

 

 

 

 

 

Red lines represent values corresponding to metallic, aperiodic standards #1, #2, and 
#3. Green lines represent values corresponding to standards #4 and #5. The blue line is 
the result from standard #6 that will not be considered. Horizontal black solid line 

corresponds to the average value �̅� of the first roughness standards. Vertical lines 

represent uncertainty intervals 𝑏𝑖 ± 𝑈(𝑏𝑖) where: 

 The suffix 𝑖 refers to the roughness standard used. 

 The expanded uncertainty 𝑈(𝑏𝑖) = 𝑘 · 𝑢(�̅�) is evaluated using a coverage factor 

𝑘 = 2, according to Section 6.2.1 of [9]. When analyzing the compatibility 
between measurement results, it is very common to use this value of coverage 
factor to estimate the expanded uncertainties.  

As it is possible to see in Figure 108, there is a high correlation between bias. After 
performing several estimations in different situations, it is possible to obtain correlation 

coefficients 𝑟(𝑏𝑖, 𝑏𝑗) as high as +0.8. For this reason, it is suggested to use 𝑟(𝑏𝑖, 𝑏𝑗) = 1, 

which leads to higher estimations for the uncertainty 𝑢(�̅�). The uncertainty interval �̅� ±

𝑈(�̅�) is represented by the space between the higher and lower black dotted lines. All 

the uncertainty intervals 𝑏𝑖 ± 𝑈(𝑏𝑖) overlap the interval �̅� ± 𝑈(�̅�). Notwithstanding, point 

𝑏1 is outside the interval �̅� ± 𝑈(�̅�). This could indicate that some variability of the bias 𝑏 

was not taken into account in 𝑢(�̅�). Suppose that 𝛿𝑏 is a uniform random variable of null 

mean and a full range 𝑏𝑚𝑎𝑥 − 𝑏𝑚𝑖𝑛.   

Figure 108 Bias observed at each calibartion point (roughness calibration) 
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Then, its standard uncertainty would be: 

𝑢(𝛿𝑏) =
𝑏max − 𝑏min

√12
= 0,06 µm (44) 

In order to estimate the noise of the instrument, according to [162, 163, 164], 10 
measurements over an optical flat in two orientations (0º and 90º) has been taken. For a 
confocal microscope, an optical flat is a specimen with null roughness (very small in 

comparison with its noise). In a similar way, values of 𝑅𝑎 obtained over an optical flat are 
a very good estimation of the instrument noise. The average value and the standard 

deviation of the 10 𝑅𝑎 values were 𝑅𝑎
̅̅̅̅ = 0.09 µm and 𝑠(𝑅𝑎) = 0.003 µm, respectively. 

Therefore, a good estimation for the uncertainty component associated with noise 
instrument is: 

𝑢noise = �̅�𝑎 = 0,09 µm 
(45) 

Table 14 summarizes the results obtained during the confocal microscope calibration: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 14 Results of calibration 

It is important to highlight that these results are only valid for measurements made with 
the same objective (10x). If other objectives are used, a whole recalibration is needed 
for each new objective. 

  

Parameter Value Units Std. Uncertainty 

𝑐𝑥𝑦 0,008 83 - 0,000 50 

𝑎 - 0,000 040 - 0,000 036 

𝜃 - 0,000 798 - 0,000 074 

𝑐𝑧 0,010 1 - 0,001 4 

𝑟(𝑐𝑥𝑦, 𝑐𝑧) 0,72 - - 

𝑢FLT 0,54 µm - 

𝑢NL,𝑥𝑦 0,70 µm - 

𝑠𝑟(𝑥) = 𝑠𝑟(𝑦) 0,40 µm - 

𝑠𝑟(𝑧) 0,80 1 µm - 

�̅� +0,11 µm 0,05 

𝛿𝑏 0 µm 0,06 

𝑠(𝑅) 0,07 µm  

𝑢noise 0,09 µm  
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4.5 DISCUSION 

From Table 14 it can be observed that: 

 The effects and their uncertainties were the highest for parameters 𝑐𝑥𝑦 and 𝑐𝑧. If 

their effects are not corrected, their contribution to the relative expanded 
uncertainty would be around 1%. Fortunately, the software of confocal 
microscopes usually permits users to introduce their value in order to 
compensate their effects. If this compensation is done, their contribution to the 
relative expanded uncertainty is reduced to 0.3% 

 The effect of parameter 𝑎 (difference between pixel lengths along X and Y axes) 
is negligible. Its absolute value is lower than its expanded uncertainty 𝑈(𝑎) = 𝑘 ·
𝑢(𝑎) (for 𝑘 = 2); therefore, the null hypothesis 𝑎 = 0 could not be rejected. Its 
contribution to the relative expanded uncertainty is very low (around 0.01%). 

 The effect of parameter 𝜃 (perpendicularity error between X and Y axes) seems 
to be significant (its absolute value wis clearly higher than its expanded 
uncertainty), but its contribution to the relative expanded uncertainty (around 
0.1%) is clearly negligible in comparison with 𝑐𝑥𝑦 and 𝑐𝑧. 

 The contributions 𝑢FLT and the non-linearity in X and Y axes are clearly lower 
than the voxels dimensions (𝑤𝑥𝑦 = 1,65 µm and 𝑤𝑧 = 2 µm). Therefore, the 

instrument adjustment performed by the manufactured seems to have been 
good. 

 The repeatabilities in the XY-plane and in the Z-axis, in comparison with voxels 
dimensions, are clearly low. Again, this can be used to conclude that the 
instrument is working well.   

 In roughness measurements (which only apply when using 𝑅𝑎 parameter), 

repeatability 𝑠(𝑅), average bias �̅�, bias variability 𝑢(𝛿𝑏) and instrument noise 

𝑢noise are very small in comparison with voxel height 𝑤𝑧 = 2 µm. 

Considering everything established above, let's proceed to estimate the expanded 
uncertainty for: 

 Length measurements in the XY Plane. 

 Height measurements along the Z-axis 

 Roughness measurements. 

4.5.1 Expanded Uncertainty Estimation for Length 
Measurements in the XY Plane 

As it was pointed out, the instrument software usually permits to introduce parameters 
𝑐𝑥𝑦 and 𝑐𝑧 in order to apply the corresponding corrections. On the contrary, parameters 

𝑎 and 𝜃 cannot be introduced. Therefore, the effect of uncorrected, non-null parameters 

𝑎 and 𝜃 would be considered as a systematic effect which equivalent standard 

uncertainty would be respectively |𝑎|/√3 and |𝜃|/√3.  

For length measurement performed in plane XY the following expression could be a good 
estimate of its expanded uncertainty, where pixel width component has been estimated 

as 𝑤𝑥𝑦/√12 (uniformly distributed between ±𝑤𝑥𝑦/2). 

𝑈(𝐿𝑥𝑦) = 𝑘 ∙ √𝐿𝑥𝑦
2 ∙ {𝑢2(𝑐𝑥𝑦) +

𝑎2

3
+ 𝑢2(𝑎) +

1

2
[

𝜃2

3
+ 𝑢2(𝜃)]} + 𝑢NL,𝑥𝑦

2 + 𝑠𝑟
2(𝑥) +

𝑤𝑥𝑦
2

12
≤ 1,9 µm +

𝐿

1600
  (46) 
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Uncertainty components for which no distribution was described were supposed to have 
normal distributions. In such situations, where there are many uncertainty components 
(eight components) and most of them are normally distributed and they contribute 
similarly to the total combined uncertainty, it can be supposed that the output variable 𝐿𝑥𝑦 

is normally distributed [10]. Therefore, a coverage factor 𝑘 = 2 can be used when 
computing the expanded uncertainty assuming a coverage probability of approximately 
95%. 

4.5.2 Expanded Uncertainty Estimation for Height 
Measurements along the Z-Axis 

For height measurement (0 ≤ ℎ ≤ 100 µm, the Z-range approximately covered by the 
sphere cap measured) the following expression gives us a reasonable estimation of its 
expanded uncertainty 𝑈(ℎ) for a coverage factor 𝑘 = 2: 

𝑈(ℎ) = 𝑘 ∙ √ℎ2 ∙ 𝑢2(𝑐𝑧) + 𝑢FLT
2 + 𝑠𝑟

2(𝑧) +
𝑤𝑧

2

12
≤ 2,2 µm +

ℎ

120
 (47) 

Now there are four uncertainty components, three of them are distributed normally and 

only one 𝑤𝑧 is distributed uniformly, but 𝑤𝑧 is never the dominant contribution. Again, in 
a situation like this, a coverage factor 𝑘 = 2 can be used when computing the expanded 
uncertainty assuming a coverage probability of approximately 95% [10]. 

4.5.3 Expanded Uncertainty Estimation for Roughness 
Measurements 

Following recommendations of documents DKD-R 4-2 [162, 163, 164], a model for a 

corrected 𝑅𝑎 roughness measurement performed after instrument calibration would be: 

𝑅𝑎 = �̅� ∙ (1 + 𝑐𝑧) − (�̅� + 𝛿𝑏) + 𝛿𝑅noise (48) 

Where now, �̅� is the average of 𝑚 repeated measurements made over the specimen 

being measured, and 𝛿𝑅noise is a random variable of null mean distributed normally with 
standard deviation 𝑢noise. The standard uncertainty of 𝑅𝑎 is: 

𝑢(𝑅𝑎) = √
𝑠2(𝑅)

𝑚
+ �̅�2 ∙ 𝑢2(𝑐𝑧) + 𝑢2(�̅�) + 𝑢2(𝛿𝑏) + 𝑢noise

2  (49) 

with 𝑈(𝑅𝑎) = 𝑘 ∙ √
𝑠2(𝑅)

𝑚
+ �̅�2 ∙ 𝑢2(𝑐𝑧) + 𝑢2(�̅�) + 𝑢2(𝛿𝑏) + 𝑢noise

2  (50) 

In this case, there are five uncertainty components, 𝛿𝑏 is distributed uniformly, and �̅� 
follows a t-Student distribution with 𝜈 = 𝑚 − 1 degrees of freedom. If we compute the 

degrees of freedom of the output variable 𝑅𝑎, the result is approximately 𝜈(𝑅𝑎) =30. With 
𝜈(𝑅𝑎) > 10 it is possible to use a coverage factor 𝑘 = 2 corresponding to a coverage 
probability of approximately 95% [10]. Then, assuming that measurements will be 
repeated 𝑚 = 3 times, the expanded uncertainty would be: 

𝑈(𝑅𝑎) < 0,25 µm (51) 

This value is very good for an instrument with a voxel height of 𝑤𝑧 = 2 µm. 
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4.6 EXPERIMENTAL APPLICATIONS OF THE CALIBRATION 

4.6.1 Propagation of Uncertainty When Measuring the Radius of 
a Cylindrical Surface 

As an example of uncertainty propagation in dimensional measurements, in the Section 
4.4 of [70] it is presented the case of a measurements of the radius of the cylindrical 
surface of a steel var with a nominal value of 2.75 mm. 

 

 

 

 

 

 

 

 

 

 

 

The uncertainty propagation has been done using Monte-Carlo Simulation [166] and it 
was obtained that the radius of the steel bar and its expanded uncertainty, for 𝑘 = 2, is 
𝑅 = (2,7907 ± 0,0061) mm. See Section 4.4 of [70] for more details. 

4.7 RESULTS OF SURFACE ROUGHNESS COMPARISON 
BETWEEN STYLUS INSTRUMENTS AND CONFOCAL 
MICROSCOPES 

Periodically, ACL’s are evaluated by the corresponding National Accreditation Entity to 
check if they meet the quality requirements specified in [11] to prove its competence, 
impartiality, and consistent operation. As a part of the accreditation process, ACLs could 
be asked to present the results of interlaboratory comparisons. This is defined in section 
3.3 of [11] as the “organization, performance and evaluation of measurements or test on 
the same or similar items by two or more laboratories in accordance with predetermined 
conditions”. This is performed by ACLs to evaluate its performance, to validate 
measurement procedures, ensure the validity of measurement results. In LMM-R-2019, 
which was an interlaboratory comparison in roughness, have participated [70, 159]: 

 Seven different ACLs, including the coordinator laboratory (LMM), that carried 
out the measurements using stylus instruments. 

 Two research laboratories, the LMD and CL-UPM. They have participated using 
their calibrated confocal microscopes. 

  

Figure 109 Measurement of a cylindrical surface 
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4.7.1 Experimental procedure 

For this comparison, it is used a metallic, aperiodic 2D roughness standard, HALLE 
brand, model A1, with serial number 1293727. Roughness must be measured on its 
standard face, using the roughness parameters Ra (nominal value Ra = 0,80 μm) and 

Rz (nominal value Rz = 4.5 μm), with an evaluation length of 𝑙𝑛 = 4 𝑚𝑚 and with a 
sampling length of  𝑙𝑛 = 0.8 𝑚𝑚,  according to [59]. Note that confocal microscopes may 
not reach these values of evaluation and sampling length. 

However, they should get as close to them as possible. The measurement should be 
done over the evaluation surface, as close to the axis of the measuring face as possible, 
avoiding exceeding the area delimited by the engraved dark marks and as centered as 
possible. 

For the evaluation of performance between laboratories, [167] establishes several 
statistical parameters, being the compatibility index (denoted 𝐸𝑛) one of the most used. 
For each couple of laboratories, it will be calculated the difference between labs and the 
𝐸𝑛, using the following expressions: 

Differences: 𝐷𝑖𝑗 = 𝑥𝑖 − 𝑥𝑗 (52) 

Compatibility index: 𝐸𝑛 =
|𝐷𝑖𝑗|

√𝑈2(𝑥𝑖)+𝑈2(𝑥𝑗)

 
(53) 

4.7.2 Results 

The result obtained for Ra measurements and the compatibility indexes between 
laboratories are those shown in Table 15: 

Table 15 Ra values, estimated uncertainty and compatibility indexes obtained in the comparison LMM-R-
2019 

The result obtained for Rz measurements and the compatibility indexes between 
laboratories are those shown in Table 16. Note that in the case of CL-UPM confocal 
microscope, as the software didn’t provide it, it hadn’t been obtained Rz value:   

  LMM-1 Lab1 Lab2 Lab3 Lab4 Lab5 Lab6 LMD 
LMD-

Conf 

CL-

UPM 
LMM-2 

 xi 0,80 0,82 0,84 0,83 0,84 0,84 0,81 0,82 0,82 0,75 0,79 

xi U(xi) 0,09 0,09 0,08 0,07 0,08 0,08 0,08 0,09 0,12 0,06 0,09 

0,80 0,09 +0,00 +0,12 +0,33 +0,26 +0,33 +0,33 +0,08 +0,16 +0,13 -0,46 -0,11 

0,82 0,09 -0,12 +0,00 +0,19 +0,12 +0,19 +0,19 -0,05 +0,03 +0,03 -0,59 -0,20 

0,84 0,08 -0,33 -0,19 +0,00 -0,09 +0,00 +0,00 -0,27 -0,17 -0,14 -0,90 -0,42 

0,83 0,07 -0,26 -0,12 +0,09 +0,00 +0,09 +0,09 -0,19 -0,09 -0,07 -0,87 -0,35 

0,84 0,08 -0,33 -0,19 +0,00 -0,09 +0,00 +0,00 -0,26 -0,16 -0,14 -0,89 -0,41 

0,84 0,08 -0,33 -0,19 +0,00 -0,09 +0,00 +0,00 -0,27 -0,17 -0,14 -0,90 -0,42 

0,81 0,08 -0,08 +0,05 +0,27 +0,19 +0,26 +0,27 +0,00 +0,08 +0,07 -0,60 -0,17 

0,82 0,09 -0,16 -0,03 +0,17 +0,09 +0,16 +0,17 -0,08 +0,00 +0,00 -0,65 -0,24 

0,82 0,12 -0,13 -0,03 +0,14 +0,07 +0,14 +0,14 -0,07 +0,00 +0,00 -0,52 -0,20 

0,75 0,06 +0,46 +0,59 +0,90 +0,87 +0,89 +0,90 +0,60 +0,65 +0,52 +0,00 +0,37 

0,79 0,09 +0,11 +0,20 +0,42 +0,35 +0,41 +0,42 +0,17 +0,24 +0,20 -0,37 +0,00 
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Table 16 Rz values, estimated uncertainty and compatibility indexes obtained in the comparison LMM-R-
2019 

As it is possible to observe in both cases, the different laboratories have obtained good 
results and the laboratories present compatibility indexes lower than 0.9. This value is 
from which it is recommended to start investigating if there have been any problems 
during the comparison. Furthermore, other valuable result is that confocal microscopes 
have made a good performance. Therefore, with a good calibration, confocal 
microscopes and other 2.5D and 3D surface measuring instruments could obtain 
measurements of different, significant roughness parameters with great results and 
could be a great option in interlaboratory comparisons. 

  

  LMM-1 Lab1 Lab2 Lab3 Lab4 Lab5 Lab6 LMD 
LMD-
Conf 

CL-
UPM 

LMM-2 

 xi 4,31 4,54 4,68 4,48 4,54 4,45 4,51 4,51 4,58  4,24 

xi U(xi) 0,23 0,51 0,68 0,36 0,34 0,39 0,46 0,39 0,48  0,23 

4,31 0,23 +0,00 +0,41 +0,52 +0,40 +0,56 +0,31 +0,39 +0,44 +0,51  -0,30 

4,54 0,51 -0,41 +0,00 +0,16 -0,10 +0,00 -0,14 -0,04 -0,05 +0,06  -0,54 

4,68 0,68 -0,52 -0,16 +0,00 -0,26 -0,18 -0,29 -0,21 -0,22 -0,12  -0,61 

4,48 0,36 -0,40 +0,10 +0,26 +0,00 +0,12 -0,06 +0,05 +0,06 +0,17  -0,56 

4,54 0,34 -0,56 +0,00 +0,18 -0,12 +0,00 -0,17 -0,05 -0,06 +0,07  -0,73 

4,45 0,39 -0,31 +0,14 +0,29 +0,06 +0,17 +0,00 +0,10 +0,11 +0,21  -0,46 

4,51 0,46 -0,39 +0,04 +0,21 -0,05 +0,05 -0,10 +0,00 +0,00 +0,11  -0,52 

4,51 0,39 -0,44 +0,05 +0,22 -0,06 +0,06 -0,11 +0,00 +0,00 +0,11  -0,60 

4,58 0,48 -0,51 -0,06 +0,12 -0,17 -0,07 -0,21 -0,11 -0,11 +0,00  -0,64 

             

4,24 0,23 +0,30 +0,54 +0,61 +0,56 +0,73 +0,46 +0,52 +0,60 +0,64  +0,00 
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5 DESIGN AND CALIBRATION OF 
CUSTOMIZED SURFACE STANDARDS 

In this section, the contents of the article “Design of Industrial Standards for the 
Calibration of Optical Microscopes” [60] are collected. 

5.1 COMMERCIAL SURFACE STANDARDS 

In the first part of this section, the problems on giving traceability to surfaces will be 
exposed. Secondly, lector will find a short review where the different models of 
commercial surface standards included in normative, and the last developments are 
exposed. Finally, this section includes a list of materials and manufacturing processes 
for this kind of standards. 

5.1.1 Generalities 

As stated above, one of the most important fields of study in material science is surface 
texture, where interest in its characterization and control have increased dramatically 
recently [4, 51, 69]. This topic is currently a field of growing interest as many functional 
properties depend on the surface texture. In this field, the different fields of metrology 
play an important role in helping researchers and engineers to study and work on: 

 Understanding the main features of materials such as their surface geometry, 
internal structure, and chemical composition. 

 The design and development of new materials, applications and technologies 
using all the knowledge obtained from the study of materials. 

In addition, the current tendency in industry is towards the miniaturization of systems and 
materials and the fabrication of parts at the micro- and nano-scale. For this reason, 
metrology is a powerful tool to ensure more stable production, to reduce scrap and the 
cost of non-conformities. By controlling them, it is possible to increase the knowledge 
about materials science and industrial processes and to carry out continuous 
improvements. A correct surface control can define the functionality of the product and 
affects performance and life service. Surface measurements can also improve the 
productivity and increase product quality. Nowadays, this characteristic is even more 
important due to the evolution of industry and the development of Industry 4.0 where 
accurate measurement became capital, as it is based on digital models of production 
and processes [19]. 

The calibration and traceability for surface texture measuring instruments have been a 
subject of research during the last century and is currently an important topic, because 
the possibility to “visualize” the surfaces at micro- and nano-scale is going to be very 
important for the development of manufacturing processes and quality control in the near 
future. The traceability to the surfaces is given using the different surface topography 
measuring instruments presented above (in Figure 17). As stated in above, contact 
methods can alter the surface characteristics and it becomes necessary to develop new 
procedures and methods for the calibration of optical measuring instruments [4, 168]. 
For this reason, there are several authors and research groups focused on this topic and 
the normative that covers this subject is continuously under development and revision. 
One of the main problems is the development of material standards to transmit 
traceability to optical measuring instruments. In this context, the concept of surface 
standards becomes of interest. 
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A measurement standard is defined at Section 5.1. of [1] as “the realization of the 
definition of a given quantity, with stated quantity value and associated measurement 
uncertainty, used as a reference”. Typically, these standards consist of a base and a 
hardened layer where the exploration surface is marked as shown in Figure 110, but it 
is also possible to find standards made of solid material [169, 170]. 

 

 

 

 

 

 

 

5.1.2 Shapes of Surface Standards 

Traditionally, and according to ISO 5436-1, five different types of artifacts have been 
used for the calibration of profiling measuring instruments [171]: 

 Type A: Depth measurement standard for calibrating the component on z-axis 
(vertical). They could be wide grooves with flat bottoms (Type A1) or wide 
grooves with rounded bottoms (Type A2) 

 Type B: Tip condition measurement standard for calibrating the condition of stylus 
tip. They could be standards with one narrow groove with rounded bottoms or a 
sequence of separated grooves with increasing dimensions (Type B1), standards 
with two groove patterns with the same Ra value but one sensitive and other 
insensitive to the dimensions of the tip (Type B2) or standard with a fine 
protruding edge (Type B3). 

 Type C: Spacing measurement standard for calibrating vertical and horizontal 
profile components. They are composed by a grid of repetitive sine wave profile 
(Type C1), isosceles triangular profile (Type C2) simulated sine wave grooves 
(Type C3) or arcuate grooves (Type C4). 

 Type D: Unidirectional irregular profile for overall calibration of profile measuring 
instruments. They could be standards with unidirectional irregular profile that 
simulates workpieces (Type D1) or standards with circular irregular profile with a 
near-constant cross-section along the circumference (Type D2). 

 Type E: Profile coordinate measurement standard for calibrating the profile 
coordinate system of the measuring instrument. They could be standards that 
consist of a sphere or hemisphere, called precision sphere or hemisphere (Type 
E1) or precision prism with a trapezium cross-section (Type E2). The schemes 
of these standards are shown in Table 17 [55, 171, 172]. 

ISO 12179 [172] describes how to use these standards for calibrating profile measuring 
instruments. However, it is possible to adapt the calibration procedures to calibrate 
optical measuring instruments with them by operating in profile mode as shown in 
Section 4.3.4. 

  

Figure 110 Roughness standard parts [60] 
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Table 17 Surface texture artifacts according to ISO 5436-1 [55, 171, 172] 

It is also possible to find suppliers that provide standards with special shapes 
corresponding to the result of machining processes, as shown in Figure 111. Typically, 
this kind of standards are used to easily estimate the roughness of a machined surface. 
Six machining methods are mainly considered: turning, vertical milling, horizontal milling, 
grinding, flat lapping and reaming [173] 

 

 

 

 

 

 

 

 

 

 

  

Std. Scheme Std. Scheme 

Type A1 

 

Type C3 
 

Type A2 

 

Type C4 

 

Type B2 

 

Type D1 

 

Type B3 

 

Type D2 

 

Type C1 

 

Type E2 

 

Type C2 
 

 

Figure 111 Commercial Roughness Comparison Specimens [173] 
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For areal surface texture measurements and calibrations, ISO 25178-701 describes six 
different artifacts, the schematics of which are shown in Table 18 [4, 174]: 

 Type ER1: Measurement standards with two parallel grooves. It is used for 
calibrating the vertical and the horizontal amplification coefficients of the 
measuring instrument. 

 Type ER2: Measurement standards with four grooves forming a rectangle. It is 
used for calibrating the vertical and the horizontal amplification coefficients and 
the perpendicularity between x and y-axes. 

 Type ER3: Measurement standards with circular groove. It is used for calibrating 
the vertical and the horizontal amplification coefficients and the perpendicularity 
between x and y-axes. 

 Type ES: Measurement standards with a sphere/plane intersection. It is used for 
calibrating the vertical and the horizontal amplification coefficients, the response 
curve of the probing system, the perpendicularity between x and y-axes, the 
geometry of the stylus, the radius of the stylus tip and the cone angle. 

 Type CS: Measurement standards with a contour profile. This kind of standards 
is used for overall calibration along one lateral axis of the measuring system. 

 Type CG1: X/Y-Crossed-grating measurement standard. This kind of standards 
is used for calibrating the horizontal amplification coefficients and the angle 
between x and y-axes of the measuring instrument. 

 Type CG2: X/Y/Z-Crossed-grating measurement standard. This kind of 
standards is used for calibrating the vertical and the horizontal amplification 
coefficients and the angle between x and y-axes of the measuring instrument. 

Table 18 Areal surface texture artifacts according to ISO 25178-701 [4, 174]  

  

Std. Scheme Std. Scheme 

Type ER1 

 

Type CS 

 

Type ER2 

 

Type CG1 

 

Type ER3 

 

Type CG2 

 

Type ES 

 

 



93 
 

In 2016, according to ISO 25178:600, an “Areal calibration set” has been developed at 

NPL to calibrate surface topography measuring instruments. This standard is 

characterized by its five types of calibrated patterns [175]: 

 Type PGR: this part of the calibration set has the feature of a step height standard 

with a rectangular groove. There are six depths: 50 nm, 100 nm, 200 nm, 500 

nm, 1 µm and 2 µm. This type of pattern allows to address the amplification 

coefficients (𝑎𝑥, 𝑎𝑦 , 𝑎𝑧), the linearity (𝑙𝑥, 𝑙𝑦 , 𝑙𝑧) and the perpendicularity of X and 

Y-axes (∆𝑃𝐸𝑅𝑥𝑦) in conjunction with Type ACG patterns. 

 Type ACG: this part of the calibration set consists of a cross grating pattern with 

three different pitches: 20 µm, 50 µm and 100 µm. This type of pattern allows to 

address the amplification coefficients (𝑎𝑥, 𝑎𝑦 , 𝑎𝑧), the linearity (𝑙𝑥, 𝑙𝑦 , 𝑙𝑧) and the 

perpendicularity of X and Y-axes (∆𝑃𝐸𝑅𝑥𝑦) in conjunction with Type PGR patterns. 

 Type AFL: this part of the calibration set consists of a flat surface for flatness 

measurement. The parameter 𝑆𝑧 is lower than 20 nm. This type of pattern allows 

to address the flatness deviation (𝑍𝐹𝐿𝑇) and the measurement noise (𝑁𝑀). 

 Type ASG: this part of the calibration set is for controlling the resolution thanks 

to its star shape grooves. There are four different dimensions: from 0.7 µm to 50 

µm with depth of 200 nm, from 0.7 µm to 25 µm with depth of 200 nm, from 0.7 

µm to 25 µm with depth of 50 nm and from 0.2 µm to 6 µm with depth of 50 nm. 

This type of pattern allows to address the lateral period limit (𝐷𝐿𝐼𝑀). 

 Type AIR: this part of the calibration set is an irregular area to enable areal 

parameter measurements (Sa, Sq, Sz, Ssk and Sku) with 40 or 70 µm of 

autocorrelation length. 

 

 

 

 

 

 

 

 

 

 

This measuring instrument enables users to [176]: 

 Calibrate common optical instruments equipped with 10, 20 and 50 lenses 

and stylus instruments. 

 Meet the requirements of ISO standards for determination of three-dimensional 

surface texture. 

 Validate instrument performance. 

 Adopt good measurement practices and automate calibration procedures. 

  

Figure 112 NPL areal standard [175] 
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Another different, remarkable surface standard is made by SiMETRICS GmbH (Limbach-

Oberfrohna, Germany) for Sa parameter determination. This parameter is the equivalent 

of the roughness parameter Ra for surface texture. As shown in Figure 113, they are 

called Roughness Standard ARS (areal) and Type ADT [177]. 

 

 

 

 

 

 

 

 

The roughness standards have different kind of markers [177]:  

 Type ARS or Type c (coarse): Used when the roughness parameter Sa is higher 

100 nm. The pattern is a quadratic field with an edge length of 5.6 mm. 

 Type ADT or Type f (fine): Used when the roughness parameter Sa is lower 100 

nm. This pattern has 16 quadratic fields with an edge length of 1.75 mm. In the 

red lines of the 4 fields along the diagonal used for the measurement with 

interferometric or confocal microscopes or an AFM. 

Recently, a new model of standard for measuring instrument characterization has been 

developed at PTB. It is called chirp standard [178, 179]: 

 

 

 

 

 

 

 

 

This model of standard is applicable for characterizing the Instrument Transfer Function 

(ITF) of areal surface topography measuring instruments as well as its angular-

dependent asymmetries. This specimen has two main innovations:  

 The circular structure patterns, preferred for characterizing the ITF features in 

different angular directions to detect angular-dependent asymmetries 

 The feature scheme is generated by rotation of a horizontal linear chirp profile 

around the z-axis.  

  

Figure 113 SiMETRICS Roughness Standard ARS (areal) and Type ADT [177] 

Figure 114 PTB chirp standard [178, 179] 
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Additionally, this standard presents a surface with a predefined band spectrum (𝜆𝑚𝑖𝑛 … 

𝜆𝑚𝑎𝑥) with a quasi-flat amplitude. The material composition of the top and bottom 

surfaces of the features are the same, avoiding the influence of the phase jump issue of 

optical reflection. The prototype was made of Niobium on silicon, with patterns in a 

spectral range λmin = 1.0  µm and λmax = 16.0 µm and was manufactured using electron-

beam lithography combined with reactive ion etching technique [179]. 

Also, at PTB’s standard list, it is possible to find a Cu depth-setting standard. The main 

advantage of this model is that it is formed by grooves with the same slope of the walls 

but having different depths [178]: 

 

 

 

 

 

 

 

The main characteristics of this standard are: 

 It is made of nickel on copper. 

 It is formed by grooves with 55° slope µm and a flat bottom. 

 The grooves are separated 400 µm. 

In 2018, a new “Calibration sample for arbitrary metrological characteristics of optical 

topography measuring instruments” has been developed. This artifact is capable of 

providing the entire set of relevant metrological characteristics in the same sample. In 

addition, it has been used two-photon laser lithography (direct laser writing, DLW) for the 

manufacturing process [180, 181]. 

 

 

 

 

 

 

 

 

 

  

Figure 115 PTB Cu depth setting standard [178] 

Figure 116 Universal calibration artifact [180, 181] 
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The specimen has different parts [180, 181]: 

 Type ASG: (known as “Siemens Star Geometry”) it is designed to obtain a width 

metric related to the spatial resolution. It consists of 16 petals, 1 µm height. 

 Type CIN: it is designed to calibrate the topography fidelity. It is a chirp-standard, 

featuring sinusoidal profiles with an amplitude of 3 µm and 20 different 

wavelengths between 0.47 µm and 9.46 µm, 

 Type AFL: it allows the calibration of the noise and the residual flatness of the 

height axis. 

 Type ARS: it is designed for the integral calibration of the measuring device. It 

consists of a radial sinus wave with a period length of 10 µm and an amplitude of 

3 µm. 

 Type ACG: it is a cross-grating (with a pitch length of that allows the calibration 

µm , an amplitude of 3 µm  and a groove width of 6 µm ) of the x- and y-axis 

deviation. It permits, the determination of the linearity (𝑙𝑥 , 𝑙𝑦), the amplification 

coefficients (𝛼𝑥 , 𝛼𝑦) and the perpendicularity ∆𝑃𝐸𝑅𝑥𝑦
of the axes. 

 Type AIR: it is an irregular roughness geometry (with a deterministic structure 

and a linear Abbott-curve) designed for the determination of the linearity and the 

amplification coefficient of the height axis (𝑙𝑧, 𝛼𝑧,respectively). 

5.1.3 Materials and manufacturing processes 

The first step of the manufacturing process is the selection of the correct material and it 
could be a difficult step. According to the International Organization of Legal Metrology 
(OIML), it is necessary to pay attention to [169]: 

 The chosen materials should, under normal conditions of use, be durable, stable, 
and resistant enough to environmental influences. 

 The expansion related to temperature changes of ±8 °C from the reference 
temperature should not exceed the maximum permissible error for the accuracy 
class to which the etalon belongs. 

 If the measurement is carried out under a specified tension, variations of ±10% 
should not produce a variation in length exceeding the maximum permissible 
error. 

 There are a lot of materials and possibilities available that fit these recommendations. 
Otherwise, it is important to note that in profiling measurement processes, the standard 
will be run through a stylus that can scratch it, so that it will be very important to have a 
material with high hardness. However, as commented above, the tendency of industry is 
to miniaturization of products and materials and, therefore, optical measurements are 
very important to preserve the surface structure. In this case, the hardness of the material 
is less relevant, so that it is possible to use other materials. It is also possible to reach a 
compromise solution that enables to calibrate the metrological characteristics of areal 
surface topography measuring instruments with optical and contact measuring 
instruments, for example as in [175]. Table 19 collects the most common materials used 
for roughness standards according to the information obtained from several suppliers, 
technical books and articles and MATWEB, which is a very useful database for material 
engineers [170, 176, 177, 178, 179, 180, 182, 183, 184, 185]. 
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Table 19 Common materials for roughness standards Note that in order to know the Vickers Hardness of 
the different materials, [186, 187, 188, 189, 190] has been consulted. 1 Conversion of [185] data with [186] 
for a better comprehension. 2 The hardness value of silicon has an extreme dependence on the 
manufacturing process used. 

Attending to manufacturing processes it is important to highlight that it is very difficult to 
find information about them. It has been necessary to consult some specialists, 
belonging to different NMIs and ACLs. It has been concluded that there are two 
traditional manufacturing processes to mark the profile in the specimen: 

 Pressure method: this method consists of heating the material and then a mold 
with the shape (the negative) is put over the surface and, by applying pressure, 
the profile is marked over the surface. 

 Grinding method: this method consists of griding the surface with the negative in 
the same direction, make a roughness test and repeat once and again until the 
expected roughness is achieved. 

Currently, there are several modern technologies such as silicon micro-technologies, 
lithography, focused ion beam, direct laser writing and other AM technologies that may 
help metrology industry on manufacturing new standards, as demonstrated in [180, 181]. 
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5.2 DESIGN OF CUSTOMIZED SURFACE STANDARDS 

In this section, the main characteristics of four designs of standards for dimensional 
measurements and material characterization in optical microscopes are collected. Each 
design includes the main characteristics of the standards, calibration strategies and 
some applications to facilitate future work. 

The principles followed for the designs were: 

 As CM is extensively developed up to millimeter scale, the designs should adapt 
its fundamentals to micro- and nano-scale. 

 The designs should be based on the standards presented above. 

 The designs are conceived only to give traceability to metrological characteristics 
on XY plane. The traceability for Z-axis should be accomplished by using step 
height standards or similar.  

 The standards should be traced by using classical measuring instruments, such 
as stylus instruments and profile projectors. 

 These standards are designed to be used for image analysis. 

 The proposed calibration is designed considering inversion techniques. 

Four different standard designs have been developed and their main characteristics will 
be described in this section. Note that the designs could be adapted for different 
applications. 

5.2.1 The grid 

In this design a region of the surface is divided in 100 different sectors, forming a square 
cross-grating with 10 sections for side. The model is based on standard type CG1 of 
[174] but can be reconfigured depending on the surface that is going to be explored. The 
main objective is to carry out the characterization of each sector having the position 
controlled. 

 

 

 

 

 

 

 

 

 

 

Where: 

 𝑎: is the size of each square, i.e., the separation between two consecutive lines.  

 𝑏: is the length of the lines, that is 12 · 𝑎. 

 𝑐: is the length of the central lines, that is 15 · 𝑎. 

  

Figure 117 (a) The grid model and (b) it sources of error [60] 
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In this model, there are two perpendicular arrows at the lower, left corner. This allows 

the operator to zero in the same position. The purpose of 𝑏 and 𝑐 dimensions is to 
facilitate the control and calibration of the standard with contact methods, when 
necessary, without damage the exploration surface.  

The calibration of this model would be accomplished by carrying out the measurement 
of the pitch on one direction, turning the standard 45º four times and repeating the 
measurement of the pitch on each direction, as in Section 4.4.2. Typically, several 
measurements should be taken for obtaining better results. 

Note that to characterize this design it will be necessary to pay attention to the following 
sources of error [174]: 

 𝑎𝑥: the horizontal pitch. 

 𝑎𝑦: the vertical pitch. 

 𝜃: angle between X and Y-axes. 

 The parallelism between lines. 

 The width of the lines. 

 The straightness of the lines. 

When the calibration process is carried out using contact methods, it will depend on the 
dimensions and the shape of the stylus, and it would be difficult to obtain good results of 
the measurement in some circumstances. For this reason, the use optical measuring 
instruments for the calibration as in Section 4.4.2 is a good alternative.  

When the standard is calibrated, it can be used: 

 To study the position and dimensions of features or defects on surfaces. 

 In metallography, to study the grain size and micrographs. 

 In composite materials analysis, to check the distribution of fibers or layers. 

These two applications are capital to understand the material properties. If the 
intersection between lines is considered, this design can act as a ball pattern and can be 
used in a similar way as ball plates are used in CMMs. In micro- and nano-scale AM 
parts, this design would help to analyze the dimensions, angles, and relative positions, 
adapting the principles of CM to this scale. 

5.2.2 The dartboard 

This design divides the exploration surface in n different circular sectors, so that it would 
be possible to observe curves (circumferences) with the same diameter. The model 
presented is based on standard types D2 of [171] and ER3 of [174]: 

 

 

 

 

 

 

 

 

 

  
Figure 118 The dartboard model [60] 
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This model is characterized by the different diameters. The design includes a cross and 
a zero mark to facilitate the positioning during calibration. Note that to characterize this 
design it will be necessary to pay attention to the following sources of error: 

 𝑎𝑥𝑖: the horizontal relative displacement of the centers. 

 𝑎𝑦𝑖: the vertical relative displacement of the centers. 

 Roundness errors. 

 Errors in diameter. 

The calibration of this model would be carried out by using an optical measuring 
microscope, a vision measuring machine, even a profile projector or even a stylus 
instrument if lines are graved on the surface. Considering the case of profile projectors, 
the calibration process may consist of flushing the reference lines of the measuring 
instrument with each circle. First, the reference line is flush with the left side of the circle 
in the left to right direction and is defined as the zero. Then, moving the scanning table, 
the reference line is flush with the right side of the circle. The operation is repeated in 
the opposite direction. This data collection is repeated several times changing the 
orientation of the reference lines 45° three times (to 45°, 90° and 135°) for a good 
uncertainty estimation. 

When the standard is calibrated, it can be used as a go no-go standard for round features 
using image analysis. In material analysis, using the suitable magnification it is possible 
to analyze the size of pores or similar characteristics. In micro- and nano-scale AM parts, 
this design would help to analyze diameters of holes and round parts. 

5.2.3 The star 

This design is conceived to have angular references to characterize relative position of 
different features at exploration. The model consists of a reference circumference, two 

perpendicular lines to remark vertical and horizontal directions, 𝑛 lines corresponding to 
the different angles and a zero mark. The design would be supplied with a diagram where 
the angles in the standard should be included. 

 

 

 

 

 

 

 

 

 

 

Note that, when characterizing this design, it will be necessary to pay attention to the 
following sources of error: 

 The angle of the lines. 

 The width of the lines. 

 The straightness of the lines. 

  

Figure 119 The star model (n=13 lines) [60] 
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The calibration of this model would be carried out by using an optical measuring 
microscope, a vision measuring machine, a profile projector or even a stylus instrument 
when the lines are engraved. In the case of profile projectors, the reference line is flush 
with zero and then, said line is flush with each angular mark in an upward direction. When 
it is finished, it is carried out in a downward direction. This procedure is repeated several 
times for a good uncertainty estimation. 

When the standard is calibrated, it can be used to study the relative position of surface 
features. In composite materials analysis, this design may allow to check the position of 
fibers or layers regarding a defined reference. 

5.2.4 The spiral 

This design consists of 90° circumference arches with increasing radius and two vertical 
lines and two horizontal lines: 

 

 

 

 

 

 

 

The radius increases according to: 

Rn = R0 + ℕ · 𝕃 (52) 

where: 

 𝑅𝑛 is the radius of each arch. 

 𝑅0 is the radius of the central circle. 

 ℕ is the number of times the spiral has crossed the horizontal or vertical lines. 

 𝕃 is the proportional increase. It is defined by the side of the central square that 
defines the position of the different circle. 

Note that to characterize this design it will be necessary to pay attention to the following 
sources of error: 

 𝑎𝑥: the horizontal error square on side dimension. 

 𝑎𝑦: the vertical error square on side dimension. 

 Roundness errors. 

 Errors in diameter. 

 Errors in 90° angle definition. 

 The dimension of the lines. 

 The straightness of the lines. 

 The angle between vertical and horizontal lines 

The calibration of this model would be carried out by using an optical measuring 
microscope, a vision measuring machine or even a profile projector. In the case of profile 
projectors, the calibration is accomplished flushing the reference line with the center and 
the intersection between the horizontal or vertical reference line and the circumference 
arch, as for dartboard design. When the standard is calibrated, it can be used for the 
study of curve features.   

Figure 120 The spiral model [60] 
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5.3 EXPERIMENTAL TEST 

The article [60] also includes a proof-of-concept indicating how the manufacturing 
process could be continued. For this test, the pattern will consist of four perpendicular 
lines two by two, separated by 50 µm. Additionally, one of the desired requirements is 
that the uncertainty should be as low as possible. 

Once the design is selected, the next step is to determine the material from which it is 
made. For this task, it is necessary to consider the manufacturing and the calibration 
processes. As seen above, the standards are usually manufactured by engraving the 
desire shape over the exploration surface. However, using AM technologies, it would be 
possible to obtain the standard shape by growing it over a surface. Either by engraving 
the motif on the surface or constructing it by AM techniques, it is necessary to take also 
into account how it will be calibrated. 

In this case, as it is a proof-of-concept, the artifact will not be calibrated but the design 
will be carried out considering the calibration with a stylus instrument, because low 
uncertainty is required. The problem is that, as it is a contact method, it may damage a 
standard manufactured by AM techniques. So that, in this case, it would be necessary 
to choose a material with high hardness where the standard will be engraved. 

5.3.1 Selection of Materials and Manufacturing Process 

Due to its hardness, its optical properties (good reflectivity) and the facility of acquiring 
it, polished monocrystalline silicon wafers have been selected as the material for the 
artifact. As it is very brittle and could be difficult to handle without breaking it, it will be 
glued to a microscope slide. 

 

 

 

 

 

 

Considering the versatility of forms that can be obtained, authors propose to use laser 
techniques to make the grooves. Laser systems allow any type of curve to be drawn, no 
matter how complicated it may be. This flexibility would help manufacturers on obtaining 
custom surface standards that fit the requirements of the measuring process and the 
needs of traceability on surfaces. 

At this point, it is necessary to define the objective dimensions to determine the process 
parameters. As it is widely used across the industry and it is easy to measure, the 
dimensions of the grooves of a stage micrometer are considered as the simplest solution. 

Once a commercial metallic stage micrometer was analyzed at the stylus instrument, the 
graphic on Figure 122 was obtained. Note that it is represented the shape of the 101 
lines (the colored curves) and the mean curve (the thick, black line) in this plot. The 
dimensions will be taken as reference for further work. 

  

Figure 121 Materials for the proof-of-concept artifact [60] 
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5.3.2 Results 

After several tests, authors obtain the following pattern: 

 

 

 

 

 

 

 

 

The pattern has been obtained using a HIPPO (Spectra Physics, Andover, MA, USA) 
that emits pulses of 15 ns at a wavelength of 355 nm. Note that the figures are taken and 
analyzed using the same measuring instrument used in Section 4. From the section 
shown in Figure 124, the software of the confocal microscope provides the following 
data: 

 

 

 

 

 

It can be observed in Figure 124 that the separation between the slopes is 5.97 µm and 
the depth of the groove is 1.03 µm. As the stylus tip has a radius around 2 µm [191] it 
will be possible to calibrate it using a stylus instrument, so that it will be possible to obtain 
standards with low uncertainty using this manufacturing process. 

  

Figure 122 Grooves dimensions of commercial stage micrometer [60] 

Figure 123 Proof-of-concept pattern seen in a confocal microscope at 10× magnification [60] 

Figure 124 (a) Detail of proof-of-concept pattern in a confocal microscope at 50× magnification (b) Profile 
of the section [60] 
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5.4 DISCUSION 

Between all the potential applications, the following are considered the most important: 

 These custom standards can be used during calibration of optical measuring 
instruments to give traceability for dimensions on XY-plane, curvatures, and 
angles. 

 Selecting the suitable material, manufacturing process and pattern scheme for 
each application, it would be possible to create infinite types of standards with 
different properties and forms to be used micro- and nano-metrology. 

 Defining maximum and minimum dimensions of a feature, it is possible to create 
go-no go standards that facilitate the measurement at industrial metrology 
laboratories. This application would be even more important because having go-
no go standards that controls the acceptable dimensions make easier the 
monitorization of new manufacturing processes. 

 With a correct design, these standards could be used at the study of the fracture 
on specimens after traditional destructive test, such as tensile, Charpy or torsion 
tests. The study of this geometry could be very important and interesting to 
understand the behavior of the materials under different efforts and then, 
calculate and measure its properties on each direction. 

 These standards can be used as a characterization tool of microstructures or 
surface features in materials, like peaks, valleys, and pores, when the surface is 
studied with a metallographic microscope. Correctly positioning the measurand 
and the standard in the workplace it is possible to carry out and study of the tilt 
of a surface, the thickness of a layer or even the pore size and distribution. It is 
possible to find freeware that eases the 2D analysis of microscope image [192, 
193, 194, 195]. 

The main problem found is how to work with opaque materials. Since this kind of 
materials prevent the passage of the light through them, the calibration process, and the 
operation with them will vary: 

 Regarding the calibration process, the use of transparent materials allows 
measurements to be made by placing the standard turned over, obtaining a 
greater number of measurements, and influencing the uncertainty. However, a 
standard made of an opaque material requires to modify the calibration process 
to obtain a comparable uncertainty. 

 Regarding the operation with transparent standards, it would be possible to use 
them placing the standard between the objective and the sample. However, when 
opaque standards are used, it would be necessary to carry out an image analysis 
using a specialized software that allows to overlap both, the standard and the 
sample images. This situation could imply the necessity of calibrating the 
software and the development of complex measurement procedures for 
traceability insurance. 
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5.5 PARAMETERIZATION OF ULTRAVIOLET LASER FOR 
MANUFACTURING CUSTOMIZED DIMENSIONAL MATERIAL 
STANDARDS 

As stated above, it is necessary to determine the parameters of the laser process. This 
is caused by the necessity of obtaining lines as narrow and regular as possible and with 
enough contrast to enable the measurement with optical measuring instruments. 

5.5.1 Experimental procedure 

The geometric motif consisted of a grid of 11 x 11 lines, 2 mm long with a pitch of 100 
µm, based on one of the models proposed above. Using ultraviolet laser systems, the 
motif is scribed over polished float zone monocrystalline silicon wafers. It is pretended to 
obtain deep and narrow grooves with a low variability in the grooves’ edge shape. Two 
different laser systems were used for the motif scribing. Both systems were diode-
pumped solid-state lasers (Nd:YVO4) with a 1064 nm fundamental frequency tripled to 
355 nm.  

 The first system is a PULSEO model, from Spectra-Physics. The tests were made 
using a pulse duration below 20 ns, and the 1/e2 beam diameter at the focus 
position, estimated by the method described in [196], is about 15 µm. In this case, 
it was carried out several tests variating the pulse repetition frequency, the 
processing speed, and the laser pulse energy. In addition, in order to check their 
effects, some tests were performed using air pressure and other tests were made 
by making several passes on the same line. 

 The second system is a SuperRapid-HE model, from Coherent. The tests were 
made using a pulse duration is about 15 ps, and the 1/e2 beam diameter at the 
focus position is about 8 µm. The pulse repetition frequency was fixed to 50 kHz, 
the processing speed was fixed to 10 mm/s, 2 bar air pressure was applied, and 
the pulse energy was varied from 15 mW to 100 mW to optimize the shape of the 
grooves shape. It is important to highlight that some tests were performed by 
making 2 passes on the same line to check the effect of this treatment. 

Then, the grooves were analyzed. The way to measure the grid motif is to determine the 
pitch between lines. There are several ways to make this but all of them depends on the 
edge of the groove. For optical measuring instruments, it has been demonstrated that 
the first and the second derivatives could be used to determine where the groove starts 
[197, 198] : 

 Using the first derivative, the angle of reflection of the light could be calculated 
as in Figure 125. 

 The second derivative has a minimum where the curvature of the groove 
changes. 

 

 

 

 

 

 

  Figure 125 Calculation of the angle of reflection using the first derivative 
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Therefore, the best results were obtained when the shape of the grooves was soft and 
regular, with the same morphology. 

In order to optimize the analysis of the different tests, a Leica DCM3D confocal 
microscope was used to make a first characterization of the grooves’ edge shape. Those 
grids whose edges presented a shape that could not be approximated to a straight line 
were discarded. Once the best grooves were determined, they were measured using a 
Taylor-Hobson stylus instrument, model “Form Talisurf 120”. The measurements were 
performed along a 3 x 3 mm2 square, with 0.5 mm/s scanning speed, and a pitch along 
the Y-axis of 5 µm. They were measured their mean depth and width, and the mean full 
width at half maximum was estimated.  

5.5.2 Results 

From the analysis of the different tests with the confocal microscope, two results were 
obtained: 

 Those grids manufactured using the nanosecond system presented an irregular 
grooves’ edge shape, with material melted and re-solidified in the groove edges 
and splashes of molten material in the surrounding the grooves. This makes it 
difficult to distinguish where the groove starts (See Figure 126a).  

 Those grids manufactured using the picosecond system were more defined, with 
a softer and more regular grooves’ edge shape and with almost no accumulation 
of material surrounding the grooves, as it is possible to see in Figure 126b. 

The longer pulse duration of the nanosecond system laser pulses, of several 
nanoseconds, leading to the melting and displacement of a higher volume of material, 
explains the observed difference. Besides: 

 In Figure 126c, it could be observed the differences between the profiles of the 
cross-section of the grooves. Although the grooves scribed with the nanosecond 
system were narrower, their profile presented an unwished central peak. 

 As it is possible to see in Figure 126d, the second derivative of the profile of the 
grooves scribed with the picoseconds system presented only two minimum, 
defining where the curvature changes. 

Therefore, it could be concluded that the better results were obtained using the 
picosecond system and the meshes produced with nanosecond system could be 
discarded.  

 

 

 

 

 

 

 

 

  

Figure 126 Better results of the grooves obtained using for its manufacture: (a) nanosecond system; (b) 
picosecond system; (c) an example of the profiles of the cross-section; (d) the second derivative of the 
cross-section 
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Once the grids scribed using picosecond system were selected, the four that presented 
the best appearance were selected. It has been performed a deeper analysis of the 
grooves. These four grids were measured using the stylus instrument and analyzed with 
the Talisurf Basic 3.1 software. Using a procedure based on [199], 10 profiles of each 
grid were extracted and analyzed. As the objective is to obtain deep and narrow grooves 
with a low variability in the groove width, both should be as high as possible. To select 

which parameters are preferable, it has been studied the relationships 𝑑
𝐹𝑊𝐻𝑀⁄  and 

𝐹𝑊𝐻𝑀
𝑠(𝐹𝑊𝐻𝑀)⁄ . 

In Table 20, it is presented the parameters used for the manufacturing process and the 
results obtained during the measurement. 

 Manufacturing parameters Measurement results 

Grid 
Freq. 
(kHz) 

Air. 
(bar) 

Speed 
(mm/s) 

Pass 
Energy 
(mW) 

�̅� (2) (µm) �̅� (2) (µm) 
�̅�

𝑭𝑾𝑯𝑴
 

𝑭𝑾𝑯𝑴

𝒔(𝑭𝑾𝑯𝑴)
 

A 50 2 10 1 25 2.18 ± 0.59 14.16 ± 2.51 0.43 2.95 

B(1) 50 2 10 1 25 1.76 ± 0.49 11.35 ± 1.52 0.38 4.92 

C 50 2 10 1 30 1.77 ± 0.63 11.67 ± 0.77 0.42 16.68 

D 50 2 10 2 20 IC(3) IC(3) IC(3) IC(3) 

Table 20  Parameters of the best grids manufactured using picosecond system. Note that the mean grooves’ 

depth �̅�, width �̅� and full width at half maximum 𝐹𝑊𝐻𝑀̅̅ ̅̅ ̅̅ ̅̅ ̅̅  and their corresponding standard deviations 𝑠(𝑑), 

𝑠(𝑤) and 𝑠(𝐹𝑊𝐻𝑀) were calculated (1) Grid B is the same as grid A, but manufactured by turning the motif 
45º in order to check if the disposition affects the manufacturing process. (2) Uncertainty has been calculated 

using a coverage factor 𝑘 = 2. (3) Impossible to calculate (IC), due to the fact that these grooves presented 
an unwished central peak that make impossible the determination of the parameters. 

From the results of Table 1, it could be concluded that: 

 The results obtained for the grid D are caused when the laser passes through the 
same site twice. In this situation, the energy input is greater and melts the 
material, generating the unwished central peal and making possible to determine 
the FWHM. For this reason, authors consider that could be discarded of the 
study. 

 The best results are obtained when the parameters for grid C were used, because 

the relationship 
𝐹𝑊𝐻𝑀

𝑠(𝐹𝑊𝐻𝑀)
 is greater. 

 The results obtained for grids A and B are good enough to meet the quality 
requirements defined for this application and could be used too.  
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6 MANUFACTURE AND CALIBRATION 
OF CUSTOMIZED STANDARDS 

6.1 INTRODUCTION 

In the calibration procedure proposed in Section 4 [70], the proposed matrix model only 
considers the calibration of the “carriage” (i.e., the electronic actuator that allows the 
exploration in Z-axis and the objectives), regardless of the “system”. In this section, it is 
pretended to develop a calibration procedure that further extends the results obtained 
above to the hole measuring volume of a confocal microscope, using customized 
reference measurement standards, designed as stated in Section 5 [60]. The new matrix 
model that considers the system will be used when measuring samples with higher 
dimensions. The most important metrological characteristics for the calibration of surface 
topography measuring instruments defined in [76, 200] are listed in Table 6. 

However, the extended matrix model presented below is designed for the calibration of 
the scales of the confocal microscope, to use this measuring instrument as a CMM to 
micrometer scale. The calibration of the spatial resolution, the mapping deviations and 
the topography fidelity should be calibrated separately. It is important to remember that, 
as referred in [200], each calibration of any measuring instrument should be done under 
the best available conditions. The metrological characteristics of the measuring 
instrument should be estimated: 

 Within the measurement volume defined for the intended application. 

 According to an accepted o agreed measuring scheme. 

 At different positions within the measuring volume, for different scanning speeds 
and directions, if applicable. 

It will be used the same measuring instrument that in Section 4 [70]. To avoid the bad 
behavior of the confocal microscope due to the end of career, the calibration will be 
restricted to the following volume 80 mm in X-axis, 80 mm in Y-axis and 25 mm in Z-
axis. It is important to highlight that the confocal microscope is placed over a granite 
surface to avoid potential vibrations. The measuring room has its own climatization 
system, so that it is possible to control the conditions of the measurement. 

6.2 CALIBRATION PROCEDURE 

6.2.1 Generalities 

The new matrix model will be: 

�⃗⃗⃗� = 𝑴𝒐𝒃𝒋
̿̿ ̿̿ ̿̿ ̿ · 𝒑𝒐𝒃𝒋⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ + 𝑴𝒔

̿̿ ̿̿ · 𝒑𝒔⃗⃗⃗⃗⃗ (53) 

where �⃗� is the vector of corrected coordinates of each point, 𝑝𝑜𝑏𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ and 𝑝𝑠⃗⃗ ⃗⃗  are the vector 

of the raw data coordinates of each point and 𝑀𝑜𝑏𝑗
̿̿ ̿̿ ̿̿  and 𝑀𝑠

̿̿ ̿̿  are the matrix to correct the 

values obtained from the measuring instrument.  

The calibration process described in Section 4 [70] will be followed and adapted, 
excluding the phase of roughness calibration.  
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As this procedure is conceived to be used in industrial environments, the chosen 
reference etalons should be: 

 Easy to find. 

 Easy to calibrate with low enough uncertainties in NMIs or preferably in ACLs. 

 Dimensionally stable mechanical artifacts that could guarantee long recalibration 
intervals. 

 Common in the field of dimensional metrology and industry in order to facilitate 
their acquisition, calibration, and correct use. 

The calibration procedure includes: 

 An estimation of the flatness deviation of the working table using an optical flat. 

 The calibration of the X and Y scales using a customized measurement standard. 

 An estimation of perpendicularity error between X and Y axes. 

 The calibration of Z scale using a calibrated steel sphere. 

 A verification of the behavior of Z-axis measurements with increasing Z values. 

 A verification of the flatness deviation with increasing Z values. 

All uncertainties are estimated following the mainstream GUM method (Guide to the 
Expression of Uncertainty in Measurement) or EA-04/02 M:2013 document, as they are 
standard procedures in calibration laboratories accredited under ISO 17025 [9, 10, 11]. 

6.2.2 Flatness verification 

Considering that manufacturers refer that it exists a very small error in flatness, typically 
lower than 50 nm. Confocal microscopes introduce a slight curvature in the XY plane, 
evidenced when explored with an optical flat. In Section 4 [70], it is proposed to use an 
optical flat placed over the analysis surface as shown in Figure 127: 

As in Section 4, the RMS will be used due to the fact is more stable than the total flatness 
deviation. Considering what is stated in [70, 152], it will be used an optical flat with a 
nominal diameter of 100 mm, and it will be measured as shown in Figure 128: 

 

 

 

 

 

 

 

 

  

Figure 127 Measurement positions of the optical flat for the calibration of the objetives 

Figure 128 Measurement regions and positions of the optical flat with 100 mm of diameter 
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The approximate positions of each measuring point are detailed in Table 21: 

Table 21 Analysis positions of each measuring point in the optical flat 

6.2.3 XY Plane Calibration 

According to the different procedures detailed in [70, 154, 155], X and Y scales could be 
calibrated with low uncertainties using stage micrometers. In those cases, this kind of 
etalons is measured placing it in 4 different positions, as it is shown in Figure 129: 

 

As these measurements are only valid for the calibration of only the central position, it 
will be necessary to modify the procedure to trace the working table. For this purpose, 
considering the tests carried out in [60], it has been designed, manufactured, and traced 
an etalon (forward, ‘XY-etalon’) with the design proposed in Figure 130: 

Position 
X coord. 

(mm) 
Y coord. 

(mm) 
Position 

X coord. 
(mm) 

Y coord. 
(mm) 

1 40 0 10 14.14 -14.14 

2 28.28 -28.28 11 0 -20 

3 0 -40 12 -14.14 -14.14 

4 -28.28 -28.28 13 -20 0 

5 -40 0 14 -14.14 14.14 

6 -28.28 28.28 15 0 20 

7 0 40 16 14.14 14.14 

8 28.28 28.28 17 0 0 

9 20 0  

Figure 129 Measurement positions of stage micrometer as proposed in [70, 154, 155] 
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The design consists of five quadrants with six grids of 11x11 lines, three of them turned 
45 degrees. Three different pitches are scribed: 100 µm (𝑎1 = 10 µ𝑚), 250 µm (𝑎2 =
25 µ𝑚) and 500 µm (𝑎3 = 50 µ𝑚). The different lines have a distance of 3𝑎𝑖, where 𝑖 is 
the identification of the grid’s pitches, on each side of the grid to enable the calibration 
with a stylus instrument. In addition, the design also includes a central cross at the center 
of each quadrant and a ‘reference cross’ in the left, lower corner of each grid. The ‘XY-
etalon’, Figure 131, was manufactured using ps pulsed laser source over a silicon wafer 
as stated in Section 5.5. It is intended to make two types of calibrations using this etalon: 

 To reach the calibration of the objectives, as stated in Section 4 [70], it could be 
used a stage micrometer placed in four positions: 0º, 45º, 90º and 135º. Using 
two grids (0 and 45º) with the same pitch of one of the quadrants, it could be 
accomplished this step of the calibration process. 

 To reach the calibration of the working table, authors propose to use the central 
crosses. Based in [201], the procedure considers the central cross of the central 
quadrant as the reference. Then, the position central crosses of the different 
quadrants and the crosses in the left, lower corner of each grid will be measured 
by flushing them with the cross of a profile projector. This step should be repeated 
by turning the ‘XY-etalon’ 90º, 180º and 270º. 

 

 

 

 

 

 

 

  

Figure 130 'XY-etalon' design 

Figure 131 'XY-etalon' 
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6.2.4 Z Axis Calibration 

In Section 4 [70], it is proposed to calibrate the confocal microscope using a bearing 
sphere with diameter 𝐷 = 4 𝑚𝑚. In order to avoid undesired movements, the sphere is 
fixed to the glass slide using a piece of plasticine. Forward, this composition will be 
denoted as ‘Z-etalon’. In that case, the calibrated sphere was positioned in three different 
positions, as shown in Figure 132: 

 

 

 

 

 

 

 

 

 

It is necessary to raise the ‘Z-etalon’ a controlled distance to verify the behavior of the 
confocal microscope along the Z axis. To solve this, it is proposed to use gauge blocks 
of nominal distances comprised be-tween 0 and 25 mm. In order to cover the calculation 
of the uncertainty at the hole range, the scale was divided in 5 sections. The calibration 
was carried out using five different gauge blocks with nominal lengths of 5, 10, 15, 20 
and 25 mm. The calibration will have two parts: 

 The estimation of the sphere diameter repeating the procedure of Figure 131 but 
using the gauge blocks, as shown in Figure 133a. 

 The estimation of the RMS parameter of an optical flat to check the flatness 
deviation. It will be used the optical flat as in Figure 126 but placing the different 
gauge blocks beneath it, as shown in Figure 133b.  

 

Figure 133 Measurement positions of the calibration of Z-axis: (a) Positions of the ‘Z-etalon’; (b) Positions 
of the optical flat for flatness verification. 

  

 

 

(a) (b) 

 

Figure 132 Measurement positions of the calibrated sphere for objective calibration 
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6.3 CALIBRATION OF THE OBJECTIVES 

As stated above, the matrix model for the calibration of the objectives is: 

�⃗⃗⃗�𝒐𝒃𝒋 = [
𝒙
𝒚
𝒛

] = 𝑴𝒐𝒃𝒋
̿̿ ̿̿ ̿̿ ̿ · 𝒑𝒐𝒃𝒋⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗⃗ = [

𝟏 + 𝒄𝒙𝒚,𝒐𝒃𝒋 + 𝒂𝒐𝒃𝒋 𝜽𝒐𝒃𝒋/𝟐 𝟎

𝜽𝒐𝒃𝒋/𝟐 𝟏 + 𝒄𝒙𝒚,𝒐𝒃𝒋 − 𝒂𝒐𝒃𝒋 𝟎

𝟎 𝟎 𝟏 + 𝒄𝒛,𝒐𝒃𝒋

] ∙ [
𝒑
𝒒
𝒓

] (54) 

where (𝑝, 𝑞, 𝑟) are the readings directly provided by the confocal microscope for the 
Cartesian coordinates in the measuring volume. (𝑥, 𝑦, 𝑧) are the corrected Cartesian 
coordinates once the calibration parameters 𝑐𝑥𝑦, 𝑐𝑧, 𝑎 and 𝜃 have been applied using 

the matrix model, as it is possible to see in Figure 134. The calibration parameters are: 

 𝑐𝑥𝑦,𝑜𝑏𝑗 is the deviation of actual voxel width 𝜔𝑥𝑦,𝑜𝑏𝑗 from the nominal pixel width 

𝜔𝑥𝑦,𝑜𝑏𝑗,𝑛𝑜𝑚. 

 𝑐𝑧,𝑜𝑏𝑗 is the parameter that enables the calibration in the Z-axis. 

 𝑎𝑜𝑏𝑗 is the difference between the pixel widths along X-axis (𝜔𝑥,𝑜𝑏𝑗) and Y axes 

(𝜔𝑦,𝑜𝑏𝑗). 

 𝜃𝑜𝑏𝑗 is the perpendicularity error between the X-axis and Y-axis. 

 

 

 

 

 

 

 

 

 

 

These parameters and their uncertainties should be calculated using equations (13), 
(14), (15), (16), (17), (18), (22) and (23) of Section 4 [70]. According to [157], these 
parameter permits to estimate the amplification coefficients of the axes 𝛼𝑥, 𝛼𝑦 and 𝛼𝑧. 

Note that the amplification depends only on the confocal microscope and not on the 
positioning system (i.e., working table and column). 

𝛼𝑥 = 1 + 𝑐𝑥𝑦,𝑜𝑏𝑗 + 𝑎𝑜𝑏𝑗 (55) 

𝛼𝑦 = 1 + 𝑐𝑥𝑦,𝑜𝑏𝑗 − 𝑎𝑜𝑏𝑗 (56) 

𝛼𝑧 = 1 + 𝑐𝑧,𝑜𝑏𝑗 (57) 

In [70] the average pitch 𝑙0 of the stage micrometer and the averages pitches 𝑙1, 𝑙2, 𝑙3 

and 𝑙4 measured with the confocal microscope in positions 0º, 45º, 90º and 135º, 
respectively, are used to calculate the 𝑐𝑥𝑦,𝑜𝑏𝑗, 𝑎𝑜𝑏𝑗 and 𝜃𝑜𝑏𝑗. Using the ‘XY-etalon’, it is 

possible to calculate the pitches and then, calculate them. Regarding 𝑐𝑧,𝑜𝑏𝑗, it is 

calculated using a sphere. As it is also possible to see in this reference, using a sphere 
to calibrate the Z-axis implies a great dependency between 𝑐𝑧,𝑜𝑏𝑗 and 𝑐𝑥𝑦,𝑜𝑏𝑗. For this 

reason, it should be estimated the correlation coefficient 𝑟𝑜𝑏𝑗(𝑐𝑧,𝑜𝑏𝑗, 𝑐𝑥𝑦,𝑜𝑏𝑗). Previous 

values of the calibration for 10x objective are shown in Table 14. They will be considered 
onwards.  

Figure 134 Voxel deformations and corrections 
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6.4 CALIBARTION OF THE SYSTEM 

The system is the combination of the working table and the column that guides the 
movement of the microscope along Z-axis. As the working table doesn’t work in Z-axis 
and the column doesn’t work in XY-plane, the matrix model of the system is: 

�⃗⃗⃗�𝒔 = [
𝒙
𝒚
𝒛

] = 𝑴𝒔
̿̿ ̿̿ · 𝒑𝒔⃗⃗⃗⃗⃗ = [

𝟏 + 𝒄𝒙𝒚,𝒘𝒕 + 𝒂𝒘𝒕 𝜽𝒘𝒕/𝟐 𝟎

𝜽𝒘𝒕/𝟐 𝟏 + 𝒄𝒙𝒚,𝒘𝒕 − 𝒂𝒘𝒕 𝟎

𝟎 𝟎 𝟏 + 𝒄𝒛,𝒄𝒐𝒍

] ∙ [
𝒑
𝒒
𝒓

] (58) 

This implies that the calibration of the system has two steps: 

 The calibration of the column. This will be accomplished as stated above. 

 The calibration of the working table. For this step, the quadrants will be denoted 
as shown in Figure 135. 

 

 

 

 

 

 

 

 

 

 

 

 

The ‘XY-etalon’ is calibrated using a profile projector. For this purpose, at a first stage, 
the distances between central crosses are calibrated. The measured distances will be 
denoted as 𝐷𝑖𝑗, where 𝑖 and 𝑗 are the numbers of the quadrants. The main objective will 

be to estimate the longer distances 𝐷23 and 𝐷45, parallels to the axis, as they enable to 
better determine the amplification coefficients of the working table of the confocal 
microscope. The results of the measurements are summarized in Table 22: 

Table 22 Measured distances 𝐷𝑖𝑗 and their uncertainties. 

If an adjustment is made by MM.CC to estimate the coordinates (x, y) of the central 
crosses of the different quadrants from these distances, the results shown in Table 23 
are obtained:  

Distance 𝑫𝒊𝒋 (mm) U (k=2) (mm) Distance 𝑫𝒊𝒋 (mm) U (k=2) (mm) 

𝑫𝟏𝟐 33.3391 0.0015 𝑫𝟐𝟒 47.1480 0.0017 

𝑫𝟏𝟑 33.3413 0.0015 𝑫𝟐𝟓 47.1475 0.0017 

𝑫𝟏𝟒 33.3339 0.0015 𝑫𝟑𝟒 47.1455 0.0017 

𝑫𝟏𝟓 33.3377 0.0015 𝑫𝟑𝟓 47.1479 0.0017 

𝑫𝟐𝟑 66.6809 0.0017 𝑫𝟒𝟓 66.6715 0.0017 

Figure 135 Numeration of quadrants for working table calibration 
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Table 23 Measured positions of the central crosses 1 With 𝑈(𝑥) = 𝑈(𝑦) = 1.1 µ𝑚  

To eliminate the three degrees of freedom of the solid, the origin is set at central cross 
of quadrant #1 (i.e., the translation is eliminated) and central cross of quadrant #2 is 
forced to have a zero in x dimension (i.e., the rotation is eliminated). Therefore, the 
expanded uncertainty associated to the distances is 1.6 µm. In addition, it has been 
obtained the angle formed by 𝐷23 and 𝐷45, as it is the angle that indicates the 
perpendicularity deviation with lower uncertainties. The values obtained are: 

𝜶𝟐𝟑𝟒𝟓 = 𝑫𝟐𝟑, 𝑫𝟒𝟓
̂ = 𝟗𝟎. 𝟎𝟎𝟏𝟖º (59) 

𝑼(𝒌 = 𝟐) = 𝟎. 𝟎𝟎𝟏𝟗º ≈ 𝟕′′ (60) 

Note that, as the measured deviation in 0.0018º is slightly lower than the value of 
uncertainty, the null hypothesis should be considered. The certified values of the 
standards are presented in Table 24: 

 Table 24 Nominal values and the uncertainties of the material reference standards used during calibration. 

 

  

Central cross X1 (mm) Y1 (mm) 

1 0.0000 0.0000 

2 0.0000 33.3392 

3 0.0024 -33.3415 

4 -33.3339 -0.0041 

5 33.3377 0.0003 

Standard Parameter 
Nom. value 

(µm) 
Std. Uncertainty 

(k=1) (µm) 

Ø30 optical flat 
Total flatness error 0.118 0.025 

RMS flatness 0.028 0.007 

Ø100 optical flat 
Total flatness error 0.068 0.025 

RMS flatness 0.016 0.007 

XY-etalon 

Mean distance between 
central crosses 

33338.00 3.497 

Mean grid 
pitches 

100 µm grid 𝑙100 100.0 0.8 

250 µm grid 𝑙250 250.0 0.8 

500 µm grid 𝑙500 500.0 0.8 

Sphere Diameter 𝐷0 4001.08 0.250 

Gauge blocks 

5 mm 5000.00 0.190 

10 mm 10000.00 0.200 

15 mm 15000.00 0.210 

20 mm 20000.00 0.220 

25 mm 25000.00 0.230 
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6.5 RESULTS 

6.5.1 Flatness Verification of the working table 

In Figure 136a, it is shown the ø 100 mm optical flat that it is used at this step. In Figure 
136b, it is shown one example of the data acquisition with confocal microscope. 

As it is possible to observe in Figure 135b, there are some deviations in the corners of 
the image. They may be produced due to aberrations of the lenses or due to the software 
interpolation between each measuring plane. The uncorrected curvature of 0.25 µm 
could be negligible compared to the Z-axis axial steps (2 µm). The Z-coordinate of each 
point is also registered. This way, it is possible to calculate its average as a proof of the 
good performance of the confocal microscope. In Table 25, the RMS and the average of 
Z-coordinate for X and Y-axes analysis is also shown: 

 

 

 

 

 

Table 25 RMS flatness measured with the confocal microscope 

The ∆z is 0.078 µm, which is of the order of the flatness error of ø 100 mm optical flat. 
As in Section 4 [70], the RMS average of both values will be used to estimate the 
component of the uncertainty associated with the possible curvature of the plane. 

𝒖𝐅𝐋𝐓,𝐬 = 𝟎. 𝟓𝟏 µ𝒎 (61) 

This value is lower than the one obtained above (𝑢FLT,obj=0.54 µm). This can be 

considered as the 𝑢FLT,T, the component of the uncertainty due to the flatness deviation 

of the hole instrument. This is because the component of the uncertainty introduced by 
the objective is within it. However, to be conservative, both values will be considered 
and, according to [9], the 𝑢FLT,T should be calculated as follows: 

𝒖𝐅𝐋𝐓,𝐓 = √𝒖𝐅𝐋𝐓,𝐨𝐛𝐣
𝟐 + 𝒖𝐅𝐋𝐓,𝐬

𝟐 = √𝟎. 𝟓𝟒𝟐 + 𝟎. 𝟓𝟏𝟐 = 𝟎. 𝟕𝟒 µ𝒎 (62) 

 

  

Axis RMS Flatness (µm) ∆z (µm) 

X 0.60 0.094 

Y 0.41 0.063 

MEANS 0.51 0.078 

  

(a) (b) 

 1 
Figure 136 Flatness Verification: (a) Optical flat; (b) Result of flatness measurement with 

confocal microscope. 



117 
 

6.5.2 Calibration of the working table. XY Plane 

The topographic image obtained with the confocal microscope of the central cross of 
quadrant #1 is presented in Figure 137: 

 

 

 

 

 

 

 

 

 

 

The central cross of quadrant #1 will be considered as the reference (0,0). Then, the 
cross at the center of the software screen should be aligned with the central cross of 
each quadrant. As the software permits to register the distances of each cross to the 
reference, the data acquisition could be accomplished. The ‘XY-etalon’ materializes 
various lengths and angles, but they are going to be used for this part only those 
segments whose lengths have been determined with less relative uncertainty: 

 𝐷23, whose uncertainty is 1.7 µ𝑚 and its relative uncertainty is 25 · 10−6. 

 𝐷45, whose uncertainty is 1.7 µ𝑚 and its relative uncertainty is 25 · 10−6. 

 𝛼2345, whose uncertainty is 7′′ and its relative uncertainty is 25 · 10−6 𝑟𝑎𝑑. 

Besides, the thermal expansion coefficient of silicon is 2.6 · 10−6 𝐾−1 [202]. Being so low, 
one advantage it has is that the temperature control doesn't need to be that good. For 
example, a deviation of 10ºC (which is exaggerated) from the reference temperature of 

20ºC would introduce a deviation of the order of 2.6 · 10−6, in relative terms. Therefore, 
it is possible to work in the same order of magnitude with which the lengths in the ‘XY-
etalon’ have been determined. The next step of the calibration procedure is to estimate 
the parameters presented in the extended matrix model in equation (58) and their 
uncertainties. The parameters are: 

 𝑐𝑥𝑦,𝑤𝑡: Common linear calibration coefficient for X and Y axes. It provides the joint 

traceability to SI of x and y axes. For this parameter it is necessary a traceable 
length standard. 

 𝑎𝑤𝑡: Linear coefficient that estimates the difference between linear amplifications 
in the X and Y axes. A length standard is required to determine this but may not 
be traceable. 

 𝜃𝑤𝑡: Perpendicularity deviation between X and Y axes. For its determination, 
several alternatives can be used, such as a length standard (which does not need 
to be traceable) measured according to the two diagonals or such as an angular 
standard (as closer to 90º as possible) measured in two orientations, rotated one 
with respect to the other 90º. This last option is the one that will be used. 

Considering equation (6), it is possible to obtain the corrected length (that which should 
already be almost equal to the certified length ℓ0 of the standard). Calling ℓ the raw 
reading provided by the confocal when measuring said length, the equations will be: 

  

Figure 137 Topography of the central cross of quadrant #1 
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 For horizontal position: 

(𝟏 + 𝒄𝒙𝒚,𝒘𝒕 + 𝒂𝒘𝒕) ∙ 𝓵 ≅ 𝓵𝟎 (63) 

 For vertical position: 

(𝟏 + 𝒄𝒙𝒚,𝒘𝒕 − 𝒂𝒘𝒕) ∙ 𝓵 ≅ 𝓵𝟎 (64) 

These equations could be rewritten as: 

 For horizontal position: 

𝒄𝒙𝒚,𝒘𝒕 + 𝒂𝒘𝒕 ≅
𝓵𝟎

𝓵
− 𝟏 (65) 

 For vertical position: 

𝒄𝒙𝒚,𝒘𝒕 − 𝒂𝒘𝒕 ≅
𝓵𝟎

𝓵
− 𝟏 (66) 

Onwards, ℓ0(𝐷23) and ℓ0(𝐷45) will represent the certified values of 𝐷23 and 𝐷45, 
respectively, and ℓ(𝐷23, 𝜑) will represent the measured value of 𝐷23 at position 𝜑. Note 

that 𝜑 will acquire the values 0º, 90º, 180º and 270º. These orientations are taken 
clockwise. Then, it could be defined these equations: 

𝑐𝑥𝑦,𝑤𝑡 + 𝑎𝑤𝑡 ≅
ℓ0(𝐷45)

ℓ(𝐷45, 0º)
− 1 (67) 𝑐𝑥𝑦,𝑤𝑡 − 𝑎𝑤𝑡 ≅

ℓ0(𝐷23)

ℓ(𝐷45, 0º)
− 1 (71) 

𝑐𝑥𝑦,𝑤𝑡 + 𝑎𝑤𝑡 ≅
ℓ0(𝐷23)

ℓ(𝐷23, 90º)
− 1 (68) 𝑐𝑥𝑦,𝑤𝑡 − 𝑎𝑤𝑡 ≅

ℓ0(𝐷45)

ℓ(𝐷45, 90º)
− 1 (72) 

𝑐𝑥𝑦,𝑤𝑡 + 𝑎𝑤𝑡 ≅
ℓ0(𝐷45)

ℓ(𝐷45, 180º)
− 1 (69) 𝑐𝑥𝑦,𝑤𝑡 − 𝑎𝑤𝑡 ≅

ℓ0(𝐷23)

ℓ(𝐷23, 180º)
− 1 (73) 

𝑐𝑥𝑦,𝑤𝑡 + 𝑎𝑤𝑡 ≅
ℓ0(𝐷23)

ℓ(𝐷23, 270º)
− 1 (70) 𝑐𝑥𝑦,𝑤𝑡 − 𝑎𝑤𝑡 ≅

ℓ0(𝐷45)

ℓ(𝐷45, 270º)
− 1 (74) 

Simplifying terms by adding or subtracting two equations with different sign of 𝑎𝑤𝑡 from 
each other, they are obtained four equations for the estimation of: 

 𝑐𝑥𝑦,𝑤𝑡: 

𝒄𝒙𝒚,𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟎º)
+

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟎º)
] − 𝟏 (75) 

𝒄𝒙𝒚,𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟗𝟎º)
+

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟗𝟎º)
] − 𝟏 (76) 

𝒄𝒙𝒚,𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟏𝟖𝟎º)
+

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟏𝟖𝟎º)
] − 𝟏 (77) 

𝒄𝒙𝒚,𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟐𝟕𝟎º)
+

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟐𝟕𝟎º)
] − 𝟏 (78) 
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 𝑎𝑤𝑡: 

𝒂𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟎º)
−

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟗𝟎º)
] (79) 

𝒂𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟗𝟎º)
−

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟎º)
] (80) 

𝒂𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟏𝟖𝟎º)
−

𝓵𝟎(𝑫𝟒𝟓)

𝓵(𝑫𝟒𝟓, 𝟐𝟕𝟎º)
] (81) 

𝒂𝒘𝒕 ≅
𝟏

𝟐
[

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟐𝟕𝟎º)
−

𝓵𝟎(𝑫𝟐𝟑)

𝓵(𝑫𝟐𝟑, 𝟏𝟖𝟎º)
] (82) 

To estimate 𝜃𝑤𝑡, it is going to be measured the angle 𝛼2345 in four orientations 𝜑, rotated 
clockwise: 0º (1st quadrant), 90º (4th quadrant), 180 (3rd quadrant) and 270 (2nd quadrant). 
It could be demonstrated that it is not necessary to know the measured value of the 
angle. Then, it could be said that the equations for the estimation of 𝜃𝑤𝑡 are: 

𝜽𝒘𝒕 =
𝜶(𝟎º) − 𝜶(𝟐𝟕𝟎º)

𝟐
 (83) 

𝜽𝒘𝒕 =
𝜶(𝟗𝟎º) − 𝜶(𝟏𝟖𝟎º)

𝟐
 (84) 

Where the different 𝛼(𝜑) are the angles obtained with the confocal microscope at the 
different positions. 

The results of the estimations of the parameters obtained from the data obtained with 
the confocal microscope are presented in Table 26. To ensure that the parameter 
estimation is correct, two different methods have been used: 

 “Simple method”: using the equations presented above. 

 “Least square method”: using the least squares calculation method. 

Table 26 Results of the estimation of the parameters 

It could be observed that there are some differences between both methods. However, 
the differences are lower than the uncertainty. This implies that the simple method is 
valid. 

  

Estimation Method Par. Value Uncertainty Units Repeatability (s) 

Simple Method 

𝑐𝑥𝑦,𝑤𝑡 0.000 240 0.000 036 - 0.000 830 

𝑎𝑤𝑡 -0.000 273 0.000 031 - 0.000 830 

𝜃𝑤𝑡 -0.000 074 0.000 023 rad 0.000 660 

Least Square 
Method 

𝑐𝑥𝑦,𝑤𝑡 0.000 243 0.000 036 - - 

𝑎𝑤𝑡 -0.000 283 0.000 031 - - 

𝜃𝑤𝑡 -0.000 071 0.000 023 rad - 
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6.5.3 Calibration of the column. Z axis 

Figure 138 presents an example of the 3D data acquisition of the spherical cap of the ‘Z-
etalon’. 

 

 

 

 

 

 

 

Following the procedure described in Figure 132, they have been obtained the values 
for the radius of the sphere. Using the algorithm for Spherical Cap Fitting described in 

[70], the radius of the sphere is estimated. Then, it is possible to estimate the 𝑢(𝐷𝑚
̅̅ ̅̅ )𝑐𝑜𝑙 

for each Z-level as: 

𝒖(𝑫𝒎
̅̅ ̅̅̅)𝒄𝒐𝒍 =

𝒔(𝑫𝒎
̅̅ ̅̅̅)𝒄𝒐𝒍

√𝒏
 (85) 

Table 27 summarizes these results: 

 Table 27 Measurements of the sphere radius at different Z-levels. 

From Table 27, it is important to highlight that the RMS flatness results suggest that 
increments in the Z level do not introduce noise in the measurement. Considering the 
certified value of diameter of the reference 𝐷0, the 𝑐𝑥𝑦,𝑜𝑏𝑗 value and their uncertainties 

(see Section 4), and the values obtained during this part of the test 𝐷𝑚,𝑧
̅̅ ̅̅ ̅̅ , 𝑠(𝐷𝑚,𝑧

̅̅ ̅̅ ̅̅ ) and 

𝑢(𝐷𝑚
̅̅ ̅̅ ), the Z-axis calibration parameter 𝑐𝑧,𝑐𝑜𝑙 can be estimated as follows: 

𝒄𝒛,𝒄𝒐𝒍 =
𝑫𝒎
̅̅ ̅̅̅

𝑫𝟎
· (𝟏 + 𝟐 · 𝒄𝒙𝒚,𝒐𝒃𝒋) − 𝟏 (86) 

with 𝒖(𝒄𝒛,𝒄𝒐𝒍) = √
𝒖𝟐(𝑫𝟎)+𝒖𝟐(𝑫𝒎,𝒛

̅̅ ̅̅ ̅̅ ̅)

𝑫𝟎
𝟐 + 𝟒 · 𝒖𝟐(𝒄𝒙𝒚,𝒐𝒃𝒋) + 𝒔𝟐(𝒄𝒛,𝒄𝒐𝒍) (87) 

As in Section 4 [70], it is necessary to estimate the correlation coefficient 𝑟(𝑐𝑥𝑦,𝑜𝑏𝑗, 𝑐𝑧,𝑐𝑜𝑙), 

as follows:  

Z level 
(mm) 

RMS flatness 
(µm) 

Radius (mm) 𝑫𝒎,𝒛
̅̅ ̅̅ ̅̅  

(mm) 

𝒔(𝑫𝒎,𝒛
̅̅ ̅̅ ̅̅ ) 

(mm) 

𝒖(𝑫𝒎
̅̅ ̅̅̅) 

(mm) Blue light White light 

0 0.075 2.068 2.045 4.113 0.0142 0.0063 

5 0.074 2.034 2.016 4.050 0.0104 0.0042 

10 0.074 2.059 2.044 4.102 0.0088 0.0036 

15 0.071 2.045 2.023 4.068 0.0173 0.0071 

20 0.075 2.058 2.055 4.112 0.0118 0.0048 

25 0.083 2.038 2.034 4.071 0.0106 0.0043 

Figure 138 Result of the measurement of the ‘Z-etalon’ obtained with the confocal microscope. 
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𝒓(𝒄𝒙𝒚,𝒐𝒃𝒋, 𝒄𝒛,𝒄𝒐𝒍) = 𝟐 ·
𝒖(𝒄𝒙𝒚,𝒐𝒃𝒋)

𝒖(𝒄𝒛,𝒄𝒐𝒍)
 (88) 

This correlation coefficient is clearly higher than zero, showing a strong positive 
correlation between 𝑐𝑥𝑦,𝑜𝑏𝑗 and 𝑐𝑧,𝑐𝑜𝑙 that should be considered after calibration when 

needed.  

6.6 DISCUSION 

Table 28 summarizes the results obtained during the calibration: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 28 Results of calibration 

Note that these results are only valid for measurements made with the same objective 
(10x). If other objectives are used, a whole recalibration is needed for each new 
objective. As stated above, the independence between the objectives and the system 
implies that the matrix model to correct the measurements is the one described in 
equation (53). The matrix model is as follows: 

(
𝑥
𝑦
𝑧

) = (

1 + 𝑐𝑥𝑦,𝑜𝑏𝑗 + 𝑎𝑜𝑏𝑗 𝜃𝑜𝑏𝑗 2⁄ 0

𝜃𝑜𝑏𝑗 2⁄ 1 + 𝑐𝑥𝑦,𝑜𝑏𝑗 − 𝑎𝑜𝑏𝑗 0

0 0 1 + 𝑐𝑧,𝑜𝑏𝑗

) · (

𝑥𝑜𝑏𝑗

𝑦𝑜𝑏𝑗

𝑧𝑜𝑏𝑗

) + 

+ (

1 + 𝑐𝑥𝑦,𝑤𝑡 + 𝑎𝑤𝑡 𝜃𝑤𝑡/2 0

𝜃𝑤𝑡/2 1 + 𝑐𝑥𝑦,𝑤𝑡 − 𝑎𝑤𝑡 0

0 0 1 + 𝑐𝑧,𝑐𝑜𝑙

) · (

𝑥𝑠

𝑦𝑠

𝑧𝑠

) 

 

(89) 

  

Parameter Value Units Std. Uncertainty 

𝑐𝑥𝑦,𝑜𝑏𝑗 0.00883 - 0.00050 

𝑎𝑜𝑏𝑗 -0.000040 - 0.000036 

𝜃𝑜𝑏𝑗 -0.000798 - 0.000074 

𝑐𝑧,𝑜𝑏𝑗 0.0101 - 0.0014 

𝑟(𝑐𝑥𝑦,𝑜𝑏𝑗, 𝑐𝑧,𝑜𝑏𝑗) 0.72 - - 

𝑐𝑥𝑦,𝑤𝑡 0.000243 - 0.000036 

𝑎𝑤𝑡 -0.000283 - 0.000031 

𝜃𝑤𝑡 -0.000071 - 0.000023 

𝑐𝑧,𝑐𝑜𝑙 0.0339 - 0.0038 

𝑟(𝑐𝑥𝑦,𝑜𝑏𝑗, 𝑐𝑧,𝑐𝑜𝑙) 0.86 - - 

𝑢FLT,T 0.74 µm - 

𝑢NL,xy,wt 2.6 µm - 

𝑠𝑟(𝑥) = 𝑠𝑟(𝑦) 0.4 µm - 

𝑠𝑟(𝑧) 1.1 µm - 

𝑤𝑥𝑦 = 𝑤𝑧 0.1 µm - 
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6.6.1 Expanded Uncertainty Estimation for Length 
Measurements in the XY Plane 

Let’s suppose that it is needed to carry out a measurement and the measurand is so 
large that you need to place the working table in two different positions:  

 

 

 

 

 

 

 

 

 

 

As shown in Figure 139, the distance that is intended to be determined in the global 

system is 𝐿. Note that A' is the point of Position 2 that is above A when the working table 

is in Position 1. The global measure could be decomposed in two components: 𝐿𝑠, which 

is the displacement of the system, and 𝐿𝑜𝑏𝑗, which is the measurement in the image 

provided by the objective. Therefore, the vector 𝐿 could be calculated as: 

𝑳 = 𝑳𝒔 · 𝐜𝐨𝐬(𝜶) + 𝑳𝒐𝒃𝒋 · 𝐜𝐨𝐬(𝜷) (90) 

with 𝑼(𝑳) = 𝒌 · √𝒖𝟐(𝑳𝒔) · 𝐜𝐨𝐬𝟐(𝜶) + 𝒖𝟐(𝑳𝒐𝒃𝒋) · 𝐜𝐨𝐬𝟐(𝜷) ≤(𝟏) 𝒌 · √𝒖𝟐(𝑳𝒔) + 𝒖𝟐(𝑳𝒐𝒃𝒋) (91) 

(1) As cos(𝛼) and cos(𝛽) are always lower than 1, this approximation could be done. 

The value 𝑢(𝐿𝑜𝑏𝑗) could be calculated using the equation (46). However, to calculate of 

𝑢(𝐿𝑠), this equation should be adapted: 

𝑈(𝐿𝑠) = 𝑘 ∙ √𝐿𝑥𝑦
2 ∙ {𝑢2(𝑐𝑥𝑦,𝑤𝑡) +

𝑎𝑤𝑡
2

3
+ 𝑢2(𝑎𝑤𝑡) +

1

2
[
𝜃𝑤𝑡

2

3
+ 𝑢2(𝜃𝑤𝑡)]} + 𝑢NL,𝑥𝑦,𝑤𝑡

2 + 𝑠𝑟
2(𝑥) +

𝑤𝑥𝑦
2

12
≤ 7.8 𝜇𝑚 +

𝐿𝑠

3500
 (92) 

As for equation (46), those components of the uncertainty for which no distribution was 

described, were supposed to have normal distributions, and it can be supposed that the 

output variable 𝐿𝑠 is normally distributed [10]. Therefore, a coverage factor 𝑘 = 2 can be 

used when computing the expanded uncertainty assuming a coverage probability of 

approximately 95%. In both cases, the equation to estimate the uncertainty is a straight 

line in the form 𝑦 ≤ 𝑎 +
𝑥

𝑏
. Thus, the global uncertainty should be calculated as follows: 

𝑈(𝐿) = 𝑘 ∙ √𝑈2(𝐿𝑜𝑏𝑗) + 𝑈2(𝐿𝑠) = √(1.9 +
𝐿𝑜𝑏𝑗

1600
)

2

+ (7.8 +
𝐿𝑠

3500
)

2

≤ √(1.9 + 7.8 +
𝐿𝑜𝑏𝑗

1600
+

𝐿𝑠

3500
)

2

= 9.7𝜇𝑚 +
𝐿

1100
 (93) 

Note that the uncertainty starts from 9.7 µm. This value is slightly high, depending on the 
application, and this implies that this method is valid for those applications where these 
values of uncertainty could be accepted. 

  

Figure 139 Components of the measurements 
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6.6.2 Expanded Uncertainty Estimation for Length 
Measurements in the Z axis 

The case of Z-axis is simpler, just replace the objective values with those of the system, 
as follows: 

𝑈(ℎ) = 𝑘 ∙ √ℎ2 ∙ 𝑢2(𝑐𝑧,𝑐𝑜𝑙) + 𝑢FLT,T
2 + 𝑠𝑟

2(𝑧) +
𝑤𝑧

2

12
≤ 2,6 µm +

ℎ

133
 (94) 

As in equation (47), there are four uncertainty components. All of them have a normal 
distribution, except 𝑤𝑧 which is distributed uniformly. However, 𝑤𝑧 is never the dominant 
contribution. Therefore, a coverage factor 𝑘 = 2 can be used when computing the 
expanded uncertainty assuming a coverage probability of approximately 95% [10]. 
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7 CONCLUSIONS 
This work pretends to show a method for the calibration of the scales of a confocal 
microscope using material reference standards available in industrial environments. In 
addition, it is presented a method to manufacture two-dimensional material standards 
using picosecond laser systems, and it is used for the calibration of the working volume 
of the confocal microscope. 

In the first part of the document, it is summarized the fundamental concepts of the 
dimensional metrology, making a deep analysis of: 

 The main principles of the dimensional metrology. 

 The main fields of study depending on the measurement range. 

 The fundamentals of surface metrology. 

 The typical measuring instruments used in surface metrology. 

 The fundamentals of confocal microscopes. 

 The characteristics of the confocal microscope that will be used. 

Attending the results of Section 4 [70], it should be highlighted that the proposed 
calibration procedure provides adequate traceability for length and roughness 
measurements to 3D optical measuring instruments used in submillimeter coordinate 
metrology. The calibration procedure is as simple as possible, as it was designed to be 
implemented in industrial environments. Reference material standards were chosen to 
be easy to find and easy to calibrate again in industrial environments. The document is 
focused on the calibration of a confocal microscope, but it could be easily adapted to 
calibrate other 3D optical instruments (e.g., focus variation microscopes) with minor 
changes. For example, the material of some reference material standards would have to 
be changed, but the core of the procedure would remain the same. Uncertainty 
estimations were carried out for all parameters following the mainstream GUM method, 
and the propagation of uncertainties to other types of measurements is demonstrated 
through an example solver using Monte Carlo simulation. In addition, for measurements 
of lengths and roughness, expressions for expanded uncertainties of measurement 
carried out by the instrument were provided. The calibration procedure covers all the key 
points of operation of a confocal microscope, permitting the estimation of: 

 Amplification coefficients 𝛼𝑥 = 1 + 𝑐𝑥𝑦 + 𝑎, 𝛼𝑦 = 1 + 𝑐𝑥𝑦 − 𝑎 and 𝛼𝑧 = 1 + 𝑐𝑧 

 Non-linearity errors. 

 Perpendicularity error 𝜃 between X and Y axis. 

 Relative difference 2𝑎 in pixel dimensions along X and Y axis. 

 Repeatabilities when measuring lengths or heights. 

 Flatness deviations in XY-plane. 

 Bias deviation 𝑏 when measuring roughness.  

 Instrument noise when measuring roughness. 

 Repeatability when measuring roughness. 

Some of these parameters (amplification coefficients, flatness deviation in XY plane) can 
usually be introduced in the instrument software to compensate for their effects. Others 

cannot be compensated (i.e., 𝜃, 𝑎) but if high values are detected, the user can ask the 
instrument manufacturer to adjust and/or repair the instrument to reduce their effects. 
Even if they are not introduced, an alternative approach is presented to account for the 
fact that these corrections were not applied. 
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In this section, they are presented two examples of the performance of the calibrated 
confocal microscope in two different applications: 

 The measurement of a cylindrical surface. 

 The roughness comparison between stylus instruments and two different 
confocal microscopes, standing out that confocal microscopes and other 2.5D 
and 3D surface measuring instruments could obtain measurements of different, 
significant roughness parameters with great results with a good calibration. 
Thanks to these results, this kind of measuring instruments could be a great 
option in interlaboratory comparisons. 

Regarding the Section 5 [60], it has been demonstrated the importance of giving 
traceability to the surface texture. This document could be very valuable in Surface 
Metrology field because it collects the main shapes, materials, and manufacturing 
processes to produce surface texture standards. 

As the tendency on industry is the miniaturization of parts, it will be necessary to have 
standards whose use should be easy, agile, adaptive to different forms and, of course, 
traceable to the SI unit of length (the meter). In this paper, authors present four different 
models as a starting point for future work. The proposed designs are developed for 
measuring microscopes, but they can be used in the calibration of measuring instruments 
with wider measuring fields. Additionally, a proof-of-concept artifact has been developed 
for validating the design process, choosing a material with good optical properties (hard 
enough to be calibrated with a stylus instruments) and selecting a technology that 
enables to make the grooves with the purposed dimensions and shapes. In the final part 
of this section, it is included the parameterization of the manufacturing process of 
ultraviolet laser systems.  

With the parameters obtained in Section 5, it was possible to manufacture a material 
standard. This material standard is used in Section 6 to give traceability to the scales of 
the working table of the confocal microscope. Additionally, the material standards used 
in Section 4 [70] are adapted to enable the traceability in Z-axis. As in Section 4 [70], 
uncertainty estimations were carried out for all parameters following the GUM method 
and the propagation of uncertainties to other types of measurements is demonstrated 
through an example solver using Monte Carlo simulation. To conclude, expressions for 
expanded uncertainties for measurements of lengths carried out by the instrument were 
provided.  

The next steps of this work, that are not the aim of this document, should pursue the 
reduction of uncertainty of use. For this purpose, it could be taken different actions: 

 The improvement of the displacement system, enabling a better control on the 
displacement of both, working table and column. 

 The improvement of the customized material standard. For this purpose, using 
lasers with shorter pulse duration would permit the manufacture of better material 
standards. 

 The improvement of the calibration method. 
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