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Abstract 

Additively manufactured (AM) components have complex surface textures compared with conventionally machined surfaces. 

There is an increasing demand from AM industry for reference standards to calibrate instruments for AM surface inspection; this 

is particularly important in application areas such as aerospace, where the failure of a mission-critical part can have dire safety 

consequences. Many AM surfaces have re-entrant features and internal surfaces and, therefore, are difficult or impossible to be 

accessed by conventional measurement techniques. X-ray computed tomography (XCT) is an emerging technology that is 

capable of measuring AM surfaces. However, the metrology framework of the technology is still under development. Recently, 

we have explored the calibration of XCT for surface texture evaluation using a reference standard with a unique design. The 

prototype surface texture reference standard has surfaces with varying roughness levels and has been designed for compatibility 

between profile and areal topography measuring instruments and tomography instruments. The measurement traceability of 

surface texture using XCT has been established for profile measurements via a calibrated contact measurement technique. This 

paper has further investigated the impact of sampling strategy in calibration. This preliminary study is to investigate the ability 

of XCT to evaluate the AM surface texture in different build orientations, where the surfaces may have limited evaluation length. 
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1    Introduction 

X-ray computed tomography (XCT) has been increasingly used for the inspection of additively manufactured (AM) components 

[1, 2]. Several studies demonstrated the feasibility of using XCT for surface texture evaluation [3, 4]. However, the traceability 

framework for XCT to evaluate AM surface texture is still under development. 

 

Establishing an instrument for dimensional metrology requires assurance of its measurement traceability to the unit of length. 

One route to establish measurement traceability is to calibrate the measurement instrument via the metrological characteristic 

approach. In the field of XCT, many recent research works focused on the uncertainty evaluation of influence factors, including 

geometric errors [5, 6], X-ray source stability [7], resolution [8], beam hardening errors and scattering errors [9, 10]. However, 

this approach requires significant effort due to the complex systematic errors of XCT technology, hence is impractical in shop 

floor conditions. 

 

As a compromise, it is commonly accepted to use the comparator method to establish measurement traceability for XCT. The 

calibration of XCT for AM surface texture using this approach has been studied in [11]. The paper discussed the procedure to 

conduct such a calibration using a reference standard with a novel design of surface textures and additional features for instrument 

calibration and data registration for different measurement techniques. The paper also explored the approach to establish 

measurement traceability with a reference instrument. Measurement bandwidth and suitability of filters have also been discussed. 

The investigation was based on profile measurements. However, as surfaces of AM parts have complex textures, it is not known 

how different sampling strategies could contribute to the measurement uncertainty. ISO 14253-2 highlight the importance of 

measurement procedures in calibration [12], but there is a limited investigation about sampling strategies, especially for profile 

measurements of AM surfaces using XCT.  

 

In this paper, we use the same prototype reference standard with AM surface texture as in [11]. The prototype reference standard 

has different surface textures and has features for calibration and data registration purposes. The paper discusses the impact of 

sampling strategies in the calibration of XCT using the reference standard.  
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2    Three dimensional, additively manufactured surface texture reference standard 

The reference sample used for this work is the prototype of the National Physical Laboratory (NPL)’s three-dimensional 

roughness standard (3DRS), shown in Figure 1. The standard was manufactured by electron beam melting using Ti64 alloy, with 

further machining and additions [11].  

 

 
Figure 1: A prototype of NPL’s 3DRS reference standard. 

 

There are three types of features included in the design. The first type of feature is the additively manufactured surface texture. 

Face A is the as-built surface. The other three faces (B, C and D) were modified using bead blasting to create different levels of 

roughness. The design of the reference standard enabled the instrument response to different levels of surface roughness to be 

evaluated. The roughness values (Ra) of the four faces are between 10 µm - 30 µm, consistent with the level of surface texture 

commonly seen in AM. 

 

The reference standard also has two single-sided step height features on each side. The step height features are designed to 

calibrate the scale along the directions that are normal to the surfaces, which is commonly used for areal instrument calibration. 

Different to conventional double-sided groove features, a single-sided step (ST) enables a compact design of the overall samples. 

The steps were cut by EDM, and the surface roughness is at a micrometre level and enabled their use as supplementary 

micrometre-level texture standards.  

 

In addition to the surface texture and step features, there are five high precision zirconium spheres used for data registration 

purposes. Two of the five spheres are mounted on side A, and the other spheres are located one on each of the remaining three 

faces. 

 

3    Experiments 

 

Measurements have been performed using a Nikon XT H 225M industrial cone-beam XCT system. The instrument is the first 

generation of XCT systems designed for metrology purposes, where the instrument has a stationary X-ray tube, detector and a 

rotation and translation stage to handle measured samples. The system has both a fan and a liquid coolant system to control the 

temperature within the measurement chamber. Three repeated XCT measurements were conducted using a system setting of 

180 kV, 120 µA, with 1 mm copper filter, and a magnification of 10 with pixel size on the detector of 200 µm × 200 µm. The 

sample was positioned upright and was repositioned in each measurement. The data was then reconstructed using Nikon’s CT 
Pro 3D software. The reconstructed volumetric data is shown in Figure 2.  

 

 
Figure 2: XCT measurement result of the 3DRS standard.  
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XCT is a tomographic technique that produces data in volumetric format. Therefore, a sequence of processes is required to 

convert data for surface texture evaluation. After the data reconstruction, several steps are usually involved in extracting surface 

data for further analyses. This study used VGStudio Max 3.4.3 software (VG). The first step was to determine the surface based 

on volumetric data. An iterative function in VG was used. The data was then registered using the 5 spheres on the 3DRS sample. 

Then region of interest (ROI) was defined for data extraction. During the defining of the ROI process, the edge data was avoided 

to eliminate the influence of edge data from the adjacent surfaces. Due to the characteristics of AM surfaces, this rigorous 

procedure must be followed when registering the data and defining the ROI.  

 

When extracting surface data, there are two types of algorithms available in VG. One is the Ray-based algorithm, and the other 

is the Grid-based algorithm. The Ray-based algorithm calculates the intersection of the surface with a regular, three-dimensional 

grid and a point is determined whenever the grid intersect the surface. The Grid-based algorithm also calculates the intersection 

of the surface with a regular grid, but the algorithm is watertight with more vertices/triangle compared to the Ray-based algorithm 

[13]. The Ray-based algorithm was used in this evaluation for better time efficiency.  

 

  
Figure 3 Sampling strategy. Left. Illustration of vertical sampling (parallel to the axis of the sample). Right. Illustration of 

lateral sampling (perpendicular to the axis of the sample). 

 

When calibrating XCT for AM surface texture evaluation, the sampling strategy has to be designed carefully to cover the 

measurement requirement and account for the characteristics of the part under investigation. In paper [11], the XCT results on 

the lateral profiles have been compared to the reference measurements, and the measurement uncertainty has been established. 

In this current paper, both lateral and vertical scan profiles have been considered, and the impact of sampling strategy is 

discussed. The two sampling strategies are shown in Figure 3. 
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• The vertical sampling strategy is illustrated in Figure 3 left. Totally 13 vertical profiles were taken. Each profile length 

is 5.5 mm, and the distance between each profile is roughly 1 mm. The short profiles mimic the situation where a small 

range (a short evaluation length) of the measured surface is available. 

• The lateral sampling strategy is illustrated in Figure 3 right. Totally 6 lateral profiles were taken. Each profile length is 

14 mm. The distance between profiles is 1 mm on the surface texture features and 0.75 mm on the ST feature. This is 

to mimic the situation where a relatively large range (a long evaluation length) of profiles is available.  

 

There are a lot of discussions and debates on how to evaluate surface texture using surface areal parameters (S-parameters). 

However, as the adoption of areal parameters in industrial applications is not as advanced as the use of profile parameters, the 

work presented in this paper uses profile parameters (R-parameters). This also allows the measurements to be compared more 

cost-effectively with traceable contact measurement techniques. The reference instrument used is a Taylor Hobson’s Talysurf 
PGI 1000 (CS). The stylus was fitted with a diamond conisphere with a 60º angle and a 2 μm radius tip. The CS has a height 
measurement uncertainty of 43.7 nm (k = 1). The sampling distance of measurements conducted was 0.125 μm. The evaluation 

focuses on the roughness parameter Ra, one of the most widely used parameters in industry.  

 

4    Results and discussion 

In [11], the steps to conduct calibration, the way to establish a comparison with the reference instrument and analyses using 

different filtering have been discussed. This current paper focuses on applying the calibration on AM surface textures, especially 

with different sampling strategies required. 

 

Many AM parts have highly-curved or small faceted surfaces, and measurements must be planned with a shorter evaluation 

length than default for the relatively-rough AM texture. Such shorter lengths may result in an increasingly inaccurate or 

incomplete description of the topography of that surface. It is therefore prudent to compare with results for the default evaluation 

length where geometry allows. In this section, both shorter evaluation length and long evaluation length have been considered.  

 

Three repeat measurements of the 3DRS sample have been conducted using both XCT and a contact reference measurement 

system. Data extraction using two different sampling strategies described in section 3 have been conducted, and results are 

discussed. Thirteen profiles were taken across the AM surface for measurements with a shorter evaluation length (vertical 

sampling). Six profiles (lateral sampling) were taken across the AM surface, and four profiles (lateral sampling) were taken 

across the ST feature for measurements with a longer evaluation length. The impact of using different λc and λs have been 

discussed [11]. Due to the characteristics of the AM surface texture, it was concluded to use λs of 80 μm. The selection of λc 

depends on the surface components of interest, and both 2.5 mm and 0.8 mm values for λc have been studied in [11]. However, 

to investigate the difference between the sampling strategies, the following studies use λs = 80 μm and λc = 0.8 mm to allow the 

investigation of measurements with a short evaluation length. The impact of different filters have been discussed in [11] and will 

not be discussed further in this paper.  

 

Table 1: Lateral profiles using XCT. Filters: λc = 0.8 mm, λs = 80 μm. Key: 𝜎𝑅𝑎̅̅ ̅̅  is the standard deviation of the mean (i.e. 𝑅𝑎̅̅̅̅ ) of the per-

profile Ra estimates. Ra and σ are the mean and the standard deviation of each three 𝑅𝑎̅̅̅̅  values.  

Face 1 2 3 Averaged 

Unit: μm 𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  Ra σ 

A 19.26 0.63 19.30 0.70 19.49 0.51 19.35 0.12 

B 15.70 0.59 15.53 0.63 15.11 0.96 15.45 0.30 

C 11.22 0.59 11.16 0.53 11.32 0.66 11.23 0.08 

D 15.55 1.03 15.66 1.00 15.82 1.04 15.68 0.13 

ST 0.87 0.03 0.84 0.01 0.80 0.01 0.84 0.03 

 

Ra estimates from the XCT and CS instruments are summarized in Tables 1 and 2, respectively, for the lateral (longer) profile 

measurements, and in Tables 3 and 4, respectively, for the vertical (shorter) profile measurements. The CS data shows somewhat 

smaller variation (𝜎𝑅𝑎̅̅ ̅̅ ) over repeat measurements, compared to the equivalent XCT data, which is reasonable as the sample was 

repositioned between measurements only on the XCT instrument. 
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The averaged results for the two instruments are summarised in Figure 4. Ra estimates for each face are noticeably higher for 

the vertical profile data than for the horizontal profile data; this may be due to (a) change in spatial frequency content with 

change in evaluation length or (b) true anisotropy of the surface texture. 

 

 

Table 2: Lateral profiles using CS. Filter: λc = 0.8 mm, λs = 80 μm. Symbols are as in Table 1. 

Face 1  2 3 Averaged 

Unit: μm 𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  
 𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  Ra σ 

A 17.00 0.56  17.01 0.56 17.01 0.56 17.01 0.01 

B 14.79 0.55  14.73 0.59 14.70 0.56 14.74 0.05 

C 11.04 0.57  11.04 0.58 11.05 0.56 11.04 0.00 

D 13.33 0.50  13.33 0.50 13.30 0.50 13.32 0.02 

ST 1.44 0.05 
 

1.43 0.06 1.41 0.05 1.43 0.01 

 

Table 3 Vertical profile using XCT. Filters: λc = 0.8 mm, λs = 80 μm. Symbols are as in Table 1. 

Face 1 2 3 Averaged 

Unit: μm 𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  Ra σ  

A 20.95 0.65 20.90 0.43 21.16 0.57 21.00 0.40 

B 18.09 0.63 17.42 0.65 17.86 0.71 17.79 0.34 

C 12.32 0.38 12.85 0.40 12.88 0.43 12.68 0.32 

D 16.50 0.53 16.39 0.51 16.60 0.52 16.50 0.10 

 

Table 4 Results of vertical profile using CS. Filters: λc = 0.8 mm, λs = 80 μm. Symbols are as in Table 1. 

Face 1 2 3 Averaged 

Unit: μm 𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  𝑅𝑎̅̅̅̅  𝜎𝑅𝑎̅̅ ̅̅  Ra σ 

A 19.25 0.42 19.26 0.42 19.27 0.42 19.26 0.01 

B 15.56 0.58 15.53 0.59 15.56 0.58 15.55 0.02 

C 11.95 0.28 11.91 0.29 11.76 0.28 11.87 0.10 

D 14.80 0.45 14.75 0.44 14.70 0.43 14.75 0.05 

 

 

The horizontal profile data trendline in the figure was based on a power fitting model, as it is common to have a non-linear 

relationship of the instrument transfer function [11]. This fit establishes a relation between Ra estimates from the XCT instrument 

and those from the reference (CS) instrument, that is, the first step in the ‘calibration’ of those XCT indications of Ra. In general, 

the second step of any calibration is to prepare to use that relation (or a simplified version of it) to (a) adjust the instrument’s 
indication error, (b) calculate a correction factor, and/or (c) account for errors as an uncertainty term. The relation can also be 

compared with results at a later time or under a different instrument, measurement or analysis configuration, such as a change in 

evaluation length. Despite the significant change in estimated Ra with measurement direction, the relation (trendline) established 

using the horizontal profile data appears to explain all but Face A of the vertical profile data. 
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Figure 4 Comparison of Ra estimates from XCT and CS instruments and from lateral and vertical profile 

measurements. Error bars are based on the largest 𝜎𝑅𝑎̅̅ ̅̅  value in the relevant row of Tables 1 to 4. Face labels 

are uppercase for the horizontal profile data and lowercase for the vertical profile data. 

 

 

There are a couple of potential reasons that may lead to the deviation of Face A result. It should be noted that Face A is an as-

built AM surface. The measurement uncertainty 𝜎𝑅𝑎̅̅ ̅̅  of Face A, where the surface texture variation is the main contributor, is 

the highest among these surfaces. The characteristics of AM as-built surface can be affected by many factors, such as the 

powder particle size, layer thickness, beam power and incident angle, as well as the build orientation. AM surface texture could 

also be anisotropic [14]. The significant level of surface variation and profiles taken along different surface orientations may 

result in different surface characteristics. Although the total number of sampling profiles has been increased to thirteen for 

vertical sampling, this may not be adequate statistically, which provoke the importance of using S-parameters for AM surface 

texture evaluation. From Table 3, the uncertainty of Face A between repeat measurements (σ) is also greater than the other 

three surfaces. Although the measurements follow a strict measurement procedure, it is impossible for XCT and SC to measure 

the same surface profiles. As the reference sample was repositioned between repeat measurements, small position variation can 

introduce a significant difference in surface texture evaluation.  

5    Conclusion and future work 

In this paper, a novel reference standard has been proposed to calibrate XCT systems for surface texture evaluation. The reference 

standard incorporates multiple features allowing comparison between XCT and traceable measurement instruments. The study 

leads to the establishment of uncertainty evaluation for surface texture calibration using tomographic instruments. Influences of 

sampling strategies and their contribution to the measurement uncertainty have been investigated, and results have been 

discussed. Further research is required in this field to understand how to apply XCT on surface texture evaluation of a complex 

part where different sampling strategies are required.  
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