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Abstract 

We fabricated a set of 64 step height standards, each containing four parallel plateaus offset by three steps of 
nominally 10 µm, 50 µm, and 100 µm, respectively, and each separated by 18° ramps.  The form factor of these 
standards makes them conducive for introduction into general and forensic-specific areal three-dimensional (3D) 
surface topography microscopes used in firearm and toolmark evaluations.  Each standard is an aluminum cylinder 
21.5 mm in diameter and 25 mm tall, similar in diameter of a 12-gauge shotgun shell. The certified step height 
standards enable customers to calibrate a microscope’s z-axis amplification coefficient (vertical scale) and linearity 
deviation in addition to implementing statistical quality control methods.  This publication provides details on the 
source and preparation of these standards as well as the use of coherence scanning interference microscopy to 
calibrate the step heights.  The uncertainty budget is also described.   

 

Keywords 

Areal three-dimensional (3D) microscope, calibration, linearity deviation, metrological 
characteristic, standard reference material (SRM), step height, surface topography, quality 
control (QC), vertical amplification coefficient  
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1. Introduction 

There are two major shifts occurring in forensic firearm and toolmark identification. One is the shift from 
conventional reflected light microscopy to areal three-dimensional (3D) surface topography microscopy [1-3], 
which yields the actual 3D topography of the toolmarks instead of an image that is significantly affected by color 
variations and lighting. The second shift is from subjective similarity evaluations by examiners to objective 
quantitative similarity metrics [4-12] so that objective decisions regarding common origin can be made with 
uncertainty statements. Most objective methodologies being considered for forensic firearm identification rely on 
3D surface topography measurement of the forensically relevant surfaces on fired cartridge cases and bullets. 
 
Researchers in the United States and abroad, in collaboration with key law enforcement agencies, are working 
diligently to mature and validate these objective methodologies with the goal of firearm examiners utilizing them 
in court, supplementing their testimony with similarity scores and associated error rates [13].  In the interim, 3D 
surface topography measurement has enabled another useful tool for firearm examiners, Virtual Comparison 
Microscopy (VCM) [14-17]. VCM is a new approach for conducting visual examinations of ballistic evidence. It relies 
on measuring the actual 3D surface topographies of the samples being evaluated and comparing these 3D sample 
topographies in a special viewing and comparison software package.  
 
Accurate traceable 3D surface topography data is critical to the successful implementation of future objective 
methods and VCM in the forensic laboratory. Early adopters of the VCM approach (including the Federal Bureau of 
Investigation (FBI) and various state and local law enforcement agencies) have already purchased 3D microscopes 
and are facing increased pressure to validate the accuracy, traceability, and uncertainty of their measurements. 
Likewise, 3D microscope manufacturers also need valid protocols to validate their instruments.   
 
Documentary standards from the Organization of Scientific Area Committees (OSAC) require forensic service 
providers (FSP) to adhere to their standards to ensure the 3D instrumentation used in casework is properly 
calibrated, measurements are traceable, and systems are in statistical control [18].  ISO 25178 is an international 
standard addressing 3D areal surface texture measurement. [19] Part 600 of this standard describes the 
metrological characteristics of these types of instruments [19].  A metrological characteristic is any aspect of a 
measurement instrument that can influence the measurement result.  SRM 2323 addresses two metrological 
characteristics: 1) vertical amplification coefficient (vertical scale) and 2) vertical axis linearity deviation. While 
commercial products exist for calibrating the metrological characteristics of similar instruments, some systems 
used in forensic toolmark evaluations are forensic-specific microscopes and only accept firearm and toolmark-
related samples.   
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2. Step Height Design 

SRM 2323, shown in Fig. 1, is a 25 mm tall 21.5 mm diameter aluminum cylinder base with four precision pads 
machined on the top surface.  Each pad is at least 3 mm × 3 mm. The pads increase slightly in dimension from top 
to  bottom due to the fabrication process. The 21.5 mm diameter is similar in width to a 12-gauge shotgun shell, 
enabling introduction into general and forensic toolmark specific microscope systems.  The four pads form three 
vertical steps of 10 µm, 50 µm, and 100 µm.  The measurand is the offset between two parallel planes that are a 
least-squares best fit to the surface measurements of adjacent pads.  These vertical steps are calibrated and 
enable metrological traceability to the International System of Units (SI) for length (meter).  The top of the 
cylindrical base is threaded to receive a nylon protective cap to protect the precision machined surfaces while the 
SRM is not in use. An 18° transition region (Fig. 2) is incorporated between adjacent pads eliminating surface 
discontinuities to improve measurability on some 3D surface topography microscopes. The bottom of the unit 
contains two one-sixteenth inch dowel holes and a metric M5 threaded hole that were used during fabrication.  
End-users may benefit from using these mounting features when measuring this SRM on their microscope.  
Mechanical drawings for this SRM unit are provided in Appendices A and B. 
 

  

Figure 1. a) SRM 2323 step height standard with nylon protective cap on the left and SRM on the right, b) 
Bottom view of SRM 2323 showing dowel mounting holes and a threaded M5 hole. 

 
 

 

Figure 2. Detail of SRM 2323 showing the three steps and indicating the 18° angular transition region between 
adjacent pads. 
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3. Source and Preparation 

A total of 64 SRM units were fabricated utilizing both internal machining services at the National Institute of 
Standards and Technology (NIST) and an external machining contractor.  Step height blanks (Fig. 3) and nylon 
protective caps were produced at NIST using traditional machining operations (e.g., turning, milling).  Blanks were 
made from aluminum alloy 6061-T651.  This alloy was chosen primarily for its machinability, especially in the 
diamond turning process.  The external machining contractor utilized single-point diamond turning (SPDT) to 
further machine the blanks, generating four adjacent pads that comprise the three certified step heights.  
 
SPDT is a specialized turning operation that incorporates a “single-point” diamond as the cutting tool.  It is a well-
established technique for fabricating precision metal surfaces, leaving an inherently specular surface.     
Specular surfaces present a challenge for some microscopes utilized in forensic toolmark evaluations.  To improve 
measurability, a chemical etching process was applied to introduce a controlled amount of surface roughness. The 
etchant used was a 0.5 mol/L NaOH solution.  Each sample was immersed in this solution for three minutes, 
resulting in a root mean square roughness (Sq) on the order of 45 nm to 50 nm.  The resulting roughness was 
produced primarily by the preferential attack in the metal grain boundary regions and by the accelerated 
dissolution of the matrix in the vicinity of surface precipitates, producing a uniform distribution of micrometer-
level high-aspect-ratio features on the surface.  

 

 

Figure 3. Detail of SRM 2323 blank showing the rectangular island that step planes are machined into. 
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4. Area-based Surface Topography Certification Method 

Calibration of the SRM 2323 step heights was completed using a commercial coherence scanning interferometry 
(CSI) microscope [20].  A 5.5X magnification objective with a 0.5X tube lens and a 0.55 numerical aperture, yielded 
a field of view (FOV) of 3.15 mm × 3.15 mm. Single FOV measurements (e.g., no image stitching) were performed 
for each step height.  For each measurement, the sloped area of the step was precisely centered in the FOV of the 
microscope, and a set of 10 repeat measurements were taken.   
 
The step height was evaluated using the two evaluation areas shown in Fig. 4.  Both evaluation areas have the 
same width 𝑤 = 1 mm and length 𝐿 = 2.5 mm.  Evaluation area A is located at a distance 𝑒 = 0.25 mm from the top 
edge of the step, whereas area B is located at the same distance 𝑒 from the bottom edge of the step. Fig. 5 
illustrates the algorithm that was used to calculate the edge locations in the topography measurements of the 
steps. The top panel of Fig. 5 shows the cross section of a step on the SRM. The center of the sloped region is 
found from the magnitude of the first derivative, or gradient, of the step topography measurement by fitting a 
straight line to the positions of pixels with non-zero first derivative (see center panel of Fig. 5). A slight 
complication is that the two edges are not identical. Due to the SPDT cutter radius of about 0.1 mm, the inside 
edge where the sloped region and the bottom pad meet is rounded (Fig. 6).  In addition, as a result of the 
fabrication process, the edges are not straight lines but slightly arcuate, with less than 10 µm deviation from a 
straight line. This deviation is indicated by 𝛿 in Fig. 6.  
 
In practice we found that the difference in the shape of the step edges is of no consequence. The locations of the 
top and bottom edges of the sloped area are calculated using the magnitude of the second derivative of the 
topography measurement (bottom panel of Fig. 5). Again, straight lines were fitted to pixel positions with non-zero 
second derivative. The step algorithm was used to calculate step edge locations and evaluation area placements in 
a set of 10 repeat measurements of a step. The evaluation area positions had a position standard uncertainty of 
0.5 pixels, and the uncertainty in the step height due to the evaluation area placement uncertainty is negligible.  
Furthermore, we found that even with a larger placement uncertainty for the evaluation areas, the effect on the 
step height is small. When the placement of area A was varied within ± 3 µm (10 pixels) and the placement of area 
B within ± 6 µm (20 pixels) the resulting standard uncertainty in the step height evaluation did not exceed 3.5 nm. 
 
A mathematical model of the step is given by 
 

𝑍(𝑥, 𝑦) =  ∝𝑥∙ 𝑥 +  ∝𝑦∙ 𝑦 + 𝛽 + 𝑑 ∙ {
0, if (𝑥, 𝑦) is within area A

−1, if (𝑥, 𝑦) is within area B
(1) 

 
 
where 𝑍 is the surface height coordinate, ∝𝑥 is the slope in 𝑥 direction, ∝𝑦 is the slope in 𝑦 direction, 𝛽 is an 

offset, and 𝑑 is the step height.  The parameters of an individual step height, including the step height 𝑑, are 
obtained by fitting the step model in Eq. (1) in a least-squares sense to the evaluation areas A and B of a step 
height topography measurement. 
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Figure 4. An illustration of one step height on a SRM 2323 step height standard.  The two evaluation areas A and 
B, indicated in red, have a width w = 1 mm, a length L = 2.5 mm, and are located at a distance e = 0.25 mm from 
their respective edges. 

 
 

 

Figure 5. Illustration of the algorithm used to calculate the edge locations in the topography measurements of 
the steps, incorporating the 1st and 2nd derivatives of the step transition. 
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Figure 6. An illustration of rounded top and bottom edges of the steps on SRM 2323.  The surface curvature in 
the sloped region results from how the sample blanks were mounted during machining.  The rounding in the 
bottom edge is due to the radius of the SPDT cutter (Note: The scales are intentionally exaggerated to highlight 
the geometries.) 

 Step Height Measurement Traceability 

The metrological traceability provided by SRM 2323 for measurements of the three step heights is established 
through the calibration process of the z-scan axis of the CSI microscope used to certify the samples [21].  During 
the z-scan calibration, a narrow-band interference filter with a peak transmission wavelength near 550 nm and a 
bandwidth of 3 nm is inserted into the light path of the microscope illuminator.  The effective wavelength of the 
narrow-band light is measured in situ with a spectrometer that had its wavelength scale calibrated in the vicinity of 
550 nm using the spectral line of mercury at 546.078 nm (at 20 °C, 1013.25 hPa, and 50% relative humidity), 
emitted by a compact mercury-argon discharge lamp [22-24].  During a z-scan axis calibration, a flat mirror is 
placed on the test stage, and aligned perpendicular to the z-axis of the interference microscope.  An interferogram 
is then measured over a 145 µm vertical scan using the narrow-band illumination.  The actual displacement of the 
microscope’s z-scan axis is derived from the number and spacing of fringes observed during the scan and the 
known illumination wavelength.  This allows a correction factor for the nominal z-axis amplification coefficient to 
be calculated and establishes traceability of height measurements to the SI meter. 
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5. Statistical Analysis 

For all measurements, the quoted expanded uncertainty 𝑈 is equal to the combined standard uncertainty 𝑢𝑐 times 
a coverage factor (𝑘 = 2). The combined standard uncertainty 𝑢𝑐 is the positive square root of the sum of the 
squares of the measurement system standard uncertainty 𝑢 and the statistical variation of the measurement 𝜎.  The 
statistical variation of the measurement is derived from a gauge repeatability and reproducibility (GR&R) study, 
where all three steps on one SRM 2323 step height standard were measured over a period of seven days.  In this 
case, the statistical variation of measurement equals the standard deviation of the GR&R measurements.  It includes 
instrument random variation during the measurement process and environmental causes of uncertainty such as 
vibration and air turbulence.  The measurement system standard uncertainty is primarily derived from the 
uncertainty of the calibration of the interference microscope’s z-scan axis. A z-scan axis calibration, described above, 
results in a correction factor for the nominal vertical amplification coefficient of the z-axis motion system.  This 
calibration procedure has the following contributors to the calibration uncertainty: 
 
 

a. Traceability of the z-axis calibration to the SI unit meter is achieved through the wavelength of the 
mercury spectral line at 546.078 nm (calculated from the vacuum wavelength using the refractive index 
model for air by Birch and Downs [25] at 20 ◦C, an air pressure of 1013.25 hPa, and a relative humidity of 
50%). The line has a published wavelength uncertainty of 0.1 pm [22]. The uncertainty of the air 
wavelength is limited by the variability of air temperature and air pressure in the laboratory. 

 
b. The air temperature within the workspace of the microscope is known to within 0.5 °C resulting in a 

wavelength uncertainty of the mercury line at 546 nm of 0.3 pm. 
 

c. The atmospheric pressure can deviate from the mean atmospheric pressure within approximately 40 hPa. 
This atmospheric pressure uncertainty results in an uncertainty of the air refractive index of 1 × 10−5, and 
a wavelength uncertainty of the mercury reference line at 546 nm of 5.5 pm. 

 
d. A compact grating spectrometer that is calibrated using the mercury spectral line at 546.078 nm measures 

the wavelength of the narrow-band illumination source used during z-axis scan calibration. The 
uncertainty in determining the centroid of the mercury reference line is 0.546 pm. Similarly, the centroid 
of the narrow-band illumination spectrum is determined with an uncertainty of 1.09 pm. 

 
e. When the wavelength of the calibrated, narrow-band illumination spectrum is determined from the 

measured interferograms using Fourier transforms, the wavelength uncertainty is found to be 110 pm. 
 

f. During a z-scan axis calibration the numerical aperture of the interference microscope is made as small as 
practicable to achieve an obliquity factor close to 1. The measured obliquity factor in the preferred z-axis 
calibration configuration is 1.00042 ± 0.00001. 

 
g. The relative repeatability (standard deviation) of the z-axis amplification factor obtained in multiple z-axis 

calibrations was found to be 1.75 x 10-4. 
 

h. The non-linearity in the z-axis scan actuator was evaluated by estimating the local fringe spacing in 
interferograms measured with narrow-band illumination and a flat reference mirror [26]. The uncertainty 
of step-height measurements resulting from the z-axis scan non-linearity is given in Table 1. Fig. 7 shows 
the interpolation of this uncertainty component for all step heights. 

 
i. The measured height of a step height standard may differ from its nominal value due to temperature 

fluctuations in the laboratory and coefficient of thermal expansion (CTE) of the step height artifact 
material. For a worst-case CTE of 2.0 × 10−5/°C and a temperature uncertainty of 0.5 °C, this relative 
uncertainty is 1.0 × 10−5. 
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To reduce random measurement variation due to instrument and environment effects, 10 repeat measurements 
were made on each step height on each SRM 2323 unit.  The mean of these 10 repeatability measurements is the 
certified value.  The statistical variation of measurement, however, came from the GR&R study and not the 10 
repeatability measurements.  The measurement reproducibility (from the GR&R study), the contribution to the 
uncertainty due to the non-linearity of the z-axis scan actuator (Fig. 7), and the height dependent uncertainties listed 
in Table 2 were combined in quadrature to obtain the combined standard uncertainty 𝑢c of the step height 
calibration [27, 28].  The final expanded uncertainty 𝑈𝑠 for the three nominal step height values are shown at the 
bottom of Table 2.  The expanded uncertainty reported by NIST represents only the estimated uncertainty in the 
NIST calibration of an SRM 2323 step height standard.  Additional uncertainties arising in the use of the calibrated 
specimen, e.g., to transfer a calibrated value to another device, should be evaluated by the customer considering all 
the influence quantities in the customer’s measurement system, including calibration and check standards, 
instrument, environment, operators, and other factors. 
 

 

Table 1. The estimated standard uncertainty contribution to a step height measurement resulting from z-axis 
scan nonlinearity [26]. 
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Figure 7. Plot of interpolated standard uncertainty contribution due to z-axis scan non-linearity in Table 1.  a) 
The standard uncertainty contribution as a function of step height, and b) the same as a fraction of the step 
height [26]. 

 

 

Table 2. The top rows list contributors to the measurement uncertainty that are independent of the step height 
standard under test.  The combined and expanded uncertainties (in the last two rows) are calculated using the 
procedures described in [27, 28].  The value 𝒉 in the right column represents the nominal step height value in 
nanometers.  The final expanded uncertainty 𝑼𝒔 = 𝒌 × 𝒖𝒄 where 𝒌 = 𝟐 are shown in the bottom row. 

Description Uncertainty Effect on step height 𝒉 

Uncertainty in the air wavelength 
value of the mercury spectral line 
at 546.078 nm due to variability of 
air temperature and air pressure 

5.5 pm ℎ × (1.01 × 10−5) 
 

Uncertainty in the centroid 
estimation of the mercury spectral 
line at 546.078 

0.546 pm ℎ × (1.01 × 10−6) 
 

Uncertainty in the centroid 
estimation of the narrow-band 
illumination used for z-axis 
amplification factor calibration 

1.09 pm ℎ × (2.01 × 10−6) 
 

Z-axis amplification factor 
calibration repeatability 

1.75 × 10−4 
 

ℎ × (1.75 × 10−4) 
 

Uncertainty of the measured 
obliquity factor 

1.0 × 10−5 
 

ℎ × (1.0 × 10−5) 
 

Uncertainty of the narrow-band 
illumination centroid wavelength 
as determined from interferograms 

110 pm ℎ × (2.01 × 10−4) 
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measured with the interference 
microscope  

Uncertainty in the step height 
measurement resulting from the z-
axis scan non-linearity [26] 

0.79 nm    (for 10 µm step) 
1.19 nm  (for 50 µm step) 
3.69 nm  (for 100 µm step) 
 

ℎ × (7.9 × 10−5) 
ℎ × (2.38 × 10−5) 
ℎ × (3.69 × 10−5) 
 

Uncertainty of step height due to 
the material’s coefficient of 
thermal expansion 

1.0 × 10−5 
 

ℎ × (1.0 × 10−5) 
 

The statistical variation of 
measurement based on GR&R 
results per each nominal step 
height value 

 3.1 nm    (for 10 µm step) 
12.9 nm  (for 50 µm step) 
15.3 nm  (for 100 µm step) 
 

Combined Standard Uncertainty (𝑢𝑐): 

4.2 nm    (for 10 µm step) 
19 nm  (for 50 µm step) 
31 nm  (for 100 µm step) 
 

Expanded Uncertainty 𝑼𝒔 (𝒌 = 𝟐) 
(where 𝑠 equals the nominal step height in micrometers) 

𝑈10 = 8.4 nm 𝑈50 = 38 nm 𝑈100 = 62 nm 
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7. Appendix A.  Mechanical Drawings for SRM 2323 Blanks 
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8. Appendix B. Mechanical Drawings for SRM 2323 Final Step Height Dimensions 

 

 




