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Abstract. Additive manufacturing is now regularly used for customised
fabrication of parts with complex shapes and geometries. However, the large
range of relevant scales, high slopes, step-like transitions, undercuts, alternation
between dark and overly bright regions and other complex features present on the
surfaces, in particular of metal additive parts, represent a significant challenge for
current optical measurement technologies. Measuring surfaces with such complex
features requires high numerical aperture optics, and state-of-the-art systems
commonly include optics that can only reliably acquire surface topographies
over a small field of view, typically tens or hundreds of micrometers. Such
measurements are often insufficient for practical applications. Here, we present
an optical system that features a large numerical aperture (>0.3) and a wide field
of view p2.9 ˆ 2.9qmm, capable of measuring additive manufacturing parts in a
single measurement, without the need for lateral stitching to increase the field
of view. The proposed system exhibits optical properties that provide facility
for large-field, high-resolution measurement of industrially-produced additively
manufactured parts.
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1. Introduction

The capability of additive manufacturing (AM)
technologies for on-demand fabrication of customized
parts renders them ideal for prototyping and creating
geometries that are too complex, or even impossible to
manufacture using traditional methods [1]. Unfortu-
nately, the parts fabricated using AM processes can be
difficult to measure and characterise using traditional
measurement tools [2, 3]. Specifically, the surfaces of
metal AM parts feature a large range of relevant scales,
high local slopes, step-like transitions, undercuts, al-
ternation between dark and overly bright regions and
other complex features that result from the manufac-
turing process [4, 5]. These properties are particularly
problematic for optical measurement technologies [6],
which offer rapid areal measurements but can result
in high levels of measurement error when employed for
the measurement of irregular surfaces: high local slopes
can reflect light at angles that exceed the numerical
aperture (NA) limitation of the optical system, which
can cause erroneous and non-measured points (NMP).
This problem is typically addressed by using a higher
NA objective. However, higher NA optics often fea-
ture smaller fields of view (FOV), and are not capable
of capturing the larger, lower spatial-frequency com-
ponents of the topography. The common solution to
this issue is to increase the measurement area by lat-
eral scanning and stitching of individual FOVs, but the
associated increase in acquisition time and induced er-
rors may be unacceptable. An optical system with suf-
ficient NA and FOV would allow for measurement of
metal AM parts with sufficient resolution and speed,
without the need for stitching. However, the design of
such an optical system is complex: to achieve high NA
and wide FOV simultaneously there is a need to employ
large optical apertures, which increases the difficulty in
controlling optical aberrations.

Optical techniques have proven to be advanta-
geous over tactile profilometry to characterise sur-
faces in AM, such as confocal microscopy [6] or co-
herence scanning interferometry [7], highlighting the
importance of high-dynamic range and NA. This was
also supported with multi-scale analysis [8], indicat-
ing that optical techniques are better suited at mi-
crometer scales than coordinate measuring machines
or tactile profilometry for measuring metal AM sur-
faces. Within the most common optical methods, fo-
cus variation techniques are shown to be highly robust
for measuring for AM parts although with somewhat
lower lateral and vertical resolutions [9]. The combina-
tion of confocal and focus variation data has been sug-
gested and proven to reduce the quantity of NMP [10].
Optical methods have been compared for performance,
concluding that measurement discrepancies occur due
to high local slopes and high aspect ratios of the sur-

face features, which result in measurement artefacts
[11]. Focus variation provides the fastest measure-
ments although with a lower spatial resolution. Co-
herence scanning interferometry provides the best res-
olution and with virtually no measurement artefacts,
but requires a longer measurement time and is least
robust against vibrations. Confocal lays between fo-
cus variation and coherence scanning interferometry,
which makes it a good choice for fast measurements of
high-resolution topographies, although issues such as
the quantity of NMP and measurement artefacts need
to be addressed.

Here, we report the design, assembly, characteri-
sation, and experimental results of an optical system
for AM (OSAM) surface measurement. By adapting a
commercial stereo-microscope objective, OSAM is ca-
pable of measuring the surface topography of metal
AM parts over large areas with sufficient resolution.
We provide an in-depth characterisation of the optical
properties of the system and demonstrate its potential
for AM surfaces by measuring a variety of test objects.

2. Optical design

The key component in achieving the required
combination of high NA and large FOV is the objective
lens. Among the commercially available objectives,
those designed for stereo microscopes provide relatively
high apertures for a given magnification (and so FOV
for a given camera sensor). The proposed solution
follows from the selection of a commercially available
objective and the design of a dedicated tube lens. We
used a Nikon SHR Plan Apo 2ˆ, with a reported NA
of 0.312 and a back aperture diameter around 50mm.
The main challenge in adopting this type of objective
for surface topography measurement is the design of a
tube lens so that it avoids vignetting and minimises
aberrations. We designed such a tube lens using
ray-tracing software, while adopting an additional
constraint: using only commercially available lenses.
This restriction adds complexity in terms of selecting
optimal materials, curvature and thicknesses from the
pool of available lenses, but makes the system simpler
to replicate. Our design required a total of five lens
elements (two singlets and three doublets). A schema
of the design is shown in figure 1. The tube lens has a
focal length of 169.7mm and its performance is close
to the diffraction limit over a field up to 6mm at the
image plane, providing a FOV at the sample plane of
approximately p2.9 ˆ 2.9qmm. To achieve such a wide
measurement area with a sufficient sampling rate, a
large sensor with a high pixel count is required. We
used a sensor with p5320 ˆ 4600qpixels and 2.74 µm
pitch (BFS-U3-244S8M-C, FLIR).

OSAM was designed to obtain optical sectioning
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Figure 1: OSAM design: left) picture of the assembled system; and right) corresponding CAD schema. For
both illumination channels, LEDs (in red) are used as light sources. The light is directed through condensers
(shown in yellow), lenses and finally to the objective. The reflected signal from both paths is collected using

the same objective, and acquired with a single camera. Raytraced simulation is included for the
structured-illumination and (reflected) imaging paths. All units are in millimeters.

through a confocal technique called “Hi-Lo” [12,
13]. In contrast to traditional confocal microscopy,
implemented, for example, with a spatial light
modulator [14, 15], Hi-Lo does not require specialised
equipment, which reduces the engineering complexity
and cost of the instrument. The technique is based
on the sequential acquisition of two images: a bright-
field image and a structured-illumination image. We
designed our system to obtain such images using two
different illumination channels.

The imaging path and the two illumination paths
are coupled by two beam splitters (see figure 1).
The structured illumination path incorporates a mask,
made of a periodic structure of transmissive and
reflective stripes (a chrome-on-glass Ronchi grating)
with a spatial frequency of 20 lp{mm, to create the
illumination pattern projected at the sample plane (see
figure 1). It should be noted that this path uses the
same tube lens as the imaging path, as high-quality
imaging performance is required to sharply project
the illumination pattern. However, for the bright-
field channel, a simpler lens was employed. This
architecture enables fast, electronic switching of the

illumination LEDs (Luminus CBT-90 Green), which
allows for faster axial scanning. Acquisition speed
is, in practice, limited by the camera frame rate and
processing time.

The images are first combined to obtain the “low”
spatial-frequency components of the optical section.
This step is performed by subtracting the bright-
field image from the structured-illumination image,
resulting in a signal that is optically sectioned. Then,
the “high” image is obtained by high-pass filtering of
the bright-field image, and the high spatial-frequency
content is transferred to the optically-sectioned image
by combination in the Fourier domain, effectively
blending the “high” and “low” images into a sharp
optically-sectioned image. By sequentially acquiring
optical sections at different axial locations (obtained
by displacing the entire system), a topography map
can be reconstructed.

As typical metal AM samples present relatively
rough surfaces, it is possible to use focus variation to
detect the optically-sectioned images [16]. However,
the Hi-Lo technique is more robust because it can
also be used for smooth surfaces (also found on AM,
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specially at fully melted regions), so only Hi-Lo results
are presented in this paper.

3. Optical characterisation

The focal length and NA of the microscope
objective and tube lens are the main parameters that
determine the optical properties of the system. To
characterise the focal length of the tube lens, we
substituted the objective with a 10ˆ/0.3NA objective
(with a known focal length of 20mm) and measured the
resulting magnification by imaging a calibrated ruler
(Geller Microanalytical Laboratory Inc, MR-1). Using
this method, we measured a focal length of 172˘5mm
which is sufficiently close to the nominal value of
169.7mm from the optical design. We then replaced
the objective with a Nikon SHR Plan Apo 2ˆ and
repeated the same procedure, obtaining a focal length
of the objective of 41˘2mm. The overall magnification
of OSAM was therefore calculated to be 4.2 ˘ 0.3ˆ.
To estimate the maximum NA of the objective (i.e.
when the full aperture is used), we placed a tilted
mirror at the sample plane. Increasing the angle of
the mirror decreases the number of photons that are
gathered by the objective, and consequently, captured
by the camera. The angle at which virtually no light
is collected was approximately 35°, which corresponds
to an NA of 0.57. However, the objective is not
corrected to work over such high NA in stereoscopy,
and we added an aperture of 20mm in diameter close
to its back focal plane to control the effective NA. This
addition reduced the NA to approximately 0.26.

To characterise the optical performance of the
imaging system, we first used a United Stated Air
Force (USAF) resolution test target, (see figure 2a).
The bright-field image of the test target provides a
direct measurement of the system resolution. The
optical system can clearly resolve all spatial frequencies
present in the target, up to the maximum frequency
of 645 lp{mm (9th group, third element of the USAF
target). For a more in-depth characterisation of the
resolution of the system, and to estimate its optical
cut-off, we used the slanted edge method [17, 18].
From a single image of a sharp and titled edge (see
figure 2b), the modulation transfer function (MTF)
can be computed. Results from both the slanted edge
method and measured points from the USAF target
are shown in figure 2c. For reference, we also included
the theoretical diffraction-limited and monochromatic
MTF using the estimated NA of 0.26. Experimental
results were similar to the theoretical prediction,
indicating performance close to the diffraction-limit.
The measured cut-off spatial frequency for which the
MTF is 0.1 is approximately 615 lp{mm, consistent
with the maximum frequency resolvable using the

Figure 2: Bright field images acquired with OSAM of:
a) United States Air Force (USAF) resolution target;
b) Slanted edge; and c) Modulation transfer function

obtained with slanted edge method and USAF
measurements. The black curve is the theoretical

MTF in a diffraction-limited system, the blue curve is
the experimental result following the slanted edge
method, and circle points represent the calculated
contrast values for the highest frequency patterns of

the USAF target.

USAF test target.
Next, we analysed the performance of the system

to retrieve quantitative three-dimensional information
from a sample. To this end, we used two certified
different material measures: the NPL B40 type AIR
material measure [19, 20], and a series of type PGR
step height material measure samples (ISO 5436-1)
[21]. Results for the NPL B40 type AIR are shown in
figure 3, compared with the topography obtained with
a commercial confocal system (S neox 090, Sensofar)
for reference. A high visual similarity between both
measurements can be observed, and for the commercial
system it is possible to notice some stitching traces.
Texture parameters were calculated from 10 different
measurements, and we obtained the values of Sa =
0.80 ˘ 0.04 µm and Sq = 1.02 ˘ 0.03 µm for the
commercial system, and Sa = 0.80 ˘ 0.04 µm and Sq
= 1.015˘0.028 µm for OSAM. Both measurements are
consistent with the certified values: Sa = 0.79˘0.03 µm
and Sq = 1.01 ˘ 0.02 µm. Importantly, the captured
area with the commercial system in figure 3 is the result
of stitching nine individual measurement FOVs, while
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the same total measurement area was measured with
OSAM using a single FOV measurement.

Secondly, we measured a series of type PGR step
height material measures samples (ISO 5436-1) [21],
each one with a certified height of 7.61˘0.06 µm, 9.96˘

0.07 µm and 21.70 ˘ 0.02 µm. Measurements obtained
using OSAM are 7.62 ˘ 0.06 µm, 10.15 ˘ 0.10 µm and
22.04˘0.07 µm. To illustrate the measurement process
(ISO 5436-1 A1), the measurement profile of one step
is shown in Figure 4.

All values above include type A expanded
uncertainty, U , calculated using:

U “ kuc, (1)

where uc is the combined uncertainty, k is the coverage
factor for a 95% confidence interval. The combined
uncertainty for the measurements of both the NPL B40
type AIR and the PGR step height material measures
included the certified and measured uncertainties.

Figure 3: Topography measurements of the NPL B40
Type AIR using: right) the commercial confocal
system S neox 090, with texture parameters Sa =

0.80 ˘ 0.04 µm and Sq = 1.02 ˘ 0.03 µm; left) OSAM,
with texture parameters Sa = 0.80 ˘ 0.04 µm and Sq
= 1.015 ˘ 0.028 µm. The certified area measures

p1.5 ˆ 1.5qmm and the topography obtained with the
commercial system is the result of stitching of nine

individual measurement FOVs.

Figure 4: Plot of the profile of the step sample
measured according to ISO 5436-1 A1. The obtained

value is 7.62 ˘ 0.06 µm.

Finally, we quantified three key ISO 25178-
600 [22] metrological characteristics for assessing
the performance of an areal measurement system:

the flatness deviation, instrument noise and z-axis
amplification coefficient, αz [23, 24]. For the flatness
deviation and instrument noise we obtained Sz =
67 ˘ 20 nm and Sq = 62 ˘ 3 nm, respectively. For
determining the z-axis amplification coefficient we used
the measurements of the step heights mentioned above,
which resulted in αz = 0.992. All uncertainties are
type A expanded and were obtained from 10 different
measurements.

Figure 5: One of the measurements of: top) system
noise measured according to ISO 25178-600; and

bottom) flatness deviation.

4. Results and discussion

To demonstrate the suitability of OSAM for
measuring AM parts, we acquired topography images
of a prototype 3D roughness artefact (3DRS) (similar
to that reported in [25]). This measurement artefact
was manufactured using AM techniques and has four
different faces (denoted I, II, III, IV) that aim to be
illustrative of a range of common surface finishes from
various metal AM processes (see figure 6). Each face is
designed to have different surface texture parameters
compared to the other surfaces. Faces I and IV of the
artefact were rougher than faces II and III.

Initially, we evaluated how the surface texture pa-
rameters obtained from measurements using OSAM
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Figure 6: Photographs of each of the faces of the NPL
3DRS. The faces are numerated in roman numerals at

each side. The black-masked regions are not
functionally relevant to the article.

depend on FOV. As a benchmark, we used the com-
mercial confocal system (S neox 090, Sensofar) with
three different objectives of varying NA: 10ˆ/0.30NA,
20ˆ/0.45NA, and 50ˆ/0.8NA. We calculated the mean
and expanded type A uncertainty of the surface texture
parameter Sa as a function of FOV, by performing ten
independent measurements of the surface face at ten
random different locations with no overlap. In this
case, the combined uncertainty only includes the mea-
sured uncertainty and each single measurement was
not repeated (to assess individual uncertainty at each
FOV), because the certified values for the artefact are
not available and the aim here is to assess the depen-
dence of surface parameters on FOV. For both sys-
tems, we measured these parameters in four different
square areas, with side lengths of 0.73mm, 1.46mm,
2.2mm and 2.92mm, respectively. To achieve these
measurement areas, lateral scanning and individual
FOV stitching was required with the commercial sys-
tem for the 10ˆ and 20ˆ objectives –the 50ˆ objec-
tive has a considerably smaller native FOV and so we
only stitched enough individual FOVs to achieve total
measurement areas of side length 1.095mm. Despite
the reduced measurement area, this measurement can
be used to provide a reference for high NA measure-
ments. For OSAM, the entire measurement area of
side length 2.92mm was acquired with a single acquisi-
tion, and smaller FOVs corresponding to the same side
lengths were obtained by cropping the measurement to
1024, 2048, 3072 and 4096 pixels, which allowed for di-
rect comparison. Results are shown in figure 7. For
both systems, the mean value of Sa remains approxi-
mately constant (above a given FOV) with the FOV,
whereas the uncertainty decreases. This indicates that
the FOV plays a critical role: it must be sufficiently
large to capture the lowest spatial-frequency compo-
nents of the topography that are still functionally rele-
vant. For example, for a small FOV, the measurement
could include only a small portion of a high peak or
valley, resulting in a local surface measurement that
is not representative of the entire surface. This factor

explains the large uncertainty of the objective with the
smallest FOV (the 50ˆ objective). This effect is illus-
trated in figure 8, where we present a full topography
of face I using a 10ˆ objective and p4ˆ4q stitching (a)
and two sub-regions with a smaller FOV of side length
0.73mm (b and c). Given the large local variation in
surface texture, the measured values obtained in b) and
c) are different by almost a factor of two. These results
highlight the need for large measurement areas to pro-
vide representative measurements, and overall we ob-
serve that, for the specimen considered, a FOV of side
length approximately 3mm is required.

An additional exploration of the characteristics
of typical AM surfaces can be performed using
area-scale analysis. Such approach focuses on the
characteristics of the measured surface at different
scales, from the largest features to the finest detail
that is measured. Various tools can be employed
for this, from simpler spatial-frequency analysis using
Fourier transforms or band-pass filtering [26], to more
elaborated scale-sensitive fractal analysis [27, 28, 29].
Relevant parameters that can be extracted from such
analysis include the fractal dimension, smooth-rough
crossover, and the surface complexity. For instance,
we calculated these parameters from the topographies
of the face I of the 3DRS sample, measured with OSAM
and the commercial confocal system. We obtained
fractal dimensions of 2.10 and 2.09; smooth-rough
crossover of 2104 µm2 and 1900µm2; and finally a
fractal complexity of 51.9 and 46.5, respectively.

To obtain representative measurements of metal
AM parts with a sufficiently low proportion of NMP,
not only do we need a high FOV, but also a high
NA to capture enough light reflected from the AM
surfaces, which are expected to have high local slopes.
We assessed the impact of NA using the quality of
the topography images of OSAM and the commercial
measurement system. Specifically, we imaged the
topography of the 3DRS sample using apertures with
different diameters of aperture stop. For OSAM,
we used apertures up to 30mm in diameter and
for the commercial measurement system we used a
20ˆ/0.45NA objective, with a back aperture (exit
pupil) of around 9mm. Results for OSAM and
the commercial system are shown in figures 9 and
10, respectively. Pixels whose axial response (the
optically-sectioned signal across the scan) does not
reach a high enough signal-to-noise ratio and a
minimum threshold (an empirical value which depends
on the type of sample and is user-selected) were deemed
NMP shown in white in figures 9 and 10. In both
cases, as the aperture diameter decreases, the number
of NMP increases.

A quantitative assessment of this effect is
presented in figure 11, which shows plots of the number



Meas. Sci. Technol. 7

Figure 7: Plots of Sa, error bars represent uncertainty
at a 95% confidence interval across 10 different
measurements, as a function of FOV. OSAM

measurements are compared to those obtained with
the commercial confocal system S neox 090 using

10ˆ, 20ˆ and 50ˆ objectives.

of NMP as a function of the aperture size, for OSAM
and the commercial system. Plots include results
for faces I and II, representative of relatively rougher
and smoother surfaces found in common metal AM
parts. For the commercial system, two regions can
be differentiated. The first region corresponds to NA
values below 0.3, which exhibits a strong relationship
between the number of NMP and NA; and the second
region corresponds to NA values above 0.3, where
the number of NMP has a lower variation with NA.
This result indicates that most of the sample surface
has slopes that can be measured with NA lower than

Figure 8: Importance of large measurement areas in
measuring AM parts: a) topography image of Face I
obtained by stitching p4 ˆ 4q images with the 10ˆ

Nikon lens. The black squares represent two regions
of interest (ROI); b) topography image of the 1st ROI,
with a measured Sa = 13.069 µm; and c) topography

image of the 2nd ROI, with Sa = 7.710 µm. The
disparity between measured values makes evident the
need for measuring over a large measurement area.

0.3. For NA>0.3, the number of NMP only decreases
slightly with NA, that is, only a few additional pixels
(7% approximately in both cases) are measured by
further increasing NA. The same trends are observed
for the OSAM measurements. It should be noted that,
in this case, we plotted the number of NMP against
aperture diameter. As can be observed in the lower
graph in figure 11, the threshold appears around 15mm
in aperture diameter. In all, these results indicate
that, when measuring typical metal AM pieces, an NA
of at least 0.3 should be used, which translates to a
minimum aperture of 15mm in our OSAM design.

A low number of NMP has an overall negligible
effect on the final measurement since the entire
topography can be algorithmically reconstructed
correctly using interpolation based on neighbouring
pixels. But, when the number of NMPs is high,
interpolation fails because NMPs group in large clumps
(see figures 9c and 10c). Therefore, the use of a
sufficiently high NA is imperative. Unfortunately,
conventional objectives with satisfactory NA provide
higher magnifications, which comes with a caveat: the
loss of FOV and the consequent need for stitching,
resulting in increased measuring time and the addition
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Figure 9: Topography measurements of face I
obtained with OSAM using a) 20mm aperture; b)

14mm aperture; and c) 12mm aperture.

Figure 10: Topography measurements of face II
obtained with the commercial optical profiler S neox
090 with a) 9mm aperture; b) 6mm aperture; and c)

3mm aperture.

of stitching errors.
To further illustrate this FOV-against-NA trade-

off, and to highlight the benefit provided by OSAM,
we measured a flat surface of a specimen manufactured
using laser powder bed fusion process on a Renishaw
AM250 system (see figure 12). We acquired
measurements using the commercial confocal system
using a range of objectives (5ˆ/0.15NA, 10ˆ/0.30NA,
20ˆ/0.45NA and 50ˆ/0.8NA) and manually registered
the resultant topographies within a single coordinate

Figure 11: Plot of the percentage of NMPs: top)
versus NA, for the commercial optical profiler S neox
090; and bottom) versus aperture stop diameter in
OSAM. Face I and II were selected as representative

of relatively rougher and smoother surfaces.

system. Measurement results are shown in figure
13 (top), with measured topographies superimposed
upon one another. The trade-off between FOV and
measurement quality (visually observed through the
number of NMP) is evident: the highest NA objectives
provide better quality measurements but lose the
ability to acquire a statistically significant FOV. We
included measurements using the 5ˆ/0.15NA objective
as, while the quality of the measurements is clearly
deficient, it provides a similar FOV to OSAM. The
topography shown in figure 13 (bottom) is obtained
using OSAM in approximately the same location.
In this case, we have indicated, for reference, the
equivalent size of the FOV provided by the commercial
system using the different objectives. As can be
observed, OSAM can provide surface measurements
with a low number of NMP over a relatively wide FOV.
The characteristics of the measurement obtained with
the commercial system (using each of the objectives)
and OSAM are shown in table 1, including the
sampling rate at the sample plane and the percentage
of NMP when measuring the sample in consideration.
OSAM provides a significantly wider FOV p2.92 ˆ

2.92qmm with the lowest proportion of NMP, at
around 7%. Furthermore, the measurement quality
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can be observed in figure 14, where we have plotted
a horizontal profile extracted from the topographies
presented in figure 13, comparing OSAM to the
commercial system by employing a range of objective
lenses. The low NA objectives are not capable of
measuring the surface correctly, producing significant
spikes and NMPs, whereas higher NA objectives
provide more accurate measurements albeit with the
reduced FOV. OSAM data provides a low number of
NMP, while covering a relatively large FOV.

Figure 12: Metal AM specimen. Dimensions are
approximately p40 ˆ 14 ˆ 10qmm. The top surface
(i.e. the final surface parallel to the manufacturing
plane) is the surface facing upwards in the image,

with other surfaces representing different build angles
in the AM system.

Finally, we briefly discuss measurement time.
The system presented here is a prototype and was
not thoroughly optimised for fast operation, but
indicative time landmarks can be drawn for reference.
Considering a scanning range sampled at 50 planes,
OSAM can provide a measurement with approximately
25 seconds. This time includes acquisition time,
per-plane processing time (mainly calculation of
the optically-sectioned image), and the topography
reconstruction time. The total time is therefore
limited by both the camera frame rate, which is
limited to 12 frames per second in our case, and
the processing power. With further optimisation
and use of more powerful processing, we estimate
that the OSAM measurement time could potentially
be reduced to about 10 seconds, with the current
architecture and transfer data rate of the camera.
Further reduction would be possible but would require
the use of hardware able to operate at unconventionally
high data rates. For comparison, the reference
confocal system considered is able to provide a 50-plane
measurement with approximately 2 seconds. However,
fair comparison should consider an equivalent FOV and
therefore include the time required for measuring a
complete, stitched FOV. The camera of the reference
commercial system operates at 60 frames per second
with 5MPx, which ultimately amounts to a similar
data rate; sampling the wide FOV provided by OSAM
requires a high pixel count, and we use a camera

Figure 13: Topography images of the flat surface of
metal AM specimen: top) superimposed topographies
obtained with objectives 5ˆ (black), 10ˆ (red), 20ˆ

(blue) and 50ˆ (violet); and bottom) topography
image obtained with OSAM, with the FOV
corresponding to the topographies at the top
indicated for reference. Qualitatively, OSAM is

capable of acquiring accurate topography maps that
contain neither spikes nor a high number of NMP.

with 25MPx limited to 12 frames per second. Of
course, stitching has the additional disadvantages of
requiring the lateral scanning mechanism, additional
time for lateral movement, some degree of FOV overlap
for stitching, and potentially resulting in stitching
artifacts, which OSAM naturally manages to avoid.

5. Conclusions

The high slopes and surface texture of metal AM
parts impose severe optical specifications for surface
measurement systems to reliably measure surface
topography and obtain representative surface texture
parameters. To avoid a significant number of NMP,
a NA above 0.3 is desired. Conversely, a minimum
measurement area of around p3 ˆ 3qmm is required,
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Objective NA
FOV

Sampling /(µm/pixel) NMP/%
Height/mm Width/mm

5ˆ 0.15 2.8 3.3 1.38 32.57
10ˆ 0.30 1.4 1.68 0.69 19.99
20ˆ 0.45 0.7 0.84 0.34 11.48
50ˆ 0.90 0.28 0.34 0.14 9.11

OSAM 0.26 2.92 2.92 0.71 7.02

Table 1: Characteristics for each objective presented in figure 13, including sampling and NMP.

Figure 14: Plot of the profile of the flat surface of
metal AM specimen obtained with different

objectives: OSAM (green), 5ˆ (black), 10ˆ (red),
20ˆ (blue) and 50ˆ (violet). Although that OSAM’s
profile is not exactly the same as the commercial

system, qualitatively OSAM is capable of obtaining
topography maps that do not contain spikes and with

a low number of NMP, similar to 20ˆ and 50ˆ

objectives but with a much higher FOV.

to capture the highest and lowest relevant spatial
frequencies in the topographic oscillations of typical
metal AM surfaces. Because no traditional microscope

objectives fulfill these characteristics simultaneously,
commonly selected objectives are 10ˆ/0.3NA or
20ˆ/0.45NA, which offer a high enough NA, but come
with the requirement of stitching several individual
FOVs to reconstruct the desired measurement area,
which is time-consuming and can result in stitching
errors.

As our results demonstrate, high NA but low
magnification objectives, such as those available in
stereo-microscopy systems, can be adapted for the
measurement of AM parts. To this end, we selected
an objective, designed a dedicated tube lens, and
built OSAM, a complete system capable of reliably
measuring surfaces and generating surface texture
parameters without stitching. The system implements
HiLo confocal microscopy for calculating the surface
topography. A benchmark comparison of topographies
obtained with a commercial confocal system and
OSAM showed no significant differences in generated
parameters. We anticipate that such an approach will
progressively be adopted as a measurement tool for the
rapid and accurate characterisation of AM parts.
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