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1. Introduction

Additive manufacturing (AM), or 3D printing, has
revolutionized the production of complex and intricate parts 
across various industries [1]. While AM offers numerous 
benefits, including faster prototyping, reduced material waste, 
and increased design freedom, it also poses unique challenges 
regarding quality control [2]. Traditional methods for 
measuring the accuracy of manufactured parts , such as 
coordinate measuring machines (CMMs), are time-consuming 
and costly, reducing the efficiency of rapid prototyping or low-
volume production. As a result, CMMs may not be adequateto 
analyze the geometry of a 3D printed part promptly, especially 
for parts with intricate features and shapes.

Structured-light 3D scanning is a promising alternative for 
measuring 3D printed parts, offering faster results than 
traditional methods [3]. In structured-light 3D scanning, a 
pattern of light is projected on the surface of an object, and two 

cameras capture the distortion at a calibrated distance and angle 
between them. The difference in the captured pattern is used to 
reconstruct the object's geometry [4]. The result of 3D scanning 
is a disorganized point cloud of the surface of the measured 
part, which can then be used for geometric inspection.

Without a recognized standard procedure to compare the 
different technologies, several researchers have developed 
methods and artifacts to evaluate the metrological performance 
of structured light 3D scanning [5, 6, 7]. Additionally, 3D 
scanner manufacturers also create their own evaluation artifacts
that the end-user can use to verify the quality of their 
equipment. 

This scan-based inspection result can also be used to 
compensate the geometry of parts to improve their geometric 
accuracy [8]. It is also possible to optimize the quality control 
process for speed even more by integrating measuring sensors 
in the 3D printing process [9, 10]. 
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In this paper, we present a measurement comparison of a 3D 
printed Polylactic Acid (PLA) part using a CMM and a 
structured-Light 3D scanner. We also present an in-process 3D 
scanning measurement and evaluate the variation of the 
measurements at different layers of the printing process. This 
study investigates the metrological performance of structured-
light 3D scanning for the geometric inspection of 3D printed 
parts. By comparing the results of in-process and offline 3D 
scanning and CMM measurement, we aim to provide insights 
into the accuracy and reliability of offline and in-process
structured-light 3D scanning as a quality control tool for AM.

2. Methodology

2.1. Part Fabrication

The part used in this study is a plate with 16 spheres 
arranged in a diamond pattern. A feature to help determine the 
part’s orientation is present on the corner used as the origin of 
the measurement coordinate system. A representation of the 
part used is presented in Figure 1. Spheres were chosen as the 
measured features due to their simple geometry, which is 
amenable to numerical analysis. The overall size of the part is 
75 mm x 75 mm in length and width. The plate is 5 mm thick,
and the radius of the spheres is 3.75 mm. The size is 
representative of the usual parts printed by a desktop 3D 
printer.

The part is printed, with white PLA, on a Prusa i3 MK3S
(Prusa, Prague, Czech Republic.) modified to allow for in-
process 3D scanning. The geometry was sliced using the Cura 
slicing software with default fast parameters. The main 
parameters of these settings are presented in Table 1. The 
accuracy reported by the printer’s manufacturer is 0.1 mm on 
the Z-axis and 0.3 mm on X and Y axes [11].
The same part is measured by CMM, offline 3D scanning, and 
in-process 3D scanning, wherethe part is scanned at every five 
layers during the printing process. More details on the in-
process 3D scanning will be presented in section 2.4.

Table 1: Printing parameters of the measured part.

Printing parameters Value

Printing temperature 200 °C

Build plate temperature 60 °C

Layer height 0.2 mm

Infill density 20 %

Printing speed 60 mm/s

2.2. CMM Measurement

The part is measured with a Coordinate Measuring Machine 
(CMM) following the printing and in-process scanning. The 
machine used for this study is a MitutoyoLegex 960(Mitutoyo,
Kawasaki, Japan) equipped with a TP7M probe (Renishaw, 
Wotton-under-Edge, United Kingdom). The length of the 
stylus is 20 mm, and the radius of the tip is 2 mm. This 
measurement dataset offers a theoretically reliable and precise 
measurement of the printed part. For this reason, it is used as a 
reference for the other measurements. Each sphere is measured 
using 51 measurement points covering the whole surface of 
each sphere for a total of 816 measurement points.

Next, the measurement dataset is processed using a Python 
script. This script separates the dataset into 16 groups
according to what feature it measures and fits a sphere to each. 
To eliminate any registration errors due to the origin being 
measured by the CMM on the part, an additional registration
transformation is applied by using Procrustes’ analysis [12]
with the center of the fitted spheres and the nominal sphere 
centers from the CAD model.

2.3. Offline 3D Scanning

The printed part is then scanned using an optical structured 
light 3D scanner. This study uses the Atos Core 200 (GOM, 
Braunschweig, Germany) with GOM Scan, its data acquisition 
software. The part is installed rigidly on a manual turntable 
with scan markers, easily detectable by the 3D scanner. The 
part is rotated and scanned to capture the geometry from all 
sides. Thanks to the markers installed on the turntable, the 
software can accurately stitch multiple scans to form the 
complete point cloud of the entire part. Figure 2 shows the part 
on the turntable scanned with the Atos Core 200 3D scanner. 

The resulting point cloud consists of approximately 525,000
points with a resolution of around 72.5 points/mm2. The data 
was then exported to GOM Inspect for registration with the 
nominal geometry. A Python script then isolates the points 
related to the spheres from the rest of the point cloud and fits 
spheres to them.

2.4. In-Process 3D Scanning

The process of scanning the part while it is being printed 
required modifications to the 3D printer. The Prusa i3 MK3S 

Figure 1: 3D model of the ball plate used for the analysis.
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was modified to include a flat bearing and a pulley under the 
build plate to allow precise and smooth rotation. A NEMA 17 
stepper motor and an Arduino Uno (Arduino, Turin, Italy) 
microcontroller were also added to control the rotation 
according to serial commands sent from the controlling 
computer. The 3D scanner used for in-process 3D scanning is
the Atos Core 200, which is used for offline 3D scanning.

Every five layers, the printer receives a stop command and 
moves the print head to a position on the edge of the scanning 
volume, and the build plate moves to the center of the scanning 
volume. Then, the build plate and everything on it are scanned 
multiple times in different orientations to complete 360 degrees 
of coverage. Scan markers are placed on the print bed for the 
3D scanner software to compute the exact orientation and 

position of the bed. Figure 3shows the modified 3D printer in 
its scanning position.

The output of the in-process 3D scan is eight point clouds
made of 312,000 points for the first scanned layer to 416,000 
points for the last scanned layer. Each scanned layer captures 
the outside geometry and the visible infill at that layer. A 
Python script filters the extraneous points in the point cloud,
isolates the points corresponding to each sphere and computes 
a fitted sphere to each.

3. Offline 3D Scan vs CMM Analysis

When analyzing the offline 3D scan dataset, the CMM 
measurement is taken as the reference geometry, as it offers an 
accurate representation of the printed part, which we use to 
characterize the measurement errors produced by the 3D 
scanner. This analysis focuses on the error in distance 
measurement, the error in size measurement and the error in 
form measurement.

3.1. Error in Distance Measurement

The distance between the center of each two fitted spheres
is measured, and the error in distance measurement is the 
difference between the distance measured with the 3D scanner 
data and the distance measured with the CMM data. There are 
𝑛𝑛(𝑛𝑛 − 1) 2⁄ unique combinations in a set of n elements; with 
16 spheres, we obtain 120 distance values. Equation 1 
demonstrates the error in distance measurement 𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑢𝑢𝑢𝑢 as
defined in this study.

𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑢𝑢𝑢𝑢 = ‖𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑢𝑢 − 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑛𝑛
𝑣𝑣 ‖ − ‖𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶

𝑢𝑢 − 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶
𝑣𝑣 ‖ (1)

Where 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑢𝑢 and 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑣𝑣 are the center of fitted sphere 𝑢𝑢 and 𝑣𝑣
from the scan data and 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶

𝑢𝑢 and 𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶
𝑣𝑣 is the center of fitted 

sphere 𝑢𝑢 and 𝑣𝑣 from the CMM data. Figure 4 shows the 
measurement errors for each nominal distance. The average 
error is 0.017 mm with a standard deviation of 0.029 mm. The 
Root Mean Square (RMS) value is also calculated to be 0.033 
mm.

Figure 4: Error in distance measurement.Figure 3: In-process 3D scanning setup in the scanning position.

Figure 2: Offline 3D scanning setup
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3.2. Error in Size Measurement

The size measurement is the radius of the fitted sphere and 
the error in size measurement is the difference between the size 
measured with the 3D scanner and the size measured with the 
CMM. The error in size measurement 𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 is computed using 
equation 2.

𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 = 𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 − 𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶
𝑖𝑖 (2)

Where 𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 is the radius of fitted sphere 𝑖𝑖 in the scan
dataset and 𝑟𝑟𝐶𝐶𝐶𝐶𝐶𝐶

𝑖𝑖 is the radius of fitted sphere 𝑖𝑖 in the CMM
dataset. The average error in size measurement is -0.095 mm 
with a standard deviation of 0.030 mm. The maximum error 
calculated is -0.159 mm, and the minimum error is -0.053 mm. 

3.3. Error in Form Measurement

The form measurement is represented by the fitted residuals 
of the fitted spheres. The error in form measurement is taken as 
the difference of the average of fitted residuals between each 
corresponding spheres from the scan and the CMM dataset. 
Equation 3 demonstrates the fitted residual 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑖𝑖 of sphere
𝑖𝑖 in the scan dataset. The fitted residual 𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶

𝑖𝑖 is calculated 
with the same equation using the CMM dataset instead. 
Equation 4 shows the error in form measurement 𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖 of
sphere 𝑖𝑖.

The distinction between the size measurement and the form 
measurement is that the latter offers information on how well 
the measured points form a sphere while the former informs us 
on what sphere represents the given points optimally.  

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 = ∑ ‖𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑗𝑗,𝑖𝑖 −𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 ‖𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑗𝑗

𝑛𝑛𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 − 𝑟𝑟𝑖𝑖 (3)

𝑒𝑒𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶

𝑖𝑖 (4)

Where 𝑝𝑝𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑗𝑗,𝑖𝑖 is the position of point 𝑗𝑗 of sphere 𝑖𝑖 in the scan 

dataset, 𝑐𝑐𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 is the position of the center of fitted sphere 𝑖𝑖,
𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖 is the number of points corresponding to sphere 𝑖𝑖 in the 
scan dataset and 𝑟𝑟𝑖𝑖 is the radius of fitted sphere 𝑖𝑖.

The error in form measurement for the printed part is, on
average 0.010 mm and its standard deviation is 0.008 mm. The 
RMS for this error is 0.099 mm. After analyzing the data, it 
appears that the unusually high value for the RMS is the result 
of an outlier error on sphere 14. The form measurement error 
for this outlier is 0.039 mm. However, by excluding the error 
from this fitted sphere, we were able to obtain a new average 
of 0.008 mm, a standard deviation of 0.003 mm, and an RMS 
value of 0.008 mm. Upon further inspection, it seems that 
sphere 14 has a blob of solidified material that went undetected 
by the CMM.

4. In-Process 3D Scan vs Offline 3D Scan Analysis

In this section, the in-process 3D scan dataset is compared 
to the offline 3D scan of the same part. The offline scan is 
chosen as the reference data to determine if in-process 3D 
scanning is reliable to inform decisions on the accuracy of the 
3D printed part before it is finished. As the in-process scan 
occurs at multiple layers, the analysis is conducted on multiple 
point clouds obtained at different layers, and their trends are 
compared to the offline scan.

4.1. Error in Distance Measurement

The error in distance measurement is computed similarly to 
equation 1, with the difference that the offline 3D scanner 
dataset is now the reference, taking the place of the CMM 
dataset. Also, the in-process 3D scanner dataset is the dataset 
to analyze, instead of the scan dataset from Equation 1.  

Theoretically, the position of the spheres, and the distance 
between them, should not change between each measurement.
In reality, the computed position of the fitted spheres changes

Figure 5: Mean, standard deviation (STD) and Root mean square (RMS) of 
the distance measurement error on scanned layers.

Figure 6: Error in distance measurement at each scanned layer.
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from one scanned layer to another because of imperfections on 
the surface of the spheres which affect the computation of the 
fitted spheres. Additionally, imperfection on early layers of the 
part has a proportionally more important effect on the fitted 
spheres. Figures 5 and 6 show the trend of the error of the 
distance between spheres and it suggests that before layer 31 
the data is not reliable enough to determine the geometric 
quality of the printed part. 

4.2. Error in Size Measurement

The size measurement error is analyzed to determine the 
accuracy of the 3D scanner when measuring size features on a 
printed part. Equation 2 is adapted by using the offline 3D scan 
as the reference data instead of the CMM data and the in-
process 3D scan as the data to evaluate instead of the offline 
3D scan data. The adapted equation is then used to compute the 
error in size measurement between the in-process 3D scanning 
and the offline 3D scanning. 

For the in-process 3D scanning, the variation of the 
computed error in size measurement demonstrates that scans 
from early layers are most impacted by missing data and 
geometric deviation from the printer, as they disproportionately 
affect the results. 

Figure 7 displays the progress of the error in size 
measurement. It is clear from this figure that the error is indeed 
greater in the first scanned layers than in the last two layers. In 
addition, we can notice that the standard deviation of the error 
is much smaller than the mean and RMS, which shows that 
there may be a systematic error common in all spheres.

4.3. Error in Form Measurement 

The error in form measurement is important to analyze as it 
can help to determine if the form measurement is reliable. 

Equations 3 and 4 are adapted in the same manner than the 
other two equations, by replacing the offline 3D scan as the 
reference data instead of the CMM data and the in-process 3D 
scan as the data to evaluate instead of the offline 3D scan data.
Adapted equations 3 and 4 are then used for the error 
computation with the offline 3D scan as the reference 
measurement and the in-process 3D scan as the measurement 
to analyze. This analysis will also be highly influenced by 

missing data and printing errors causing it to be unreliable in 
early layers. 

Figure 8 shows the evolution of the form error across the 
scanned layer. From the figure, we can observe that the layers 
before layer 36 have a much higher error in form measurement 
than the last couple of layers. That is what we expect from 
having more data points on which we fit spheres. 

5. Discussion

It is clear from the results of the offline scan to CMM 
analysis, shown as a summary in table 2, that the 3D scanner 
can accurately capture the geometric quality of a 3D printed 
part. However, further assessment is required to define the 
measurement uncertainty of the 3D scanner data. Notably, the
mean error in size measurement is higher than the other 
measurement errors. This higher value is likely due to a 
previously undetected systematic error in the measurement of 
the 3D scanner. 

Table 2: Summary of the measurement error of the offline 3D scanner to CMM 
analysis.

Measurement
type

Mean error 
(mm)

Standard deviation 
of error (mm)

Root Mean Square 
of error (mm)

Distance 0.017 0.029 0.033
Size -0.095 0.030 0.100

Form 0.010 0.008 0.099

Figure 7: Mean, Standard deviation (STD) and Root mean square (RMS) of 
the size measurement error on scanned layers. Note that the mean and RMS 
curves appear superimposed due to the scale of the chart being much larger
than the difference between the two curves.

Figure 8: Mean, standard deviation (STD) and Root mean square (RMS) of 
the form measurement error on scanned layers.
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On the other hand, CMMs can only measure at 
predetermined points on the surface of the part and can easily 
miss errors on the part due to the low number of measurement 
points. This is what we see in section 3.3, where a blob of extra 
material was present on the surface of the sphere. This blob was 
accurately captured by the 3D scanner, but not the CMM. On 
the other hand, if the CMM had detected it, it would have had
a more significant impact on the quality of the measurement
due to the relatively high impact of each measurement point.

On the comparison of the in-process 3D scanning and the 
offline 3D scanning, we see that all errors are high in early 
layers, meaning the scan data is not reliable to use as an early 
prediction of final geometric deviation. Nevertheless, using 
statistical analyses, could determine if a certain tolerance on a 
scanned feature would not be respected early in the printing 
process, reducing wasted material and time. However, a custom 
statistical model may be required for each feature type. A 
machine learning model could also be used to compute the 
probability of a tolerance being respected.

Additionally, we can compare the measurement errors of the 
last layer of the in-process 3D scan to the offline 3D scan 
measurement errors, as the scanned part is finished in both 
measurements. This comparison shows that the distance, size, 
and form errors are small relative to earlier layers, most likely
due to thermal deformation. It could also be attributed to the 
error of repeatability of the 3D scanner. Furthermore, the 
offline 3D scanned part was carefully scanned to capture all
sides of all spheres and leave as few holes as possible. That is 
something that would not be possible to guarantee for the in-
process 3D scan. This fact could have decreased the quality of 
the in-process measurement.

Conclusion

This study shows that the 3D scanner can accurately capture 
the geometric accuracy of the 3D printed part and that the 3D 
scanner has the significant advantage of being able to capture 
the entirety of the surface of the geometry without requiring a 
significant amount of time. However, additional investigation 
is needed to determine the measurementuncertainty of 3D scan
data.

For in-process 3D scanning, the automation of the scanning 
process before being removed from the 3D printer brings the 
same advantages as offline 3D scanning in addition to the 
possibility of adjusting the printing process by compensation.
Despite that, more extensive research is needed to refine the 
acquired data to obtain similar results to offline 3D scanning.

Finally, further research should be conducted to improve 
the efficiency of in-process 3D scanning. Also, more quality 
control methods could be integrated with the proposed setup to 

develop a complete analysis of the geometric accuracy of the 
printed part and other properties that could be verified, i.e.,
porosity, surface roughness, or the quality of the infill.
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