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Abstract. This paper presents the results of a metrological analysis of the additively manufactured (AM) copies of a complex geometrical object,
namely the fossil skull of Madygenerpeton pustulatum. This fossil represents the unique remains of an extinct “reptiliomorph amphibian” of high
importance for palacontological science. For this research, the surface was scanned and twelve different copies were 3D-printed using various
devices, materials, and AM techniques. The same digitized model was used as a reference to compare with the surfaces obtained by Mitutoyo
Coordinate Measuring Machine (CMM) CRYSTA-Apex S 9166 for each copy. The fidelity of the copies was assessed through statistical analysis
of the distances between compared surfaces. The methodology provided a good background for the choice of the most accurate copies and the
elimination of the less accurate ones. The proposed approach can be applied to any object of complex geometry when reproduction accuracy is

to be assessed.
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1. INTRODUCTION

While 3D scanning and additive manufacturing (AM) repro-
duction became standard techniques in archaeology, very few
reports can be found concerning AM application in palaeon-
tology. The objective of this paper is to assess the fidelity of
the 3D-printed models of a natural complex geometrical object
with no initial documentation, fabricated using different AM
technologies. The object of interest is a fossil skull of a “reptil-
iomorph amphibian” Madygenerpeton pustulatum [1] from the
Triassic of Madygen in Kyrgyzstan (Central Asia). This unique
find constitutes the holotype of the species, i.e. the specimen on
which the species has been defined and with which new finds
and similar animals have to be compared. The importance of
a holotype demands that specific measures of preservation and
security be applied to it. Usually, holotypes are kept in protected
repositories with access only for visiting scientists or some-
times displayed on exhibitions. They are not normally given out
on loan nor sent abroad or shown to students in regular lectures.
At the same time, interest in such specimens in the frame of sci-
entific comparative analysis on a broader scale, palacontologi-
cal education or the promotion of geoheritage requires their ac-
cessibility to a wide range of colleagues, students and the gen-
eral public. Traditionally, fossil specimens have been replicated
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using molds. However, this process is time-consuming and, crit-
ically, bears the risk of damaging the original during manipu-
lations with adhesive resin. The development of digital tech-
nologies allows for capturing and replicating three-dimensional
objects while avoiding contact and minimizing manipulation
of the original. Thus, the damage risk is reduced, and since
there are no limitations to the number of replicas, the range
of their availability can be dramatically widened. Apart from
high-fidelity scientific copies and high-quality exhibition ob-
jects, models at original, enlarged or diminished scale can be
prepared for training or merchandise purposes and optimized
for the needs of visitors with disabilities.

AM technologies offer numerous possibilities to fabricate
objects of complex geometry and manifold shape [2]. These
are relatively new methods using an incremental layer-by-layer
materialization of a digital model. The AM methods referred
to also as 3D printing (3DP), rapid prototyping (RP), or solid-
freeform (SFF) became an exponentially evolving manufac-
turing technology [3]. The estimated average global value of
the 3D printing market is recording a 25% year-to-year in-
crease since 2014 and is expected to reach 35.0 billion USD by
2024 [4]. A good review of these methods can be found in [5],
as well as in more recent works related to Industry 4.0 and In-
ternet of Things concepts [6, 7]. It is emphasized that the cost
of AM is a crucial factor [8]. There are also works that discuss
design principles, constraints, and optimization for AM tech-
niques [9].

At present, a large variety of individual additive processes
are available depending on the material and machine technol-
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ogy, which can be classified into seven main categories: ma-
terial jetting, binder jetting, vat photopolymerization, material
extrusion, powder bed fusion, sheet lamination, and direct en-
ergy deposition [10]. AM allows for hybrid- and multi-material
(MM) manufacturing of metals and is especially suitable for
functionally graded materials (FGMs) [11]. There are well-
established and rapidly emerging applications of AM technolo-
gies far beyond the initial intent of prototyping, such as medical
applications or direct digital manufacturing [12]. An increasing
number of new applications also include palacontological fossil
specimens [13, 14].

From the literature review, it can be concluded that some
of the main directions of 3D-printing development are geom-
etry and material design for AM, computational tools and in-
terface development, as well as manufacturing tools and pro-
cess development [15]. In most published research papers, at-
tention is paid to the optimization tasks of AM-process plan-
ning [16], CAD-AM (RP) programs [17], choice of AM tech-
nologies [18], the synthesis principles applied during the man-
ufacturing process [19], design of cladding layers, the proper
choice of building materials, including finally obtained surface
quality [20], dimensional accuracy [21], as well as microstruc-
tural features [22].

2. MATERIALS AND METHODS

2.1. Research object

The replicated object is the holotype of Madygenerpeton pus-
tulatum [1], an incomplete fossil skull that was recovered in
2007 from Madygen in southwest Kyrgyzstan [23]. Due to the
international significance of the fossil deposit and further ob-
jects of geological heritage in the Madygen area, it is cur-
rently developed as a national geopark, with the prospect of
inclusion into the UNESCO Global Geopark network. Geo-
scientific research conducted in the region since the first half
of the 20" century has led to the discovery of the world’s ar-
guably richest non-marine fossil locality for the mid-Triassic
age, dated to ca. 237 million years before the present. The as-
semblage comprises abundant and well-preserved remains of
various aquatic and terrestrial plants, aquatic invertebrates, in-
sects, fishes, and tetrapods with the investigated Madygener-
peton pustulatum among them, as well as trace fossils. It pre-
serves one of the most complex and rich ecosystems document-
ing a crucial period in Earth’s history that witnessed the ori-
gin of dinosaurs and the onset of modern biodiversity. In this
context, it is crucial to present scientific results and accurate
reconstructions of extinct animals, their morphology, ecology,
and systematic interrelationships to a broad audience. At the
same time, educational and scientific purposes require maximal
fidelity in reproducing anatomical details.

The examined Madygenerpeton pustulatum belongs to Chro-
niosuchia. This is an extinct group of derived amphibians close
to the origin of all higher vertebrates (mammals and reptiles
including birds). It was a crocodile-like apex predator in the
Madygen ecosystem described above. It is known from postcra-
nial remains of at least three individuals and the single skull.
This unique skull shown in Fig. 1a, somewhat deformed by fos-

silization processes and lacking the lower jaw, is the object of
the present research. The bony surface of the skull is covered
by sub-mm tubercles seen in Fig. 1b, which makes it an ideal
object for studies on the possibilities and limitations of digital
reproduction.

1000pum

Fig. 1. Fossil skull of Madygenerpeton pustulatum (holotype FG
596/V/4, housed at the TU Bergakademie Freiberg): (a) general view,
and (b) close-up picture of surface morphology

Two plaster casts produced from a silicone mold formed us-
ing one of the printed copies are shown in Fig. 2. Besides obvi-
ous deviations in geometry, none of them reproduces the fine
surface structure with reasonable accuracy. Irregular blisters
caused by air bubbles negatively affect the appearance. Finally,
the creation of a 3D copy by this method would require the
preparation of complex molds reflecting both sides of the fossil
and a system ensuring form stability.
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Fig. 2. Two plaster casts of the Madygenerpeton pustulatum
fossil skull

2.2. Preparation of the 3D digital model

The final accuracy of the additively manufactured object with
respect to the original depends not only on the AM technique,
material and process parameters but above all on the digital
model used. In the case of a unique object with no reference
surface and unknown light-reflecting characteristics, digitiza-
tion was a challenging task. To solve the problem, 3D digiti-
zation of the skull was performed with eight different devices
and the obtained 3D models underwent comparative analysis
between one another in two subsequent stages.

First, each pair of 3D digital models underwent visual and
statistical analysis to assess the differences between them. Next,
using geometrical and dimensional criteria, the closest fitting
models were chosen. Finally, the distances A; between surface
polygons (triangles) were analyzed in detail statistically. The
main statistical parameters included average (mean) values A,
the maximal distances {Ad}max, and the standard deviations
o {A;} between the respective polygons of the compared digital
models [24].

After the rating was made, it was found that the digitiza-
tion with AICON SmartScan exhibited the lowest distances to
the models obtained from other scanners. However, for the 3D
printing of the copies, the Artec Space Spider digitized model
was chosen. It was third place in the rating, and, therefore,
of high accuracy. Moreover, it was advantageous for practi-
cal reasons, namely, it provided a better, detailed geometry of
the smallest elements of the fossil skull. As a result, the digi-
tized “Artec surface model” was 20,978.512 mm?2, which was
11.8% larger than that obtained from the AICON device. Thus,
the reference digital surface in this research was the model ob-
tained from scanning the fossil skull with the Artec Space Spi-
der device.

The obtained results provided the ground for rating the mod-
els according to their respective accuracies. In this way, one of
the models was chosen for subsequent 3D-printing of the fossil
skull copies and served as a reference in the present study, when
the accuracy of these copies was assessed. The entire procedure
is presented schematically in Fig. 3, and the 3D printing tech-
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Final results

Fig. 3. Block diagram of the research procedure

niques, measurements method and fidelity assessment approach
are described below.

2.3. Test campaign
To reach the main objective of the present research, the follow-
ing steps were undertaken:

e Preparation of the 3D-printed copies of the object using the
same digital model (later used as a reference), but different
AM techniques.

e Scanning of the physical copies of the object to obtain their
digital representations.

e Visual and statistical analysis of the differences between
each representation and the reference digital model.

e Detailed statistical analysis of the differences in order to
determine peculiarities of the applied AM methods and to
point out the most suitable one for the investigated Mady-
generpeton fossil skull.



N

www.czasopisma.pan.pl P N www.journals.pan.pl

<

M. Rucki, Y. Garashchenko, I. Kogan, and T. Ryba

Thus, based on the rating of the digital models [25], one
of them was chosen for Additive Manufacturing. The same
“Artec surface model” was used later as a reference surface in
the metrological analysis. Next, 12 physical copies of the ob-
ject were 3D-printed using a wide range of available AM tech-
niques. Table 1 shows the main data of the devices and param-

eters used in experiments.

Table 1

Technologies and devices used for manufacturing the fossil skull

copies [26]

Co Equipment Layer
py Technologies quip Material thickness,
No. model
mm
g1 | Bxuusion maker2+ | PLA 0.100
based FDM )
Multijet HP Jet Fusion | Polyamid PA
# Fusion 3D 4210 12-HP 0.080
Extrusion- .
#3 based FDM Prusa i3 MK2 PLA 0.050
Powder.—b?lsed Canon ProJet White
#4 3D printing 460Plus sum 0.125
with inkjet evp
UV-resin- Continuous Yellowish
#5 . Inkjet Printers 0.100
Inkjet transparent
Keyence
Powder-based Gypsum
#6 | 3D printing | ZCorp 310(R) | —PsuM 0.088
S ZP151
with inkjet
Powder-based Apricot
#7 31? pr.1nt1.ng ZCorp 310(R) kernel flour 0.088
with inkjet
48 Polyjet | StratasysJ55 | Ovandard 0.019
material
#9 Polyjet Stratasys J55 | Vivid material 0.019
3D Systems
#10 Cflln‘);fl | ProletCIP | VisiletPXL | 0.100
prntng 460Plus
g | Coloret 3D Systems |y pxr | 0,089
printing Zprinter 650
UV-curable Mimaki
#12 inkjet printing | 3DUJ-553 SW-100 0.032

2.4. Measurement

The 3D-printed copies were then scanned with a Mitutoyo Co-
ordinate Measuring Machine (CMM) CRYSTA-Apex S 9166 at
Mitutoyo Polska, Wroctaw. The maximum permissible error of
the CMM was MPEg = +(1.7+3L/1000) wm, where L is the
measured length [mm]. The CMM was equipped with a temper-
ature compensation system to guarantee measurement accuracy

under different temperature conditions from 16 to 26°C Ther-
mal compensation is applied based on 20°C

The surface scanning was performed with a non-contact line
laser probe SurfaceMeasure 606 with a scanning error of 12 pm
[1o/sphere fit]. The automatic configuration of the camera sen-
sitivity and the laser intensity settings were suitable to the en-
vironment and scanned materials with no need for powder or
spray application. The accuracy of the CRYSTA-Apex CMM
with this probe was found to be satisfactory after preliminary
analysis [27]. The scanning procedure was performed in a sin-
gle fixation in order to minimize the error generated by the for-
mation of a points cloud. It should be noted, however, that copy
#5 did not undergo optical scanning due to its transparency. At
this stage of the research, it was excluded from the metrological
analysis.

2.5. Comparative analysis

The comparative analysis of the 3D-printed copy fidelity was
performed using As distances between the reference “Artec sur-
face model” and each of the surfaces obtained from the scan-
ning of the respective physical copies. To perform the analysis,
Python language was chosen because of its popularity and the
large number of available libraries for data analysis. In particu-
lar, the following analytic libraries were used:

o NumPy (Numerical Python) to support multidimensional
massives and their processing.

e Pandas — data processing and analysis, CSV file I/O.

e SciPy — used for scientific computing and data visualiza-
tion, especially its “stats” component for probability distri-
butions, summary and frequency statistics, correlation func-
tions and statistical tests.

o Matplotlib and Seaborn — enabled to produce plots and sta-
tistical graphics.

Kaggle platform, a subsidiary of Google LLC, was found as
an appropriate environment for the analysis. Kaggle is an on-
line community of data scientists and machine learning practi-
tioners. The platform allows its users to find and publish their
data sets, as well as to explore and build relevant models in
a web-based data-science environment. Moreover, users can
work with other scientists and engineers, in terms of data pro-
cessing and machine learning, and solve challenges typical for
data science.

Initial data for the current research were as follows:

e Triangulated 3D models obtained from scanning the addi-
tively manufactured copies of Madygenerpeton fossil skull
listed in Table 1.

e Calculated distances between the reference triangulated
digital model used for additive manufacturing (3D printing)
of the copies and the digital models obtained from scanning
these copies [28].

The analysis of distances As between the reference “Artec
surface model” and each 3D-printed copy of Madygenerpeton
fossil skull first consisted of the minimization of the distances
between two digital surfaces based on 2000 points. Further,
detailed statistical analysis of the preliminary data was per-
formed using the CAD system PowerShape (by Autodesk) and

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 6, p. 143827, 2022
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Fig. 4. Example of a colored map of As distances between reference
digital surface “Artec” and scanning results of copy #7

3D scanning software Geomagic Wrap (3D Systems, Inc.). An
example of the distances map is presented in Fig. 4.

The initial database built from the results of distances As cal-
culation consisted of 38,866 rows for each copy specified in
Table 1.

3. RESULTS AND DISCUSSION

The analyzed fossil skull of Madygenerpeton has very com-
plicated surface features. As a result, after the analysis of the
measured distances in the PowerShape system, quite a large
number of incorrect values appeared. Mainly these incorrect
values are related to the uncertain direction of the calculated
As; distance between the i-th couple of surface areas. Thus,
data filtration was necessary to determine the values exceed-
ing the acceptable limit {Ad }max = {0.5;1.0;1.5;2.0} mm. As
a result, a database was obtained with a number of rows N =
{13951,18679,20820,22850}, dependent on {As }max value.

3.1. Effect of data filtration limits

In order to assess the effect of different {As}max values on the
final results, several varying values were chosen. This approach
allowed for a better understanding of the impact of the filtra-
tion method on the obtained static characteristics. Moreover, it
helped obtain reasonably justified {As}max value for the most
probable distances As.

Trends of the dependence of statistical characteristics on the
data filtration are presented in Fig. 5. Statistical characteristics
were determined for the modules since the direction of the dis-
tance between the analyzed surface and the reference model
does not matter.

The diagrams in Fig. 5 demonstrate that the decrease of
{Ad}max value represented the most distinguishable charac-
teristics in the compared datasets. It can be concluded thus,
that the approach was correct. Most interesting are the results
obtained for {Ad}max = 0.5 mm because it may be derived
from the industrial experience that the geometrical deviations
of the produced objects from the designed 3D surface usually
do not exceed 0.5 mm. Moreover, from the methodological
perspective, it is important to analyze the results obtained for
{As}max = 1.0 mm as well.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 6, p. 143827, 2022

The results of the statistical analysis of distances As for the
examined datasets are shown in Table 2. These datasets corre-
spond with respective 3D-printed copies of the fossil skull and
the filtration limits {Ad }max = {0.5;1.0} mm.

The analysis of the statistical characteristics of As distances
presented in Table 2 shows significant differences in mean val-
ues {As}mean between 0.067 and 0.214 for {Ad }max = 0.5 mm,
while the standard deviations are quite similar. For most of
the datasets, it was ¢ € [0.056;0.089] and the variation co-
efficient was v € [0.020;0.035]. Only two datasets, corre-
sponding to copies #1 and #7, differed considerably. Here,
o € [0.134;0.137] and the variation coefficient was v €
[0.108;0.112], i.e. some 3 or even 5 times larger distributions
than for other datasets.
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Fig. 5. Effect of the limits of {As}max values set during the data
filtration on the statistical characteristics of As values distribution
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Table 2
Results of the statistical analysis of distances A between the reference
model and measured surfaces of the respective copies

Distance statistics
N {As}max
%1 mm Mean Standard | Quartile | Median | Quartile

deviation | 25% 50% 75%
# 1.0 0.271 0.191 0.118 0.238 0.390
0.5 0.214 0.134 0.101 0.202 0.317
w0 1.0 0.119 0.114 0.044 0.093 0.160
0.5 0.097 0.076 0.038 0.081 0.139
“ 1.0 0.104 0.114 0.035 0.076 0.135
0.5 0.082 0.066 0.031 0.067 0.116
44 1.0 0.132 0.132 0.043 0.098 0.179
0.5 0.107 0.089 0.037 0.084 0.156
46 1.0 0.115 0.112 0.040 0.088 0.155
0.5 0.096 0.076 0.036 0.079 0.138
4 1.0 0.273 0.202 0.109 0.236 0.395
0.5 0.210 0.137 0.090 0.193 0.317
43 1.0 0.096 0.107 0.034 0.072 0.123
0.5 0.079 0.060 0.032 0.067 0.112
49 1.0 0.107 0.115 0.039 0.081 0.136
0.5 0.087 0.066 0.036 0.074 0.123
410 1.0 0.104 0.115 0.035 0.076 0.135
0.5 0.080 0.065 0.030 0.065 0.115
#11 1.0 0.089 0.113 0.027 0.062 0.109
0.5 0.067 0.056 0.024 0.055 0.097
412 1.0 0.100 0.110 0.033 0.075 0.132
0.5 0.084 0.067 0.031 0.070 0.121

The obtained results are mostly in agreement with the previ-
ous ones described in [26]. Thus, among the best copies of the
examined fossil skull can be found #11, #10, #3, and #12, in
the order from the best to the worst. They were represented by
the smallest values of the main statistical parameters. In turn,
copies #7 and #1 can be considered the ones with the largest
deviations from the original fossil skull.

3.2. Analysis of As distributions

Figure 6 presents a “Box Whiskers” visualization of the com-
parative analysis of As distribution for {As}max = 1.0 mm.
It also confirms the previous selection of the best and the
worst copies for the filtration limits {Ad }max = {0.5;1.0} mm.
Hence, the approach to the data filtration and the correctness of
filtration limits {Ad }max were affirmed.

The visual analysis of the examined datasets of As shown in
Fig. 6 allowed for the confirmation of the earlier rating of the
best and worst copies independently of the chosen filtration lim-
its {Ad}max = {0.5;1.0} mm. Thus, it can be assumed that the
proposed approach was correct and limits wer chosen properly.

1.00

0.50

0.25 =ye

0.00

-0.25 = T

Distances As, mm

-0.50

-0.75

-1.00

01 02 03 04 06 07 08 09 10 11 12

Numbered copies

Fig. 6. Comparative statistical analysis of distances As between the
reference model and the respective copies at {As}max = 1.0 mm

3.3. Correlation analysis of As distributions

Further, correlation analysis was performed in order to detect
possible dependences of the calculated distances As for all pos-
sible combinations of 3D-printed copies. Visualization of the
analysis in respect of the correlation coefficient is presented in
Fig. 6.

Analysis of the correlations shown in Fig. 7 revealed small
values of the coefficients r for most of the couples of datasets.
However, there are some exceptions, namely for couples #8—
#9 and #8—#11 the value of r = 0.77, as well as for #6—#8 and
#8—#12 the value of r = 0.76. Generally, correlation lays in the
range r € [0.07;0.77]. When its value is small, r < 0.75, it indi-
cates a weak correlation between the surfaces and, hence, sub-
stantial differences between the compared 3D models. When
r < 0.50, it can be stated that there is no correlation between
the distances As.

-1.0

-0.8

Numbered copies
Correlation coefficient »

i | | | | |
— o~ o < o) ~ o [e2) o — o
o o o o o o o o — — —

Numbered copies

Fig. 7. Correlation coefficients for distances As between the reference
model and the respective copies between the distances As
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3.4. Form of As distributions

The form of the distribution of the obtained distances As was
also taken into consideration. In the analysis, data on the As
distances was taken from the records of comparative analysis
results performed in the PowerShape program. Figures 8—12
illustrate the histograms of As distributions. In Fig. 8, all the
obtained results are presented together, while in Figs. 9 and 10
the best results are shown, obtained for copies #11 and #10, re-
spectively. In contrast, Figs. 11 and 12 show the histograms for
the worst models, #7 and #1, respectively.

Copies: W 01
=02
= 03
- 04

8000

6000

Frequency
Y
o
o
o

2000

O.
-1.00 -0.75 -0.50 —0.25 0.00 0.25 0.50 0.75 1.00

Distances As, mm

Fig. 8. Histogram of distributions of As for all copies,
considering also directions

Visualization of As distributions for all the copies brought
together in one histogram helps to analyze the results and illus-
trate the common features. It can be observed that for all ana-
lyzed copies, the majority of the differences lay in an interval of
A € [—0.30;0.40] which corresponds to most of the surface of
the fossil skull. In fact, between 70% and 90% of the measuring
points belonged to this interval with an average ca. 92%.

When all the results are analyzed, the statistical average
of the distances is positive (in plus) and has a value As =
0.190 mm. The particular averages As; for the copies were all
in an interval [—0.021; 0.055]. Thus, the statistical distribution
of averages is biased toward positive values of distances As
from the reference model. In fact, this observation remains in

conformity with the previous experience with AM technologies
concerning the linear dimensions of simple 3D-printed shapes.
Hence, the obtained results indicate no excessive error or wrong
metrological approach and the conclusions on the accuracy of
the fossil skull 3D copies seem to be reliable.

The histograms for the best copies shown in Figs. 9 and 10
are quite similar in their shapes. In the same way, the histograms
for the worst copies seen in Figs. 11 and 12 exhibit apparent
similarity. These results provided further evidence for the cor-
rect classification of the respective 3D-printed copies in their
relation to the reference digital surface. The expanded results
of the statistical analysis of the investigated datasets, includ-
ing tests, can be found on the specialized Kaggle website under
the following link: https://www.kaggle.com/code/yaroslavgara
shchenko/notebook-3d-models-fossil-skull-2022-04-30.

The obtained results can be considered an initial stage of
the comparative analysis of the feasibility of AM technology
to reproduce important geometrical features of the examined
fossil skull. The analysis provided some metrological ground
for the proper choice of the AM technique in order to ensure
the required reproduction of surface texture and dimensional
accuracy of the examined object. The issue is highly depen-
dent on the applied technology and material used. Moreover, in
AM technology, it is difficult to obtain equally high accuracy
throughout the entire reproduced surface. In fact, the large vari-
ety of the available 3D printing techniques with essentially dif-
ferent shaping principles and material properties requires a de-
tailed analysis of not only the simple elements [29] but also
complex surfaces like the one of Madygenerpeton fossil skull.

Thus, forthcoming research should involve more AM tech-
niques and materials as well as different side parameters such
as the availability of the device, replicability of results, fabri-
cation time, material costs, long-term usability of the product,
etc. Furthermore, a parameter not specifically considered in the
frame of this study but generally important for the replication
of fossils is coloration. Distinguishable colors are necessary to
reproduce the original appearance and are helpful for the recog-
nition of details, especially in scientific research. In practice,
3D-printed copies can be colored by hand or printed in color di-
rectly. Among the highest-rated copies, #3 was printed in plain

(b)
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Fig. 9. Copy #11: view (a) and histogram of distributions of As (b)
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white, while #8 — #12 were produced by color printing. In other
words, the quality of the color reproduction should be one of
the factors when choosing the suitable technology for the repli-
cation of fossils.

Another question to be addressed is the quality of 3D-printed
copies depending on the fidelity of the digital 3D model from
which it was fabricated. As discussed earlier in [24], the model

obtained with the more expensive AICON device is considered
more precise than the model generated by the handheld Artec
scanner. However, the accessibility and user-friendliness of this
latter device still make it an attractive alternative. The extent
of deviations between 3D prints from models generated with
both machines might further influence the choice of digitization
technology.
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4. CONCLUSIONS

The results of the performed analysis proved that all the 3D-
printed copies of the fossil skull fitted to the tolerance zone
of £0.4 mm for most of its surface. However, considering the
small dimensions of the object and its complex surface with nu-
merous small details, it is necessary to set higher requirements
for fabrication fidelity.

The analysis of the distances As between the reference “Artec
surface model” and each of the surfaces obtained from the scan-
ning of the respective 3D-printed copies was performed.

Its results indicated that some copies fitted the tolerances
+0.15 mm for more than 75% of its surface. In particular, copies
#3 and #8—#12 met this condition. Copy #11 was found to be
the closest to the reference digital model. It can be concluded
that among the tested additive manufacturing techniques and
materials, #11 allowed for the highest fidelity in the reproduc-
tion of the Madygenerpeton fossil skull throughout its entire
surface. In future research, more AM techniques and materials
can be involved in the comparative analysis, including different
process parameters.
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