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1. INTRODUCTION 

Three-dimensional (3D) printing has seen broad adoption in 
archaeology and cultural heritage fields: its versatility extends to 
various applications, including research, conservation, and 
enhanced museum experiences [1]. 

The 3D archives in museums (e.g., physical model, 3D printed 
model, simulated reconstruction) enable the preservation of 
features of finds and human remains to ensure their display. In 
this way, the archaeological specimen, often already deteriorated, 
can be protected without compromising its integrity. Museums 
are increasingly incorporating tactile experiences into their 
exhibits, providing visitors with opportunities to engage with 
artifacts beyond visual inspection. Touchable exhibitions and 
handling sessions let to connect with objects: 3D printed (3DP) 
replicas of original finds allow visitors to physically interact with 
them [2]. Moreover, 3D printing has proven to be a valid tool for 
the inclusive valorisation of cultural heritage supporting 

individuals with visual, cognitive, or sensory-perceptual 
disabilities to engage with it [3]. 

3D printing enables archaeologists to create detailed replicas 
of artifacts and structures, allowing them to study features and 
reconstruct ancient environments without risking damage to the 
original objects. It can also be used to repair damaged objects, 
providing a minimally invasive alternative to traditional 
restoration methods [4], [5]. 

Both the preservation of minimal details and the study of 
fragile artifacts have been revolutionized by non-destructive 
techniques such as Computed Tomography (CT) and rapid 
prototyping. In the field of archaeology, their most important 
application lies in the exploration of ancient Egyptian mummies 
[6], [7]. 3D printing has potential in the field of mummy studies, 
particularly in visualizing skeletal and anomalous inclusions 
within wrapped bundles of mummies. In [8], clinical imaging and 
3D printing have been used for the identification of anomalies in 
an ancient animal mummy, while a 3D printed model of an 
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ancient falcon mummy skeleton has been reproduced in [9]. In 
[10], the usefulness of this practice has been shown through a 
qualitative evaluation of the 3D printed models for ancient 
species identification. 

In [11], a novel 3D segmentation and model reconstruction 
has been carried out on CT images of the heart and liver obtained 
from a Gangneung mummy of the Joseon dynasty. Based on the 
promising results, the future potential of this technique in 
paleopathological research without tissue destruction has been 
evaluated. In this regard, a further application of modern 3D 
technologies in the field of archaeology is disease analysis, which 
allows for a deeper understanding of the history of diseases and 
their impact on human populations over time. In [12], the 
importance of using an analytical approach to paleopathology 
that incorporates up-to-date CT and 3D imaging techniques has 
been highlighted, particularly for the diagnosis of metastatic 
cancer in an Iron Age skull. Specimens can be physically 
reproduced by 3D printing using techniques developed in the 
biomedical field [13] to study anatomy and paleopathology from 
archaeological remains. CT scanning and 3D printing allow the 
internal anatomical surfaces of bone remains to be analysed and 
reproduced [14]. Special attention is paid to the reconstruction 
and 3D visualization of skulls because they are sources of 
numerous historical and anthropological information on human 
remains such as the estimation of age-at-death using teeth or 
cranial sutures [15], [16]. In [17], the skull of an interesting 
archaeological case showing severe pathological changes has 
been CT-scanned, and replicas of all the single bones 3D printed 
and manually re-assembled to overcome the taphonomic 
alterations providing important diagnostic information. 

The 3D reconstruction technology is a powerful solution for 
studying inaccessible archaeological specimens, such as the 
remarkable Neanderthal skeleton discovered near Altamura, Italy 
in 1993 [18]. Located in a narrow cave passage with limited 
access, the Altamura Neanderthal skeleton was deemed too 
delicate to be removed from its original site for study. The 3D 
reconstruction of the cranium provided a non-invasive 
alternative to the examination of the skeleton’s anatomy, 
revealing previously hidden features and providing valuable 
insights into the Neanderthal evolution [18]. Despite the growing 
interest in Virtual Anthropology [19], and the advancements in 
3D printing technology, there are currently no standardized 
quality controls for 3D printed models in the anthropological 
field [20]. This stands in contrast with the regulated environment 
of the biomedical field, where 3D printed models used for 
clinical purposes are considered medical devices and must adhere 
to strict guidelines [21], [22]. Without standardized quality 
control, there is a risk of inaccuracies and inconsistencies in the 
representation of archaeological and anthropological artifacts. 
Therefore, to ensure the reliability of 3D printed models, it is 
necessary to develop clear guidelines and standards for quality 
control. A standardized approach ensures trustworthiness and 
reproducibility from data acquisition and digitization to model 
creation and validation [23]. In a study of human remains from 
the Neolithic Age discovered in the Tyrolean Alps in 1991, the 
truthfulness of a 3D skull reconstruction has been validated by 
comparing measurements from the original CT images to 
external physical measurements of the intact head of the mummy 
[24]. The validation procedure demonstrated the critical 
importance of checking virtual reconstructions to ensure their 
faithfulness and reliability to the original archaeological 
specimens. 

Based on the considerations above, this study would provide 
a novel contribution to the field by proposing a quantitative 
dimensional analysis for 3D printing quality control in 
bioarchaeology to check that 3D printed models reflect the 
original archaeological specimens. In particular, it is a novel 
approach from a metrological point of view, previously proposed 
in [25], which aims at providing a rigorous method for evaluating 
the accuracy of 3D printed models representing archaeological 
human remains, considering the main possible error sources. 
Specifically, the study focuses on a more thorough estimation of 
the uncertainty of the method in [25] that assesses the 
dimensional compatibility between data acquired from a CT 
examination of a 3D printed model simulating an archaeological 
human skull and CT data of eight replicas of the same model, all 
produced using Fused Deposition Modeling (FDM) technology. 

In Section 2, we will describe the materials and the printing 
protocol used, the supporting techniques, and tools involved. 
The method developed to conduct the dimensional comparison 
is given in detail, explaining the objective image analysis method 
implemented. Next, we will dedicate Section 3 to analysing the 
measurement uncertainty associated with the results, focusing on 
the uncertainty contributions considered and clarifying how they 
were estimated and combined together. In Section 4 the results, 
reported in tabular form, are discussed and commented 
investigating the possible variability introduced by the printing 
process and highlighting the most significant observations. 
Finally, in the last section, potential applications and 
improvements of the developed method contributing to the 
broader field of 3D printing are outlined. 

2. MATERIALS AND METHODS 

For the sake of this study, a cranial model serving as a 
simulated archaeological specimen was 3D printed. This skull 
specimen was realized from the CT data (Siemens Somatom 
Force® dual source tomograph [26]) of an anonymous diagnostic 
examination performed on an 8-year-old patient. The 
anonymized data were obtained in accordance with ethical 
guidelines for medical research [27], [28]. This simulated 
specimen served as the gold standard against which its replicas 
were compared. 

The Digital Imaging and Communications in Medicine 
(DICOM) dataset was imported into a specialized medical 3D 
image segmentation software, i.e., Mimics Materialise 25.0 
(Leuven, Belgium) [29]. The digital segmentation was 
accomplished using a semi-automated technique. The initial step 
involved automatic thresholding based on Hounsfield Units 
(HU) ranging from –802 HU to +647 HU, tailored for all 
models. Subsequently, smart fill and smart brush tools were used 

 

Figure 1. 3D reconstruction of the skull from axial, coronal and sagittal views 
from the CT examination. 
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to refine the 3D model, mimicking typical clinical workflow. To 
ensure that the 3DP model was suitable for the reference 
purpose, the 3D reconstruction of the skull from CT images 
(Figure 1) was exported to Autodesk Meshmixer and subjected 
to manual smoothing to remove surface blemishes and 
irregularities. The smoothing process was carried out using the 
“shape preserving” tool with a smoothing factor set to 1. 

To reduce the use of material and printing time, while 
preserving anatomical details, the skull model was scaled down 
to 75 % of its original size. The segmented object was exported 
to Medical 3-matic 17.0 and converted to an optimized STL file 
(Figure 2), minimizing artifacts such as stitching, holes and 
overlaps, suitable for the print file (.3mf). These corrective 
operations were automatically carried out using the Auto Fix tool 
in Medical 3-matic to enhance the integrity of the model. The 
.3mf file was then processed using UltiMaker Cura 5.2.2 to 
generate the G-code for printing. The gold standard model, 
referred to as Skull0, was printed on UltiMaker S5 Pro Bundle 
printer [30] (Figure 3) using the same printing parameters as the 
eight replicas, except for a slightly lower layer thickness to ensure 
optimal surface quality (Table 1). All 3D models were printed in 
polylactic acid (PLA, extruder 1 in Table 1), a material widely 
used with FDM technology [31], which exhibits excellent CT 
compatibility, mimicking the response of the bone to X-rays 
without luminescence artifacts. To facilitate the printing process, 
a water-soluble support structure made of polyvinyl alcohol 
(PVA, extruder 2 in Table 1) [32] was automatically generated for 
all 3D models. This material is particularly suitable for complex 
geometries such as the skull, ensuring easy removal and minimal 
interference between contact surfaces, a critical factor for 

accurate dimensional measurements. The support structure was 
designed to maintain a 45° overhang angle, minimizing material 
usage and ensuring structural integrity. 

Upon completion of printing and post-processing, the gold 
standard 3DP cranial model underwent a high-resolution CT 
scan. The scanning protocol was followed meticulously 
according to the specifications listed in Table 2. Acquired CT 
images were segmented using thresholding techniques to extract 
anatomical features for subsequent replica printing. Eight 3D 
replicas were produced using the same printing parameters as the 
gold standard, except for manual smoothing operations to 
maintain consistent production methods. The software used for 
image analysis and segmentation is designed specifically for 
biomedical applications and operates on CT images in 
Hounsfield Units (HU). The latter are dimensionless values 
universally employed in CT scanning to quantify the radiodensity 
of anatomical structures [33]. These values are linearly correlated 
with the grayscale of CT images [34], providing a direct and 
quantifiable measure of tissue density. 

To ensure a standardized and consistent method, all 
segmented 3D models were processed using a custom threshold 
range of -802 to 739 HU, specifically selected based on the x-ray 
response of the gold standard PLA. Segmented objects were 
automatically wrapped and smoothed several times with identical 
settings to maintain uniformity. All segmented models were 
imported into Medical 3-matic 17.0 to optimise the mesh and 
save the STL files for printing. The STL files were then imported 
into UltiMaker Cura 5.2.2 for G-code generation according to 
the parameters in Table 1. The nine 3D cranial models, i.e., the 
gold standard Skull0 and its replicas, were subjected to the same 
CT scanning protocol to allow direct comparison of their 
dimensional measurements. Figure 4 shows the eight replicas, 
arranged with Skull0. 

To maintain consistency in positioning, all skulls were 
scanned following the paediatric head CT protocol. They were 
carefully placed in a dedicated stand (Figure 5) and centred 
within the gantry using a cruciform laser system (Figure 6). To 
ensure repeatability, a single experienced radiology technician 
was responsible for positioning all skulls. 

 

Figure 2. Gold standard model to be printed and assumed as a simulated 
archaeological specimen. 

 

Figure 3. Cranial model 3D printing with UltiMaker S5 Pro Bundle. 

Table 1. Main printing parameters. 

Parameter Extruder 1 Extruder 2 

Material PLA PVA 

Print temperature 205 °C 220 °C 

Print speed 40 mm·s-1 35 mm·s-1 

Layer height: eight replicas 0.2 mm 0.2 mm 

Layer height: Skull0 0.1 mm 0.1 mm 

Infill density  10 % - 

Table 2. Main CT scanning protocol settings.  

CT parameter Value 

Total number of slices  263 

Slice thickness 0.5 mm  

Slice increment 0.5 mm 

Pixel size 0.35  0.35 mm2 

Field of view 180 mm 

Voltage peak 90 kV 

Single collimation width 0.59 mm 

Step factor 0.55 
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A rigorous and objective method based on image analysis was 
applied to assess the dimensional congruence between the gold 
standard Skull0 and its replicas. This method involves automatic 
segmentation of CT scans to identify the slice with the largest 
outer diameter for each skull, enabling 2D analysis. The 
segmentation of CT images, based on a threshold value derived 

from the grayscale values of the data acquired, allows 
determining 3D masks for all skulls. The slice corresponding to 
the mask with the largest outer diameter is identified for replicas 
and Skull0 and used for the dimensional comparison based on 
the following quantitative parameters (Figure 7): section area 
(A), maximum longitudinal diameter (Dmax), and thicknesses 
identified at the latter (S1 and S2). These measurements are 
compared for each replica and the Skull0, resulting in the 
quantitative values and the percentage difference (Δ) of the 
above quantities. Specifically, A is determined by counting the 
white pixels in the selected mask and then converting the pixel 
count to mm2 based on pixel size (Table 2). 

3. UNCERTAINTY ANALYSIS 

A comprehensive uncertainty analysis was carried out 
considering the following sources of error. The uncertainty in the 
pixel resolution of CT images was evaluated by considering the 
pixel size shown in Table 2. The uncertainty contribution 
associated with the image analysis method was evaluated using a 
Monte Carlo (MC) simulation [35]-[41] with 104 iterations. As 
listed in Table 3, the grayscale threshold value for the automatic 
assessment of the 3D masks was varied randomly within a 
rectangular distribution of ± 5 % bounds. Compared to the 
previous study [25], the variability stemming from operator-
dependent skull positioning errors during CT acquisition was 
introduced and included in the same MC simulation. This 
contribution was considered by randomly varying the 
identification of the slice with the maximum diameter, admitting 
an error of at most two slices (Table 3). 

To obtain a first estimate of the overall measurement 
uncertainty, the two uncertainty contributions, due to pixel 
resolution and image analysis, were combined using the 
uncertainty propagation law. 

 

Figure 4. Skull0 in front and its eight replicas behind. 

 

Figure 5. 3DP cranial model placed in the dedicated stand for CT scan. 

   

Figure 6. Cranial model centred within the gantry using a cruciform laser 
system. 

Table 3. Summary table of the distributions used to calculate the contribution 
of uncertainties in the Monte Carlo simulation. 

Type of uncertainty Distribution Setting 

Thresholding Rectangular 500 ± 5 % bounds 

Positioning Rectangular slice at Dmax ± 1 bounds 

 

Figure 7. Mask of the CT slice in which the measured quantities being 
compared are shown. A: area of skull section (white pixels); Dmax: maximum 
longitudinal diameter; S1 and S2: skull thicknesses at Dmax. 
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4. RESULTS AND DISCUSSION 

The measurements obtained for each replica and the Skull0, 
specifically section area (A), maximum longitudinal diameter 
(Dmax), and thicknesses (S1 and S2) resulted in the quantitative 
values listed in Table 4 and in the differences (Δ), expressed as 
percentages in Table 5. Table 4 shows the dimensional results for 
each skull at the slice with the maximum longitudinal diameter. 
Conversely, Table 5 presents the results of comparing each skull 
with Skull0 in terms of percentage discrepancy (Δi,0). This value 
represents the relative differences between the i-th skull and 
Skull0, where i = 1, 2, …, 8. The results are expressed as mean ± 
standard deviation (SD). 

A general observation from the dimensional measurements, 
excluding area values, revealed that pixel resolution is the primary 
source of uncertainty. In fact, the standard deviation associated 
with the image analysis procedure is usually significantly lower 
(about an order of magnitude) than that attributed to pixel size, 
except for some specific cases discussed below. In particular, for 
Dmax of Skull6 and S1 for Skull8 the contributions of pixel 
resolution and image analysis uncertainty appear comparable. 

While considering additional error sources, the variation in 
average parameter values seems to be justified by the variability 
inherent in the printing process and the limitations of the whole 
technological process, starting from the slicing phase of the 3D 
mathematical model. Indeed, the percentage error between the 
gold standard and the replicas increases as the level of detail in 
the object intensifies. The maximum discrepancy observed in the 
macroscopic parameter (Dmax) is approximately 1 %, while an 
error exceeding 15 % is obtained for the two thicknesses. 

In addition, the variability found in S1 and S2 thicknesses is 
consistent with the uncertainty arising from the printing process. 
The printer nozzle has a diameter of 0.4 mm, and depending on 
the number of layers deposited, there is a variability multiple of 
0.4 mm in the mean thickness value. The ∆ values, expressed as 
the percentage difference between the compared thicknesses, 
indicate the extent to which the printer deposited more or fewer 
layers in the section under consideration. This is reflected in the 
percentage error between the thickness of the gold standard 
model and its replicas (Table 5): the relative uncertainty 
associated with the discrepancies is about one percentage point. 

Despite the attempt to quantify errors due to model 
placement within the CT, the spread of results in terms of both 
mean value and standard deviation obtained for the areas 
suggests that the section with the maximum longitudinal 
diameter may differ between Skull0 and its replicas. Area 
measurements diverge in the slice range in which the anatomical 
geometry of the orbits and sinuses varies, leading to variability in 
the cross-sectional area value. However, the maximum diameter 

and thicknesses remain consistent. This is likely due to the 
repeatability of skull positioning during CT data acquisition. 

5. CONCLUSIONS 

This study focused on 3D printing quality assessment for 
archaeological and cultural heritage applications. Specifically, the 
use of 3D printing for replicating findings and human remains 
requires a rigorous approach to ensure the accuracy of 3D 
replicas. Despite considerable interest in the topic, further 
metrological investigations are needed to establish effective 
quality control of 3D printed models. In this regard, the present 
study proposes an objective measurement method based on 
image analysis processing to carry out dimensional comparisons 
between an archaeological specimen and its replicas. 

To simulate human remains, a three-dimensional cranial 
model was reconstructed from CT data acquired from a human 
skull. This model, serving as the gold standard, was 3D printed 
using FDM technology and CT scanned with a high-resolution 
protocol. The resulting dataset was segmented to generate eight 
3DP replicas, which were then subjected to dimensional 
comparison with the gold standard model. This study represents 
a case study on the quality assessment of 3D printing, 
demonstrating the suitability of 3DP replicas for museum 
exhibition purposes, given their minimal dimensional 
discrepancies (within a few percentage points). However, further 
investigations are needed to better understand the factors 
influencing replica accuracy. The measurement results suggest 
that the dispersion of differences between the replicas and the 
reference skull is due to two primary sources: printing process 
variability and method uncertainty. Based on the outcomes of 
this study, further research on method repeatability needs to be 
carried out to explore the impact of printing process variability 
alone. In this case, investigating the potential for error 
introduced during the manual positioning of 3DP models by 
radiology technicians is crucial to fully understanding the sources 
of dimensional discrepancies. 

Based on these considerations, additional investigations are 
warranted to address various issues of dimensional assessment in 
3D printing. Firstly, expanding the scope of dimensional 
measurements to include volume assessment from all CT slices 
would provide a more comprehensive assessment of the replica. 
Moreover, dimensional verification on a larger number of 
samples, varying both the 3D model geometry and the printing 
parameters, would establish acceptable tolerance ranges for 
ensuring the quality of 3D printed replicas. Finally, examining the 
dimensional congruence of 3D replicas produced by different 
printing technologies, e.g., stereolithography and selective laser 
sintering, would provide insights into the technology-specific 
effects on dimensional accuracy. 

Table 4. Dimensional measurements (mean ± SD) on the model mask. 

3DP model A (mm2) Dmax (mm) S1 (mm) S2 (mm) 

Skull0 2054 ± 12 101.1 ± 0.2 4.1 ± 0.2 3.9 ± 0.2 

Skull1 2192 ± 32 101.4 ± 0.2 4.0 ± 0.3 4.4 ± 0.3 

Skull2 1900 ± 13 101.0 ± 0.2 4.2 ± 0.2 4.5 ± 0.2 

Skull3 2206 ± 9 101.2 ± 0.3 4.3 ± 0.2 4.6 ± 0.2 

Skull4 2089 ± 34 101.0 ± 0.2 4.4 ± 0.3 4.0 ± 0.3 

Skull5 2111 ± 7 99.7 ± 0.3 4.5 ± 0.2 3.9 ± 0.2 

Skull6 1876 ± 4 101.0 ± 0.4 4.1 ± 0.2 4.5 ± 0.2 

Skull7 1971 ± 12 101.6 ± 0.2 4.2 ± 0.2 4.0 ± 0.2 

Skull8 2176 ± 68 101.6 ± 0.2 3.9 ± 0.4 4.2 ± 0.2 

Table 5. Differences in dimensional measurements (mean ± SD) between 
model masks. 

3DP model A (%) Dmax (%) S1 (%) S2 (%) 

∆1,0 3.63 ± 0.06 0.32 ± 0.01 6.7 ± 1.8 3.0 ± 0.9 

∆2,0 7.51 ± 0.07 0.05 ± 0.01 10.6 ± 1.9 9.0 ± 1.6 

∆3,0 7.37 ± 0.05 0.22 ± 0.01 11.5 ± 2.7 11.4 ± 2.3 

∆4,0 1.68 ± 0.03 0.13 ± 0.01 3.5 ± 1.1 14 ± 4 

∆5,0 2.75 ± 0.02 1.38 ± 0.01 6.2 ± 1.4  17 ± 3 

∆6,0 8.67 ± 0.05 0.26 ± 0.01 8.9 ± 2.2 6.5 ± 1.5 

∆7,0 4.07 ± 0.03 0.56 ± 0.01 2.2 ± 0.4 9.1 ± 2.3 

∆8,0 5.93 ± 0.19 0.56 ± 0.01 3.3 ± 1.3 0.3 ± 0.1 
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In the future, the proposed protocol could be refined and 
applied to the study of mummies and archaeological remains of 
historical significance, fostering a deeper understanding of their 
anatomical characteristics and cultural contexts. 
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