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Abstract
X-ray radiography and tomography are widely employed techniques in the Cultural Heritage (CH) field, as testified by 
the large number of analyses performed for these applications in this field. Specifically, tomography provides fully non-
invasive morphological and microstructural information on the internal structure of the sample and can reveal, when pos-
sible, hidden details such as ancient repairs or concealed conservation interventions. All these aspects make this technique 
essential both for gaining insights into production techniques and for assessing the conservation state. One of the main 
requirements for instrumentation employed in Heritage Science is the versatility of the equipment, as artefacts can vary 
considerably in size, may have complex and irregular shapes, and exhibit diverse compositions, materials, and manufactur-
ing methods. It is therefore evident that the instrumentation must be readily adaptable to each specific application. This 
requirement also implies the necessity for portable and open-source equipment. The latter characteristic is of particular 
importance, as open-source instruments allow for extensive customisation in response to the diverse requirements of dif-
ferent operators. In the framework of the National recovery and Resilience Plan (PNRR) CHANGES (Cultural Heritage 
Innovation for Next-Gen Sustainable Society) project, a fruitful collaboration was established with the Department of 
Physics and Astronomy of the University of Bologna, as regards mainly the detection system, and the Opificio delle Pietre 
Dure (OPD), acting in the quality of end-user. Taking all the above-mentioned aspects into consideration, at the Depart-
ment of Physics and Astronomy of the University of Florence and with the crucial support of the CHANGES project, we 
developed a portable and open-source X-ray tomography system specifically designed for Cultural Heritage applications. 
In this paper, we present this prototype which offers a highly customisable design that can be tailored to a wide range of 
operational needs.
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1  Introduction

X-ray radiography and tomography are widely employed 
as non-invasive and non-destructive methods in Heritage 
Science, as evidenced by the numerous projects where 
these methods played a crucial role (Casali 2006; Albertin 
2019; Vigorelli et al. 2022; Lehmann and Mannes 2021). 
Advanced X-ray radiography and computed tomography 
(CT) have become indispensable non-destructive tools in 
the study and conservation of cultural heritage artefacts 
- ranging from wooden statues and bone artifacts to poly-
chrome sculptures and archaeological finds.

These techniques may reveal internal features such as 
cracks, previous restorations, internal supports, wood grain 
patterns, and material stratigraphy - insights inaccessible by 
visual inspection alone (Re et al. 2014; Bossema et al. 2024; 
Withers et al. 2021). For example, CT imaging has been 
used to document internal iron supports and insect damage 
in medieval wooden sculptures (Kapit 2016), and to per-
form non-invasive dendrochronology on historical panel 
paintings, uncovering concealed double panelling (Domín-
guez-Delmás et al. 2021).

X-ray radiography and computed tomography (CT) were 
traditionally applied to cultural heritage (CH) studies using 
medical CT scanners, an approach that remains valid in 
many cases. However, hospital CT systems are inherently 
optimised for human anatomy, calibrated to specific den-
sity ranges and geometries, and are not easily adaptable 
to the heterogeneous materials, morphologies and dimen-
sions typically encountered in CH artefacts. This limitation 
is particularly critical when the tomographic investigation 
represents the first non-invasive assessment of an object’s 
material structure and conservation state. For this reason, 
custom-made, scalable instrumentation is essential. More-
over, many heritage artifacts are fragile, unmovable, or 
located on-site where transportation to standard CT facili-
ties is prohibited or risky. Recent efforts have thus focused 
on portable, flexible X-ray tomography systems, enabling 
tailored imaging strategies adapted to object size, shape, 
and conservation constraints.

The prototype presented in this work addresses these 
needs through a fully shielded, small-scale, modular CT 
system, which can be transported and reassembled directly 
within conservation laboratories, thereby avoiding the 
risk of moving fragile objects. The need for transportable 
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systems is already discussed and addressed in other scien-
tific papers, such as (Oliveira et al. 2022; Bettuzzi 2017). 
Tunable up to 50 kV and 1 mA (maximum), the system is 
optimised for low- to medium-density samples of limited 
thickness. Its soft X-ray beam enables high-contrast imag-
ing of delicate organic materials, which would otherwise 
appear nearly transparent under the higher energy spectra of 
conventional medical or industrial sources. This combina-
tion of transportability, adaptability and low-energy opera-
tion makes the instrument particularly suited to the wide 
morphological and compositional variability inherent to 
cultural heritage materials.

This work was carried out within the framework of the 
CHANGES project, through the collaboration between the 
Department of Physics and Astronomy of the University 
of Florence, the Cultural Heritage network of the Italian 
National Institute of Nuclear Physics (INFN-CHNet), and 
the Department of Physics and Astronomy of the University 
of Bologna. The instrument was designed and developed by 
the INFN Florence group, drawing on previous expertise in 
cultural heritage imaging instrumentation (Mazzinghi et al. 
2024) and, in particular, on the design and installation of 
NICHE, the first Italian neutron imaging station dedicated 
to cultural heritage applications (Gelli et al. 2023; Grazzi 
et al. 2023; Grazzi et al. 2025). The project also benefited 
from the partnership of the Opificio delle Pietre Dure, which 
acted as end-user, providing consultancy and test samples 
that were instrumental for the development and optimisa-
tion of the system.

2  Instrument design

2.1  Description of the portable X-ray tomograph

The tomographic system described in this work is a com-
pact and portable cone-beam X-ray CT scanner specifically 
developed for the non-destructive imaging of small low Z 
artefacts in the field of cultural heritage. Its design priori-
tises low weight, modularity, and ease of deployment, while 
ensuring radiation safety even outside designated radiopro-
tection environments. The instrument is fully self-shielded 
(see Sect. 2.2: Radiation Safety), featuring a protective 
enclosure made of 1.2 mm thick brass plates mounted on 
a lightweight aluminium frame, which also supports all 
ancillary elements. The fact of being self-shielded is one 
of the differences between the instrument developed by the 
research group of Prof. Morigi (UniBo), which is transport-
able as this one but requires an appropriate space to address 
radiosafety rules (Bettuzzi 2017).

The structure is mounted on wheels to facilitate mobil-
ity. Additional shielding is integrated along the beam path 

to attenuate primary and secondary radiation (see Sect. 2.2: 
Radiation Safety). A leaded-glass window (2.1  mm Pb 
equivalent) allows direct visual monitoring of the sample 
during operation. The system’s geometry is defined with the 
Y-axis aligned with the X-ray beam (positive towards the 
detector), the Z-axis oriented vertically (positive upwards), 
and the X-axis perpendicular to the beam (positive left to 
right when facing the detector). The measurement chamber 
accommodates objects up to 800 mm in height, although the 
field of view (FoV) is currently limited to 300 × 300 mm. 
No automated vertical stage is yet installed; the Z-position 
must be manually adjusted. A schematic of the instrument is 
shown in Fig. 1.

The X-ray source is a compact low-power unit (Oxford 
X-Ray Unit Jupiter 5000 Series, 50 kV, 1.0 mA (Oxford, 
2025), enclosed within a stainless-steel housing with dielec-
tric oil for thermal regulation and an external 6 mm leaded 
bronze shield (CC497K - CuSn5Pb20-C) to enhance radia-
tion protection. It features a molybdenum target, operates 
at 10–50 kV, and delivers a 23° cone beam with a nominal 
focal spot of 150 μm. The system includes dual fans provid-
ing active air cooling.

The flat-panel detector (Teledyne DALSA Xyneos 
3030HS (Dalsa 2024) is based on a CsI scintillator using 
radiation-hard CMOS Active Pixel design, 16-bit depth. It 
offers an active area of 295 × 295 mm² with 1952 × 1952 
pixels and a nominal pixel size of 151.8 μm.

Motion control is achieved through a compact linear 
stage supporting a high-precision rotational stage (Physik 
Instrumente PI-037), driven by a closed-loop DC motor with 
an integrated encoder. The stage enables rotational accuracy 
at the microradian scale, with negligible backlash and high 
repeatability, essential for reliable projection sampling.

The internal chamber of the instrument can accommo-
date objects up to 700 mm in height and more than 300 mm 
in diameter. However, considering the field of view (FoV) 
and the beam size at the sample (see Sect. 3), the maximum 
sample dimensions for the present configuration are approx-
imately 200 mm in diameter and 500 mm in height when the 
object cannot be inverted. In this case, two vertical scans are 
acquired without altering the position of the rotation axis. If 
the sample can be inverted, objects up to 600 mm in height 
can be measured.

A summary of key technical specifications is provided 
in Table 1.

2.2  Radiation safety

The entire system is clad with 1.2 mm thick brass panels, 
while the X-ray tube is enclosed within an external 6 mm 
leaded bronze shield (CuSn5 Zn5 Pb5 UNI 7013-72). The 
access door to the sample area (300 × 800  mm²) is also 
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final inner layer to minimise low-energy background on the 
detector (Fig. 2).

The system is equipped with multiple interlocks that 
immediately disable X-ray generation upon door opening, 
emergency stop activation, or intrusion into a monitored 
safety area (1.5 × 1.5 m) around the instrument. Radiation 
dose measurements under maximum output (50 kV, 1 mA) 
indicate dose rates below background at the boundary of the 
safety area (0.2 µSv/h), and a maximum of ~ 12 µSv/h at the 
shielding surface. This confirms its safe use in environments 
without dedicated radioprotection infrastructure, including 
public spaces.

constructed from 1.2 mm thick brass. On the opposite wall, 
a leaded glass window is installed to allow visual inspection 
of the sample area during positioning and measurement. 
The window (20 cm × 10 cm) provides a lead equivalence 
of 2.1 mm and ensures full shielding for X-ray energies up 
to 150 keV.

Behind the detector, a multilayer beam-stop wall is 
installed with the following configuration, from the out-
side in (the shielding was intentionally oversized in case 
of higher-voltage and higher-current tubes): PVC (1 mm), 
absorbing low-energy characteristic X-rays from aluminium 
(e.g. 1.47 keV); aluminium (1 mm), attenuating X-rays gen-
erated in the underlying brass layer (Zn and Cu, < 10 keV); 
brass (1.2 mm), absorbing lead characteristic radiation (10–
14  keV); lead (1.2  mm), acting as the main absorber and 
attenuating primary X-rays up to 50 keV; brass (1.2 mm), 
further reducing lead X-ray emissions directed inward; 
aluminium (1  mm), attenuating residual radiation from 
the preceding brass layer; and PVC (1 mm), providing the 

Fig. 1  Schematic overview of the 
instrument: top view (A) and side 
view (B). (a) X-ray source; (b) 
beam; (c) sample environment with 
a holder equipped with a translator 
along the beam axis (y-axis) and a 
rotator; the height can be adjusted 
by adding modular spacers accord-
ing to sample requirements; (d) 
flat-panel detector; (e) multilayer 
beam-stop wall: PVC (1.0 mm); 
aluminium (1.0 mm); brass 
(1.2 mm); lead (1.2 mm); brass 
(1.2 mm); aluminium (1 mm); PVC 
(1 mm); (f) lateral access door to 
the sample area (30 × 80 cm²)
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characterization of the instrument. In this section, it is briefly 
described how this was achieved.

The two fundamental input parameters in this regard 
are the so-called “Source to Detector Distance” (SDD) and 
“Object to Detector Distance” (ODD). Determining these 
by relying on the design of the instrument can be difficult as 
one should not only precisely control distances, dimensions 
and alignments of the mechanical components, but also 
know the distance between the CCD plane and the outer 
shell of the X-ray detector, and the distance between the 
geometric origin of the X-ray conical beam and the beryl-
lium window of the tube. As such, it turns out to be more 
convenient to determine SDD and ODD by performing ex-
post calibration measurements once the instrument is fully 
assembled. Such a calibration can be repeated to account for 
potential small variations in the geometry of the instrument, 
e.g., after it has been transported to a new location.

Calibration is performed as follows: a square sam-
ple object, shown in Fig.  3, with lateral dimension ℓ 
(12 ± 0.005 cm) was prepared and placed on the rotary stage. 
The sample consists in a 0.1 mm-thick brass plate with an 
array of 11 × 11, 0.1  mm precisely machined round holes 
with 10 mm grid spacing.

For a given position of the linear stage, we acquire a 
frame and measure the length of the projected image on 
the detector (which is readily obtained as the pixel size is 

3  Instrument characterization

To provide sharp images, cone-beam tomographic 
reconstruction algorithms require accurate geometric 

Table 1  Technical specifications of the portable CT scanner
Component Specification
X-ray source Oxford X-Ray Unit type XTF5011, 50 kV, 

1.0 mA, Mo target, 150 μm spot, 23° cone, 
75 μm Be window

 Source shielding Internal lead-lined casing + external 6 mm 
Pb-bronze + Choterm® (thermal conductor, 
electrical insulator)

 Source Cooling 
system

Dielectric oil + dual fan cooling (150 cfm), 
operating temperature < 55 °C

Detector Flat panel Teledyne DALSA Xyneos 3030HS, 
CsI scintillator, 1952 × 1952 px, 16-bit depth

 Nominal Pixel size 151.8 μm
 SDD 1301.6 mm
 FoV 295 × 295 mm²
Motion stages Y-axis Linear: ball-bearing rail; Rotational: 

PI-037 minimum increment 3.5 µrad
Max object size H: 600 mm Ø: 250 mm
Frame structure Aluminium (20 × 20 mm² profile), modular 

and lightweight
External shielding 1.2 mm brass + Beam stop wall: graded multi-

layer (PVC–Al–Brass–Pb–Brass–Al–PVC)
External dimension H: 800 mm; W: 800 mm; L: 1446 mm
Overall weight 150 kg

Fig. 2  Tomograph shielding. (a) Source shielding: cylindrical enclo-
sure made of 6.0  mm thick leaded bronze; (b) 1.2  mm thick brass 
sheets covering the entire system and following the conical shape of 

the beam; (c) leaded glass window; (d) dedicated electronics shelf 
positioned away from the beam and easily accessible; (e) multilayer 
beam-stop wall
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user interface and the OpenCV computer vision library for 
image processing. A modular design ensures the possibility 
of extending the support to different hardware, making the 
acquisition program suitable to be used with other comput-
erized tomography instruments.

The program manages hardware by means of a multi-
threaded architecture and leverages the native signal/slot 
mechanism of Qt, allowing for easy communication among 
different threads, thus avoiding blocks in the main thread 
handling the user interface. The motors driving the linear 
and the rotary stage are controlled by Arduino Mega 2560 
Rev3 boards paired with custom-designed shields. Each 
Arduino board communicates with the PC through a single 
RS-485 multi-drop serial bus in a half-duplex configura-
tion. The RS-485 bus is handled by a dedicated secondary 
thread in the acquisition program. Requests to the hardware 
are queued in the Qt event-loop of the dedicated QThread 
and dispatched synchronously, thus ensuring the atomicity 
of each Request/Reply pair in the half-duplex communica-
tion protocol.

The Xineos-3030HS X-ray detector communicates with 
the PC through a Gigabit Ethernet data interface, using a 
driver that implements the GigE Vision standard. Frames 
are grabbed by running dedicated jobs in a thread pool.

The graphical user interface (shown in Fig. 4) provides 
access to all relevant hardware parameters, including:

	● Full Well Capacity and Exposure Time for the X-ray 
detector;

	● X-ray tube output (voltage and current);
	● sample positioning through control of the linear and ro-

tary stages.

The acquisition of a full tomography is handled automati-
cally by the program, after the projection angles are either 
selected on the user interface or input through custom scripts 
for additional flexibility.

Projection frames get automatically pre-processed in 
two steps. The first step consists of standard flat-field cor-
rection using dark-current and open-beam frames. In the 
second step, the image is corrected by replacing defective 
pixels with the median average of neighbouring pixels. The 
defective-pixel map used for image correction is provided 
by a careful analysis of the linearity in the response of each 
individual pixel of the X-ray detector, obtained by taking 
frames with varying exposure times.

Projection frames are then exported in TIFF file format, 
either as individual files or as a single multi-page TIFF file, 
ready to be processed by the tomographic reconstruction 
software of choice.

known). With this single measurement, one can only infer 
the ratio between SDD and ODD.

A second measurement is then performed in which the 
linear stage is moved towards the detector by a known fixed 
amount ∆. If we denote by L1 and L2 the length of the first 
and second projections, then:

SDD = ∆

l
L1L2

L1 − L2

Having two projections with different ODDs also allows us 
to determine the centre of the beam, i.e., the pixel coordinates 
of the point where the beam hits the detector orthogonally. 
Provided the linear stage itself is orthogonal to the detector, 
the centre of the beam corresponds to the fixed point in the 
homothety describing the transformation between the two 
images. Finally, we need to determine the position of the 
rotation axis and its tilt with respect to the detector. This is 
trivially done by comparing two projections, at 0 deg and 
180 deg respectively. The results of the measurements of all 
the above parameters are summarised in (Table 2).

4  Acquisition software

The project also focused on the development of a custom-
made open-source software controlling data acquisition and 
all parameters needed for a tomography. The tomograph 
is controlled through custom-made open-source software 
written in C++. Although currently running on Linux on 
x86-64 hardware, the program is designed to be portable 
by using technologies available across different operating 
systems and architectures, namely the Qt 6 toolkit for the 

Table 2  Technical parameters measured of the portable CT scanner
SDD 1301 ± 0.5 mm
ODD 327.2 ± 0.2 mm (“Home” position of the linear stage)
Tilt angle 0.032 ± 0.002 deg
Beam centre (971.5 ± 0.2 px, 966.3 ± 0.2 px)

Fig. 3  Sample object employed for test measurements of SDD
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was estimated using the Nyquist–Shannon sampling theo-
rem and adjusted according to the specific question on each 
sample. Similarly, the tube current and voltage were tuned 
to optimise the contrast of the material under investigation. 
For wooden specimens with thicknesses between 100 mm 
and 500  mm, for instance, operating conditions of 40  kV 
and 0.9 mA were found to enhance contrast between wood 
fibres while ensuring adequate penetration of the sample.

All acquired datasets underwent pre-processing (such 
as cropping when needed, filters, and initial simple image 
editing) normalisation and reconstruction. Owing to the 
excellent signal-to-noise ratio of the images, no additional 
denoising filters (such as Despeckle or Remove Outliers) 
were required. Defective pixels were removed directly 

Alongside these, a text file is produced, containing the 
relevant geometric parameters necessary to run the cone-
beam reconstruction algorithm.

5  Experimental characterization on test 
samples

A series of proof-of-concept experiments were conducted 
on objects with diverse dimensions, morphologies and 
material compositions to evaluate the prototype’s perfor-
mance in relation to some of most typical Cultural Heritage 
materials (i.e. wood and bones) and define optimal acquisi-
tion parameters. The number of projections for each scan 

Fig. 4  Main screen of the acquisition software developed for the proto-
type tomograph: on the left, the control panel allows the measurement 
parameters to be configured; on the right, the interface displays the 

progress of the ongoing scan; at the top, the histogram of the image 
provides real-time feedback on the quality of the acquired data
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contrast resolution. The effective spatial resolution (SR) is 
evaluated by analysing the sharpness of edges within the 
image. To this end, a line profile (plot profile) is extracted 
across a transition region—for example, from a dense, 
X-ray-opaque object to the surrounding air—on an axial 
slice. Ideally, such a profile would exhibit a sharp edge, with 
an abrupt transition from high to low grey values. In practice, 
however, this transition is smoothed due to blurring effects, 
and the resulting profile shows a gradual change in intensity. 
This gradient reflects the system’s point spread function and 
thus the effective SR. Since Cultural Heritage artefacts often 
have highly complex geometries, establishing the SR solely 
through instrumental parameters is not typically sufficient. 
Once an estimate has been obtained, it may still be neces-
sary to verify on the tomographic slice the operational value 
that can reasonably be assigned to describe the smallest 
resolvable detail. In Fig.  5a, for example, a high-contrast 
region of an axial slice—such as the edge of the Boxwood 
sample against the background—is shown. As can clearly 
be observed, the edge blurring extends over more than 
a single pixel. The edge profile allows the uncertainty in 
domain discrimination to be quantified. To measure sharp-
ness, the edge profile is fitted using a sigmoidal Boltzmann 
function. The minimum distance over which the transition 
occurs—typically measured between the inflection point 
(centre of the fit) and the tails—is taken as an estimate of 
the blurring. In the present case, despite a pixel size reduc-
tion due to geometric magnification (from 151.8 μm to an 
apparent 130 μm, corresponding to a magnification factor 
of ~ 1.15), the measured edge spread indicates a blurring 
of approximately 160 μm. This value defines the actual SR 
of the reconstructed tomographic slice. Once the SR of our 
images has been measured, dimensional analysis can be 
carried out. As an example, Fig. 5b shows a detail of a cir-
cular cross-section hole in the Boxwood test sample. The 
diameter of the hole was estimated by analysing the inten-
sity profile along a linear section (see Fig. 5) and assum-
ing the actual distance as the full width at half maximum 
(FWHM) of the intensity. This evaluation incorporates the 
previously assessed edge sharpness, ensuring that the mea-
sured dimension accounts for the effective spatial resolution 
of the dataset (2.02 mm ± 0.16 mm). Some features close to 
this threshold—such as wood grain patterns, made visible 
by subtle local density variations—remain discernible. This 
demonstrates the system’s ability to capture fine structural 
details even down to the nominal resolution level.

using the defective-pixel map as described in Sect. 4. As 
the acquisition software allows export of raw datasets, nor-
malisation can be performed using any image-processing 
platform (e.g. ImageJ). Alternatively, the option to export 
already normalised images enables immediate access to 
the radiographs, even for operators without expertise in 
imaging data treatment. Tomographic reconstruction was 
performed using MuhRec (Kaestner 2011), an open-source 
tool that supports cone-beam reconstruction, rotation-axis 
correction and dynamic-range optimisation prior to full-
volume reconstruction. Visualisation, reslicing and all 2D 
image operations were carried out in ImageJ/Fiji (Rueden 
and Eliceiri 2019; Goldstein et al. 2017), while 3D volume 
rendering and segmentation routines were performed in the 
open-source software 3D Slicer (Fedorov et al. 2012). The 
resulting tomographic datasets consist of 16-bit images in 
which attenuation is represented along a grey-scale range 
of 0–65,535. In principle, a value of 0 corresponds to trans-
parent media and is associated with the background; when 
reconstruction is performed with dynamic-range clipping, 
the background can effectively be fixed at zero.

Three representative examples were selected from the 
numerous samples analysed. They include two wooden 
specimens - a recent boxwood cylindrical sample and a 
fragment from a historical statue (the right hand of a late 
13th -century Italian painted wooden statue) - and an 
undated bone sample from archaeological excavation con-
sisting of a rib from a male individual. The wooden samples 
were kindly made available by the Department of Con-
servation of Wooden Artifacts of the Opificio delle Pietre 
Dure in Florence and are typically used as models for study, 
research and training within the activities of the master’s 
degree in Conservation. The bone sample was kindly made 
available by the radiocarbon dating research group of the 
LABEC laboratory (Chiari et al. 2021).

The acquisition parameters for the samples are summa-
rized in Table 3.

5.1  Spatial resolution and contrast resolution 
estimation

Once the radiographic stack has been normalised or the 
reconstruction stage has been completed, it is mandatory to 
evaluate the image quality and, as with any set of experimen-
tal data, to estimate its uncertainty. The quality of an image 
is mainly determined by two factors: spatial resolution and 

Table 3  Acquisition parameters. SDD: Sample-Detector distance; SOD: Source-Object Distance; ODD: object detector Distance. Edge resolution 
is meant as clarity and sharpness of edges in the images
Sample SDD (mm) SOD (mm) ODD (mm) Magnification factor N° projections Voxel size (mm) Edge resolution (mm)
Boxwood 1301.6 1109.5 192.1 1.17 720 0.130 0.161
Statue hand 1301.6 1155.5 146.1 1.13 1440 0.135 0.180
Rib 1301.6 985.5 320.2 1.32 720 0.115 0.130
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from regions of interest (ROIs) corresponding to low-
attenuating and high-attenuating wood phases, as well as 
from the background of the slice. The three selected zones 
were assumed to be homogeneous: (I) high-attenuation area 
(“latewood”), (II) low-attenuation area (“earlywood”), and 
(III) background.

The signal-to-noise ratio (SNR) was calculated according 
to SNR = |µs - µb|/σb, where µs and µb represent the mean 
intensities of the selected phase and background, and σb is 
the background standard deviation. This method provides 
a quantitative evaluation of the tomographic contrast. The 
analysis yielded SNR values of 32.6 for the low-attenuating 
regions (sapwood) and 43.9 for the high-attenuating regions 
(heartwood) relative to the background. Furthermore, the 
SNR directly calculated between sapwood and heartwood 
is 8.6, confirming the reliability of the measurement in dis-
criminating the wood microstructure of earlywood and late-
wood in terms of grey levels.

5.2  Results

Among the test samples used for the tomographic study, two 
wooden specimens were included: a recent boxwood cylin-
der and a historical artefact, the hand of a painted wooden 
statue (unknown species). For the boxwood cylinder, Fig. 7 
shows several views of the reslice of the sample, displayed 
both in a conventional greyscale and using a thermal colour 
scale to enhance the internal microstructure.

In standard radiographs and X-ray CT images, wood ana-
tomical features such as earlywood and latewood are readily 
distinguishable: earlywood exhibits lower attenuation and 
appears darker due to its lower density and thin-walled cell 
structure, whereas latewood appears lighter as a result of its 
higher lignin content and thicker cell walls. These differ-
ences in density and cellular morphology enable the clear 
visualisation of growth rings. Similarly, heartwood often 
shows higher attenuation than sapwood due to its greater 
density and extractive content, allowing for the non-destruc-
tive discrimination between these tissues (Ellis 1971; Kou-
baa et al. 2002; Wang et al. 2019). To test the capability of 
our system in distinguishing morphological and microstruc-
tural details, we evaluated the tonal contrast achieved by our 
imaging setup.

Contrast resolution (CR) (also indicated as tonal sensitiv-
ity) refers to the ability to distinguish materials with differ-
ent attenuation coefficients. In digital images, this parameter 
depends directly on noise levels and the intrinsic properties 
of the materials. When analysing homogeneous regions, 
the standard deviation of the grey values measured within 
a selected area can be considered as the uncertainty in the 
tonal evaluation of a material. An alternative approach to 
assess CR is the Signal-to-Noise Ratio (SNR), which pro-
vides a combined measure of both noise and contrast. In 
principle, image noise can be estimated in any uniform 
region of the image. To illustrate this, an axial slice showing 
a close-up of the wood microstructure in the Boxwood sam-
ple is presented in Fig. 6. Mean grey values were extracted 

Fig. 5  Evaluation of the effective spatial resolution and dimensional 
accuracy of the Boxwood test sample. (a) High-contrast region of an 
axial (xy-plane) slice showing the edge between the sample and the 
background. The inset highlights the transition region used for the 
edge profile analysis. The red curve represents the fitted sigmoidal 

Boltzmann function used to estimate the edge spread. (b) Detail of 
a circular cross-section hole within the sample. The intensity profile 
along the yellow line was used to measure the hole diameter using 
the FWHM, incorporating the previously assessed edge sharpness to 
account for the effective spatial resolution of the dataset
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approach is particularly effective for systems with cylindri-
cal symmetry (e.g. the bodies of wind instruments) but it 
can also be employed to visualise concave shell-like struc-
tures. The procedure described here is similar to the one we 
used in (Sans-Planell et al. 2023). First, a line ROI is drawn, 
which defines the radius of rotation. Each of the orthogonal 
slices generated therefore corresponds to a different angular 

Considering the cylindrical geometry of the sample, to 
visualise the internal microstructure more effectively on a 
single plane, instead of using sagittal or orthogonal sections, 
the images were digitally rectified using, for example, the 
ImageJ radial reslice tool. This plugin generates orthogo-
nal reconstructions of an image stack by rotating a line ROI 
around either one of its ends or its centre (Fig. 7a). This 

Fig. 7  Radial reslice visualisation of the Boxwood sample.(a) Sche-
matic of the radial reslice procedure using the ImageJ radial reslice 
tool: the line ROI (yellow) is rotated around its centre to generate 
orthogonal slices.(b) Conventional sagittal section (yz) of the sample 
in thermal scale, highlighting the internal microstructure.(c) Individual 
orthogonal slice obtained through the radial reslice tool.(d) Resliced 

stack viewed from above, displaying the circumferential sections.(e) 
Unfolded circumferential views spread onto a single plane. The ther-
mal colour scale enhances subtle variations in grey value to reveal the 
wood’s internal structure. The image in (e), though geometrically dis-
torted compared to the axial slices, provides an effective overall view 
of the sample’s morphology

 

Fig. 6  SNR approach for the evaluation of contrast resolution. Axial 
slice of the boxwood sample showing a close-up of the wood micro-
structure. On the left, an overview of the sample is displayed; the 
orange box marks the enlarged area shown on the right. Three homo-

geneous regions of interest (ROIs) are highlighted: (I) high-attenuation 
area (“latewood”), (II) low-attenuation area (“earlywood”), and (III) 
image background. These regions were used to estimate tonal sensitiv-
ity and to calculate SNR as reported in the table on the right
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displaying periodic oscillations in grey values that corre-
spond to the alternation of growth rings, thereby confirm-
ing the preserved microstructural organisation of the timber. 
In the axial section, three sharp, diamond-shaped cavities 
(checks) can be also observed.

The histogram on the right provides a visual interpreta-
tion of the tonal distribution within the section. The high-
lighted regions of grey levels correspond to distinct material 
densities: the lowest range relates to the voids and cracks; 
the intermediate peaks represent earlywood and latewood; 
higher attenuation levels indicate the heartwood zone, while 
the brightest region corresponds to the Pb-based paint resi-
dues containing also Fe and Hg traces and its preparation 
layer (attested by the presence of Ca), as indicated by XRF 
spectroscopy carried out by means of the instrument devel-
oped by INFN-CHNet (Taccetti et al. 2019). It is worth 
noting that CT is not suitable for discriminating different 
pigments in terms of composition, but other analytical meth-
ods - such as XRF - are needed for the correct identification 
of the material composition. The latter not only produces 

view (Fig.7c). This stack can then be resliced either from 
above (Fig. 7d) or from the side (Fig. 7e), depending on 
the requirements. The resliced stack (e) contains the circum-
ferential views unfolded and displayed on a single plane. 
Although the resulting image is distorted and of lower qual-
ity compared to the axial sections, it provides an effective 
overall view of the sample and allows for a precise morpho-
logical study of the internal walls.

X-ray tomography of a wooden statue fragment, painted 
with a Pb/Hg-based layer, revealed complex internal fea-
tures within the palm section. The axial slice in Fig.  8 
highlights the wood microstructure, where the alternating 
bands of earlywood and latewood are clearly visible as con-
centric layers with contrasting grey levels. The tonal con-
trast between these anatomical phases reflects the density 
difference: earlywood, with its thin-walled cells and lower 
density, appears darker and less attenuating, whereas the 
denser, lignin-rich latewood produces lighter, more atten-
uating bands. The horizontal and vertical line profiles (H 
and V) plotted across the section capture these variations, 

Fig. 8  Axial tomographic slice of the palm from the 13th -century 
wooden statue fragment, still bearing traces of a Pb/Hg-based painting 
layer. Alternating earlywood and latewood bands are visible as con-
centric layers with distinct grey levels, as shown by the horizontal (H) 
and vertical (V) line profiles and their respective plots (a) and (b). The 

three checks, caused by differential shrinkage during ageing are evi-
dent, appearing as black diamond shaped cavities. The histogram (c) 
highlights tonal ranges corresponding to earlywood, latewood, and the 
highly attenuating preparation and paint layers, illustrating the inter-
pretative process linking grey-level distribution to material density
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the alternating earlywood and latewood bands are clearly 
distinguishable as concentric rings with different grey lev-
els, reflecting the preserved anatomical organisation of the 
wood. In these sections, three pronounced longitudinal 
checks are visible, extending from the wrist area towards 
the base of the fingers. These fissures, appearing as sharp, 
diamond-shaped cavities, are thus the result of differential 
shrinkage during seasoning and long-term ageing. While 
only partially perceptible on the external surface, they are 

highly attenuating borders in the tomographic slice but also 
generates minor beam-hardening artefacts visible around 
the edges. Together, the line profiles and histogram illustrate 
the effectiveness of the tomographic contrast in resolving 
the anatomical features, internal degradation, and composi-
tional heterogeneity of the artefact.

In Fig. 9a selection of tomographic slices of the wooden 
hand is shown, revealing both structural and microstruc-
tural features of the artefact. The axial slices (xy) on the 
left display successive cross-sections of the hand, where 

Fig. 9  X-ray tomography of the 13th -century statue’s hand. Left: axial 
slices (xy) showing the alternating earlywood and latewood bands and, 
in the red box, the wrist area containing a wooden dowel likely used 
for the original joint with the forearm. Bottom: magnified axial and 
longitudinal views of the dowel (red boxes). Centre: sagittal (yz) and 
normal (zx) sections; lines b and c indicate the paths used for dynamic 

reslicing in Fiji/ImageJ to visualise the complex geometry of the fin-
gers, shown in the green and blue frames. The tomograms reveal a 
dense network of insect galleries, some appearing as empty voids and 
others partially filled with incoherent material, probably residual frass 
or compacted sawdust
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by xylophagous insects. Together, all information extracted 
through the tomographic analysis about checks, dowel and 
insect activity provide crucial information on the structural 
integrity, construction techniques and long-term degrada-
tion processes affecting the artefact.

In Fig. 10, X-ray tomography of the human rib is pre-
sented, acquired to evaluate the system’s performance on 
bone matrices. The sample was scanned at a magnifica-
tion of 1.3×, achieving a voxel size of 115 μm and an edge 
spread of 130 μm. The left panel displays a series of axial 
(xy) sections, where the rib’s anatomical features are clearly 
resolved. The thin cortical shell is sharply delineated, enclos-
ing an internal trabecular (spongy) structure with a finely 
preserved alveolar-like architecture. The main inner corti-
cal wall shows a thickness of approximately 330 μm, while 
secondary internal walls measure below 200  μm, demon-
strating the ability of the system to resolve both dense and 
delicate structures within the same dataset.

The right panel shows sagittal (yz) slices, highlighting 
the curvature of the rib and the continuity of the cortical 
layer surrounding the trabecular core. The trabecular bone 
network is rendered with high definition, allowing the visu-
alisation of the internal alveolar pattern and the intercon-
nected pores typical of spongy bone. Together, the axial and 
sagittal sections confirm the system’s capability to capture 
microstructural details in archaeological bone samples, pre-
serving both cortical and trabecular features essential for 
structural and histological assessment.

clearly revealed in the tomographic sections, highlighting 
significant internal degradation.

The red-highlighted region at the wrist shows a wooden 
dowel of a different species, likely part of the original joint-
ing system connecting the hand to the forearm. Its distinct 
attenuation pattern relative to the surrounding heartwood 
makes it easily identifiable. The magnified axial and lon-
gitudinal views (bottom red boxes) emphasise both the cir-
cular cross-section of the dowel and its insertion depth into 
the wood matrix.

The sagittal (yz) and normal (zx) sections provide 
complementary insight into the object’s internal configura-
tion. Because of the complex geometry of the hand, stan-
dard orthogonal cuts alone were insufficient to display 
entire regions of interest on a single plane. To address this, 
dynamic reslicing was applied using Fiji/ImageJ, which 
enables the generation of sections orthogonal to a curved or 
segmented line of interest and can combine features lying 
on different planes.

The cutting paths are indicated by lines (b) and (c) in the 
central view, with the resulting reslices shown in the green 
and blue frames. This method, despite a minor loss of reso-
lution and dimensional accuracy, allowed the continuous 
visualisation of the fingers and their internal features.

Across all sections, the wood microstructure is well pre-
served, with clear differentiation between earlywood and 
latewood as well as heartwood regions. A dense network of 
insect galleries is distributed throughout the volume. Some 
tunnels appear as empty voids, while others are partially 
filled with incoherent, low-density material—most likely 
residual frass or compacted sawdust trapped after excavation 

Fig. 10  X-ray tomography of the human rib. Left: axial (xy) sections 
showing the thin cortical shell and the internal trabecular (spongy) 
bone with an alveolar-like architecture. The main inner cortical wall 
measures approximately 330  μm, while secondary walls are below 

200 μm. Right: sagittal (yz) slices highlighting the rib’s curvature and 
the continuity of the cortical layer enclosing the trabecular core. The 
dataset demonstrates the system’s ability to resolve both dense cortical 
and delicate spongy bone structures in archaeological samples

 

1 3



Rendiconti Lincei. Scienze Fisiche e Naturali

CHNet unit, installed at the TRIGA reactor in Pavia. This 
will ensure a unified, flexible, and user-friendly interface 
across different imaging modalities (X-rays and neutrons), 
will streamline operator training, and will optimize mainte-
nance and future developments.
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6  Conclusions and perspectives

In this work it is presented a portable X-ray tomography 
prototype specifically designed for Heritage Science appli-
cations on light attenuating materials and developed within 
the PNRR CHANGES PE 5 project. The tomograph met 
all its objectives in developing a simple, robust, reliable, 
transportable, low power absorption, radiation safe system 
for radiographies/tomographies of Cultural Heritage arte-
facts. The hardware and software of the instrument were 
developed, tested, assembled and are now in their final 
configuration.

The whole system is intrinsically transportable, its trans-
portability being effectively guaranteed by light weight, 
sturdy mechanical structure, and the reliability of its control 
electronics, which have been derived from those developed 
for MACHINA, the transportable accelerator (Taccetti et al. 
2023).

Measurements have shown that the tomograph is safe, as 
radiation protection is concerned. The authorisation for use 
even in presence of the public has already been obtained, 
which is of the utmost importance for using the tomograph 
at museums, conservation centres and sites where the pub-
lic can be present. The tomograph will be installed at the 
Opificio delle Pietre Dure in Firenze, to become part of the 
instrumentation normally used in the diagnostic activity, by 
the fall of 2025.

The development of a new instrument is under study, 
designed to accommodate heavier objects while retain-
ing the detector, drivers, motors, and control electronics 
currently in use. This ensures full compatibility with the 
existing control software, reducing costs and maintaining 
operational continuity.

In parallel, a higher spatial resolution version of the sys-
tem is under consideration, particularly for applications in 
palaeontology. A detector with 50-micron pixel size -fully 
compatible with the current software- has already been 
identified and can be integrated with only minor adjust-
ments. Additionally, a microfocus X-ray tube that closely 
matches the requirements of this high-resolution setup has 
been selected and can be readily installed on the upgraded 
platform.

The control software will continue to evolve, with 
updates and refinements based on feedback from the users at 
the OPD, where the tomograph will be deployed. This user-
driven development process will add a significant value 
over commercial systems, whose software is typically fixed 
and less adaptable to the specific needs that emerge from 
daily use in Cultural Heritage diagnostics.

The same control electronics and software developed 
for the portable X-ray tomograph will also be adopted for 
the neutron radiography/tomography imaging station at the 
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