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ABSTRACT

X-ray computed tomography (XCT) is widely used for three-dimensional characterization of material microstructure. In wood science, XCT

increasingly serves as a tool for quantitative analysis of annual rings, porosity, and other structural features requiring high reconstruction fidelity,

and geometrical consistency. Spiral XCT enables scanning of samples exceeding the detector field of view in height by combining continuous

sample rotation with synchronized axial translation during acquisition. This work investigates the influence of mechanical alignment, motion

synchronization, geometric calibration, and spiral pitch on the reconstruction quality of long wooden specimens. Reconstruction fidelity depends

on the agreement between the assumed spiral trajectory and the actual coupled rotational and axial motion during acquisition. Misalignment of

the rotation axis with respect to the source–detector geometry, together with inaccuracies in axial translation or magnification calibration, may

introduce geometric distortions, blurring, and loss of structural fidelity. The effect of spiral pitch, defined as the axial displacement per full rotation,

was experimentally investigated by performing scans with different predefined pitch values. Increasing the spiral pitch reduced axial sampling

density and projection overlap, resulting in progressively stronger interpolation artefacts and degradation of reconstruction quality. The study

further demonstrates the sensitivity of cone-beam spiral XCT reconstruction to accurate magnification calibration, as even small scaling errors

lead to cumulative misregistration along the reconstructed volume. Reliable spiral XCT of long wooden samples therefore requires accurate

geometric calibration, stable synchronization of the rotational and axial motions, and an appropriately selected spiral pitch.

................................................................................................................................................................................................................................................................

Section: RESEARCH PAPER

Keywords: spiral X-ray computed tomography; cone-beam CT; non-destructive testing (NDT); geometric calibration; motion synchronization; spiral pitch
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1. INTRODUCTION

Wood is a complex hierarchical biologicalmaterialwhosemech-
anical behaviour, durability, transport properties, and overall per-
formance are closely linked to its three-dimensional anatomical
structure [1]. Consequently, non-destructive imaging techniques
capable of resolving the internal morphology of wood have be-
come indispensable tools in modern wood science and engineer-
ing [2]. Among these techniques, X-ray computed tomography
(XCT) has become well established for the characterization of
annual growth rings, vessels, knots, cracks, density variations, and
other anatomical features governing the physical and mechanical
behaviour of wood [3], [4]. In many applications, quantitative
evaluation requires not only high spatial resolution but also geo-
metrically accurate, continuous volumetric imaging over exten-

ded specimen lengths, enabling structural features to be analysed
without interruptions or stitching artefacts [5].

Conventional laboratory cone-beam XCT systems are limited
by the available field of view, which is determined by the detector
dimensions and the imaging geometry [6]. Although reducing the
geometric magnification increases the accessible imaging volume,
it inevitably compromises spatial resolution. This trade-off is
particularly limiting for elongated specimens, for which only
a limited portion can be reconstructed in a single scan. While se-
quential scanning combined with volume stitching can partially
overcome this limitation, it increases experimental and compu-
tational complexity and may reduce geometric consistency [7].
Consequently, acquisition strategies capable of extending the re-
constructed volume while preserving high spatial resolution are
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of considerable practical interest.
Spiral X-ray computed tomography (spiral XCT) extends

conventional cone-beam acquisition by combining continuous
sample rotation with synchronized axial translation, enabling the
reconstruction of specimens exceeding the detector field of view in
the axial direction [8].Originally developed formedical computed
tomography, the technique has subsequently been adopted in
laboratory cone-beam XCT systems, where several custom-built
and application-specific implementations have demonstrated its
potential for imaging elongated specimens while preserving high
spatial resolution [9]. Despite these advances, laboratory spiral
XCT remains considerably less mature than conventional cone-
beam XCT, and its practical implementation is often closely
coupled to the specific hardware configuration and acquisition
software of individual systems [10].

Although the feasibility of laboratory spiral XCT has been
demonstrated in several application-specific studies, including
the imaging of elongated engineering structures [11], [12], con-
siderably less attention has been paid to the metrological aspects
governing reconstruction quality. In particular, the influence of
acquisition parameters and geometric calibration on reconstruc-
tion fidelity has not been systematically evaluated for laboratory
cone-beam XCT systems. Since these factors determine the cor-
respondence between the physical acquisition trajectory and the
reconstruction model, their accurate implementation is essential
for obtaining geometrically consistent and quantitatively reliable
volumetric data [13].

Motivated by the need for high-resolution imaging of elong-
ated wooden specimens, an in-house spiral acquisition workflow
was implemented on a laboratory cone-beam XCT system. This
study experimentally investigates the influence of spiral pitch,mo-
tion synchronization, geometric calibration, and magnification
calibration on reconstruction fidelity, and assesses their effect on
the geometric consistency of reconstructed volumes. The presen-
ted methodology and findings provide practical guidance for the
implementation and optimization of laboratory spiral XCT, and
are generally applicable to the imaging of elongated specimens
beyond wood science.

2. MEASUREMENT SETUP

The experiments were performed using an in-house developed
laboratory cone-beam X-ray computed tomography (XCT) sys-
tem configured for both conventional and spiral scanning. The
imaging hardware and system architecture have been described
previously [14],while the acquisition control framework is presen-
ted in detail in [15]. The system consists of a microfocus X-ray
source (Hamamatsu L10321), a flat-panel X-ray detector (Dexela
1512 NDT), and a motorized sample manipulation system en-
abling synchronized rotational and vertical motion, as shown in
Figure 1. The detector has an active imaging area of 1944× 1536

pixels with a nominal pixel size of 74.8 μm, providing high-
resolution projection images suitable for microstructural charac-
terization.

The specimen is mounted on a high-precision rotary stage
positioned between the X-ray source and detector. During con-
ventional CT acquisition, the sample rotates through 360° while
remaining at a fixed vertical position. For spiral XCT, the rotary
stage is synchronized with the vertical translation of the X-ray
source and detector, resulting in a helical acquisition trajectory.
The spiral pitch is defined as the vertical displacement during one
complete revolution.

The imaging geometry is defined by the source-to-object dis-
tance (SOD) and the source-to-detector distance (SDD), which

Figure 1. Schematic image of the CT apparatus and the controlled axes.

determine the geometric magnification. Both the X-ray source
and detector are mounted on precision translation stages, allow-
ing independent adjustment of SOD and SDD. In addition, the
detector assembly permits fine adjustment of detector tilt, while
the source and detector positions can be adjusted in both ho-
rizontal and vertical directions to establish the desired imaging
geometry.

Accurate geometric calibration is essential for spiral reconstruc-
tion. The alignment of the X-ray source, detector, and rotary axis,
together with the synchronization between rotational and vertical
motion, defines the agreement between the actual acquisition
trajectory and the reconstruction model. Deviations in detector
orientation, magnification, or vertical translation introduce geo-
metric inconsistencies that may result in reconstruction artifacts
and reduced image quality.

2.1. Sample

English oak (Quercus robur L.) was selected as themodel mater-
ial because its well-defined annual-ring structure provides a suit-
able specimen for assessing the geometrical consistency and re-
construction quality of spiral XCT. The investigated specimens
were collected from trees growing under near-optimal site condi-
tions in theDrahanská vrchovina region of SouthMoravia, Czech
Republic. The sampled trees were approximately 100 years old.

To preserve a continuous sequence of approximately 100 an-
nual rings, cylindrical cores approximately28 cm longwere extrac-
ted using a hollow drill. Such specimen length exceeded the axial
field of view of the XCT system and therefore required spiral ac-
quisition. The reconstructed datasets are intended for subsequent
analysis of wood structure and density distribution. For density
calibration, rubber reference blocks with known density were
attached to the top of each specimen (Figure 5).

The specimen diameter of approximately 10mm required ad-
ditional mechanical stabilization during XCT acquisition. Each
specimenwas enclosed in a heat-shrink tube to increase its stiffness
andminimize deformation or unwantedmotion during scanning.
Thismounting approach improved the stability of the acquisition
and contributed to consistent reconstruction quality (Figure 6).

2.2. XCT imaging

The XCT acquisition was performed using a high-resolution
cone-beam configuration operating in spiral (helical) scan mode.
A total of 1912 projections were acquired over a full 360◦ rota-
tion, with continuous rotation and synchronized vertical motion
of the X-ray source and detector. Each projection was recorded
with an exposure time of 115ms, and no averaging was applied.
Projection data were recorded as 14-bit unsigned integers without
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detector binning, resulting in an isotropic reconstructed voxel
size of 11.23 μm× 11.23 μm× 11.23 μm.

Beam conditioning was achieved using an aluminium filter
of 0.3mm thickness, which reduces low-energy photons and
mitigates beam-hardening artefacts. The X-ray source was op-
erated at 70 kV and 100 μA, corresponding to a tube power of
7W. The focal spot size was approximately 9.7 μm, providing
a suitable balance between spatial resolution and photon flux for
high-resolution microstructural imaging.

The imaging geometry was defined by a SOD of 41.96mm

and a SDD of 280.26mm, resulting in a geometric magnification
of approximately 6.69. These distances were set using precision
translation stages, enabling stable and reproduciblemagnification
conditions throughout the scan. Fine adjustments of detector
position and tilt were performed, while the source and detector
positions were aligned in both horizontal and vertical directions
to establish the desired imaging geometry.

In spiral XCT mode, the specimen rotation is synchronised
with vertical translation of the X-ray source and detector, result-
ing in a helical imaging trajectory. The spiral pitch is defined by
the vertical displacement per full rotation and determines the
axial sampling density along the scanned volume. Compared with
conventional circular cone-beam CT, this acquisition strategy
enables extended field-of-view coverage in the vertical direction
without discontinuities between individual scan segments.

During the acquisition, 28 spiral rotations were performed
with a spiral pitch of 10mm per rotation, resulting in a total
scan length of approximately 280mm. This acquisition strategy
provided continuous volumetric coverage of the entire specimen
while maintaining consistent projection overlap between success-
ive rotations. In total, approximately 53,500 projections were
acquired, corresponding to approximately 300GB of raw projec-
tion data. The tomographic data were reconstructed using the
proprietary Helix reconstruction algorithm implemented in VG-
Studio MAX 2025.1 (Volume Graphics GmbH, Germany). The
reconstructionwas performed on aworkstation equippedwith an
Intel Xeon W-2265 CPU (3.50GHz), 512GB of RAM, and an
NVIDIA Quadro RTX 4000 GPU with 8GB of memory. The
complete dataset was reconstructed in approximately 7 h.

Accurate geometric calibration is critical for spiral reconstruc-
tion. The system alignment, including source, detector, and
rotational axis positioning, together with precise synchroniza-
tion between rotational and vertical motion, ensures consistency
between the physical helical trajectory and the reconstruction
model. Any deviations in stage synchronization, detector tilt,
or magnification calibration can introduce geometric inconsist-
encies, leading to reconstruction artefacts and degradation of
reconstruction quality.

2.3. Geometrical alignment

Accurategeometric alignment is essential forhigh-qualityXCT
reconstruction, since even small deviations in the relativepositions
of the X-ray source, rotation axis, and detector introduce system-
atic errors into the projection geometry. These errors propagate
directly into the reconstructed volume, causing geometric dis-
tortions, image blurring, and reconstruction artefacts that com-
promise both dimensional accuracy and quantitative evaluation.

A precision geometric calibration procedure was performed
using X-ray projections of a steel bar with known diameter ac-
quired at two different magnifications, as illustrated in Figure 2.
The known object size served as a dimensional reference to refine
the system geometry and to accurately align the focal spot, rota-
tion axis, and detector center. For each magnification setting, two
complementary fitting strategies were applied to the projected

Figure 2. Alignment of the focal spot, rotational axis and the detector using steel

bar: a) Image of the misaligned geometry at higher magnification, b) Image of the

misaligned geometry at lower magnification, c) Image of the aligned geometry at

higher magnification, d) Image of the aligned geometry at lower magnification.

bar silhouette. An edge-fitting approach was first used in the ho-
rizontal direction to robustly detect the lateral boundaries of the
bar, providing sub-pixel estimates of the left and right edges and
enabling accurate horizontal centering relative to the detector co-
ordinate system. In parallel, an ellipse-fitting model was applied
to the projected cross-section to account for geometric distortion
due to magnification and beam divergence, allowing precise es-
timation of the vertical alignment and the apparent deformation
of the cylindrical projection. The fitted ellipse center and axes
were then used to correct vertical misalignment between the sys-
tem components. Combining the edge-derived lateral position
with the ellipse-derived vertical center enabled a full 2D registra-
tion of the steel bar projection in detector space. Based on the
calibrated geometry at both magnification settings, the SOD and
SDD were subsequently computed, ensuring consistency of the
reconstructed system geometry across both imaging configura-
tions. This dual-fitting approach provides a robust framework
for high-accuracy geometric calibration in X-ray imaging systems,
minimizing alignment errors in both horizontal and vertical dir-
ections.

In spiral (helical) tomography, accurate knowledge of the sys-
tem magnification is particularly important because of the con-
tinuous vertical overlap between successive projections acquired
along the spiral trajectory.Unlike conventional circularCT,where
each projection corresponds to a fixed axial position, spiral re-
construction relies on a precise correspondence between the ac-
quisition geometry and the vertical position of every projection.
Consequently, even small errors in geometric magnification accu-
mulate along the spiral trajectory and result in increasing regis-
tration errors in the reconstructed volume. For a detector with
approximately 2000 pixels in the vertical direction, a relative mag-
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Figure 3. Influence of magnification error on reconstruction quality: a) reconstruc-

ted slice with a relative magnification error of 0.1%, b) reconstructed slice with

precisely estimated magnification, All other reconstruction parameters were kept

unchanged; the corresponding acquisition and reconstruction conditions are de-

scribed in Section 2.2..

nification error of only 0.1% corresponds to a vertical misregis-
tration of approximately two pixels in the reconstructed volume.
Such an error is sufficient to introduce noticeable blurring and
loss of fine structural detail due to inconsistent voxel alignment
between adjacent projections, as demonstrated in Figure 3. In
physical terms, for a SOD of 41.96mm, a 0.1%magnification er-
ror corresponds to an absolute deviation of approximately 40 μm.
Although this deviation appears negligible in absolute terms, it
significantly degrades the coherence of the back-projected rays
in high-resolution spiral XCT, leading to visible deterioration
of reconstruction quality. Consequently, accurate magnification
calibration is essential for maintaining spatial consistency and
reconstruction fidelity in spiral XCT.

2.4. Spiral pitch

The pitch of10mmused for themain acquisition corresponds
to approximately46%of the vertical field of view, providingmore
than 50% overlap between successive rotations. Increased overlap
generally improves reconstruction quality and axial resolution,
although at the expense of increased acquisition time and data
volume [16]. To evaluate the influence of spiral pitch on recon-
struction quality, four additional pitch values of 8mm, 12mm,
16mm, and 20mm per full rotation were investigated, corres-
ponding to approximately 37%, 55%, 73%, and 92% of the
vertical field of view, respectively. The selected range therefore
covers conditionswith both substantial and progressively reduced
overlap between successive rotations. All other acquisition and
reconstruction parameters were kept unchanged to isolate the
influence of spiral pitch. The resulting reconstructions, shown in
Figure 4, were compared in terms of reconstruction quality and
the occurrence of interpolation artefacts.

3. RESULTS

The developed spiral XCT acquisition procedure enabled suc-
cessful reconstruction of the entire wooden specimen with a total
scanned length of approximately 280mm. The reconstructed
volumewas obtainedwith an isotropic voxel size of approximately
10 μm (11.23 μm in the present acquisition), providing sufficient
spatial resolution to resolve the anatomical features investigated
in this study. Figure 5 presents the longitudinal reconstructed
slice covering the complete specimen. Despite the considerable
sample length, the reconstruction exhibits continuous anatom-
ical features without visible discontinuities between successive

Figure 4. Influence of spiral pitch on reconstruction quality: a) 8mm, b) 12mm,

c) 16mm, and d) 20mm per full rotation. All other acquisition and reconstruction

parameters were kept unchanged; the corresponding experimental conditions are

described in Section 2.2..

spiral revolutions, indicating successful synchronization of the
rotational and vertical motions throughout the acquisition.

The reconstructed volume shows a well-preserved internal
wood structure along the entire specimen. Annual growth rings
remain continuous over the full scan length, indicating that the
spiral trajectory and reconstruction geometry maintained suffi-
cient geometric consistency during the acquisition.Nonoticeable
stitching artefacts or intensity discontinuities are observed at the
transitions between adjacent spiral turns, confirming the geomet-
ric consistency of the spiral acquisition and reconstruction.

Figure 6 illustrates a magnified region of the reconstructed
specimen. The anatomical features of the hardwood are clearly
resolved, including vessels, fibres, rays, and annual growth ring
boundaries. Large vessels appear as low-attenuation circular struc-
tures distributed throughout the xylem,while differences between
earlywood and latewood are visible as periodic variations in X-ray
attenuation.The bark canbe clearly distinguished from the under-
lying wood tissue, and the transition between anatomical regions
is sharply defined.

The reconstructed images exhibit high spatial resolution with
minimal motion-induced blurring, indicating successful syn-
chronization between specimen rotation and the vertical transla-
tion of theX-ray source and detector. Fine anatomical features are
consistently resolved throughout the reconstructed volume, indic-
ating that the selected acquisition parameters provided adequate
sampling density for accurate spiral reconstruction.

The influence of geometric calibration proved to be critical for
reconstructionquality.Even small deviations in the estimatedmag-
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Figure 5. Reconstructed slice of the whole wooden sample, approximately 28 cm of height. Top on the left side, bottom on the right side. At the top of the sample the

reference density rubber blocks are placed.

Figure 6. Detailed reconstructed slice of the scanned wooden specimen. The structurally distinct region on the left side of the image corresponds to the outer bark of the

specimen. The wood anatomy is clearly resolved, with vessels (pores) appearing as low-attenuation regions distributed throughout the wood structure. Variations in X-ray

attenuation reflect local density differences between annual growth layers and anatomical features. The heat-shrink tube surrounding the specimen is also visible.

nification resulted in noticeable degradation of image sharpness
and local misregistration of anatomical structures. As demon-
strated in Figure 3, a relative magnification error of only 0.1%
introduced visible blurring due to cumulative vertical misalign-
ment of projections during spiral reconstruction. Accurate calib-
ration of the source-to-object and source-to-detector distances
therefore represents one of the key requirements for obtaining
geometrically consistent reconstructions.

Similarly, the spiral pitch significantly affected reconstruction
fidelity, as demonstrated in Figure 4. Lower pitch values produced
higher projection redundancy and smoother reconstruction of
anatomical structures, whereas increasing the pitch progressively
reduced axial sampling density. At pitches above approximately
12mm per revolution, which corresponds to more than 50%

of the vertical field of view, interpolation artefacts became in-
creasingly apparent, leading to reduced edge sharpness, slight
intensity modulation, and local discontinuities of repetitive ana-
tomical features.The largest investigatedpitch (20mm) generated
the strongest artefacts, confirming that excessive pitch decreases
reconstruction robustness due to insufficient overlap between
consecutive helical trajectories.

Overall, the presented results demonstrate that high-resolution
spiral XCT enables continuous volumetric imaging of elong-
ated wooden specimens when accurate geometric calibration,
precise stage synchronization, and an appropriate spiral pitch are
employed. Under these conditions, the reconstructed volumes
provide sufficient image quality for quantitative analysis of wood
anatomy, density distribution, growth-ring morphology, and
other microstructural characteristics.

4. CONCLUSIONS

This study investigated the influence of acquisition geometry
and reconstruction parameters on high-resolution spiral X-ray
computed tomography (XCT) of elongated wooden specimens.

The results demonstrate that spiral XCT enables continu-
ous volumetric imaging of specimens substantially exceeding the
detector field of view while preserving high spatial resolution
and anatomical continuity. The implemented helical acquisition

workflow successfully reconstructed a specimen approximately
280mm in length without visible discontinuities, demonstrat-
ing the suitability of spiral XCT for imaging elongated wooden
samples.

Geometric calibration was identified as the most critical factor
affecting reconstruction quality. Accurate calibration of the ima-
ging geometry, including magnification, source and detector pos-
itions, and rotation-axis alignment, proved essential for maintain-
ing geometric consistency throughout the reconstructed volume.
Even small magnification errors resulted in cumulative projection
misregistration and visible degradation of reconstruction quality.

The spiral pitch also had a significant influence on reconstruc-
tion fidelity. Lower pitch values increased projection overlap
and reconstruction robustness, whereas larger pitches reduced
axial sampling density and promoted interpolation artefacts. The
presented results highlight the sensitivity of spiral XCT to geo-
metric calibration accuracy and acquisition parameter selection,
providing practical guidance for the implementation and optim-
ization of laboratory spiral XCT systems.

The reconstructed datasets clearly resolved key anatomical fea-
tures of wood, including annual growth rings, vessels, fibres, and
bark, demonstrating the suitability of spiral XCT for quantitative
characterization of elongated wooden specimens. Future work
will focus on objective image-quality assessment using quant-
itative metrics such as signal-to-noise ratio, measures of spatial
resolution and structural continuity, and, where an appropri-
ate reference dataset is available, the structural similarity index.
Wood-specific quantitative descriptors of annual-ring and vessel
morphology will also be considered for assessing the preserva-
tion of anatomical features. These quantitative approaches will
support further optimization of acquisition parameters for differ-
ent wood species and automated analysis of large reconstructed
datasets.
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