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Abstract: Laboratory based X-ray micro-CT is a non-destructive testing method that enables
three dimensional visualization and analysis of the internal and external morphology of samples.
Although a wide variety of commercial scanners exist, most of them are limited in the number of
degrees of freedom to position the source and detector with respect to the object to be scanned.
Hence, they are less suited for industrial X-ray imaging settings that require advanced scanning
modes, such as laminography, conveyor belt scanning, or time-resolved imaging (4DCT). We
introduce a new X-ray scanner FleXCT that consists of a total of ten motorized axes, which allow
a wide range of non-standard XCT scans such as tiled and off-centre scans, laminography, helical
tomography, conveyor belt, dynamic zooming, and X-ray phase contrast imaging. Additionally, a
new software tool ‘FlexRayTools’ was created that enables reconstruction of non-standard XCT
projection data of the FleXCT instrument using the ASTRA Toolbox, a highly efficient and open
source set of tools for tomographic projection and reconstruction.
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citation, and DOI.

1. Introduction

The interior of an object can be visualized with X-ray computed tomography (XCT) by acquiring
X-ray radiographs of that object and reconstructing a 3D image from that set of radiographs. A
conventional way of scanning is to position the object on a rotation stage that is placed between a
static X-ray source and detector and subsequently rotate the object while acquiring radiographs.
Hence, it is not surprising that the vast majority of commercial tomographic X-ray systems have
been designed to perform circular cone-beam scans, with (only) two degrees of freedom: a
rotation stage and a linear translation thereof towards the detector for zooming [see Fig. 1(a)].

While circular cone beam scanning is a convenient and widely employed scanning method, it
requires the acquisition of hundreds of radiographs, equi-angularly distributed over 360 degrees.
Hence, it is a time consuming acquisition technique and is often too restrictive in terms of
acquisition geometry to be applicable in industrial settings. For example, plate-shaped objects
can only be rotated over a limited angular range, large objects often require ‘panning’ movements
of X-ray tube and/or detector to be imaged entirely, a conveyor belt is often the preferred method
for fast quality control etc. Recently, innovative scanning systems have been developed to address
such challenges by implementation of additional motors [1,2] and even robotic arms [3,4]. In this
manuscript, we introduce the FleXCT system that is capable of addressing the need for versatile
X-ray scanning. The FleXCT system consists of a customized UniTOMXL scanner from Tescan
XRE [5] with additional degrees of freedom of movement and larger associated travel range. In
total, it possesses ten motorized axes which provide independent movement of sample, detector
and X-ray tube, allowing a wide range of different scanning geometries which can handle these
specific needs [6].
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Fig. 1. Different scanning geometries achievable with the FleXCT scanner.
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Figures 1(b)–1(i) provide an overview of non-standard scanning schemes that become possible
with the FleXCT system. When high resolution imaging of the object is required of an object
that cannot be entirely covered by the X-ray cone beam and/or the field-of-view of the detector, a
number of partial XCT scans can be acquired instead. This can be achieved by performing XCT
scans at successive, partially overlapping heights of the sample, requiring a simultaneous vertical
movement of source and detector, as shown in Fig. 1(b). Helical XCT scanning [Fig. 1(c)] can
be considered as a continuous mode thereof [7,8], but requires a vertical translation of the object
while the object (or the entirety of source and detector) rotates. When the object of interest is too
wide to be imaged completely by the detector and cannot be put upright for vertical scanning, a
XCT scan with partially overlapping horizontal positions of the detector can be made. Such a
‘tiled’ approach requires horizontal movement of the detector panel, as shown in Fig. 1(d). In
adaptive/dynamic zooming XCT [Fig. 1(e)], the source-object-distance (SOD) is changed during
sample rotation, such that the object is optimally covering the detector area for every rotation
angle of the sample [9,10]. In this case, movement of the sample along the source-detector axis
during rotation (dynamic zooming) is required. In essence, the aforementioned scanning schemes
presented in Figs. 1(b)–1(e) enable higher resolution imaging of the object compared to the
conventional, circular CT scan [Fig. 1(a)]. In some cases, information of an object changing in
time is desired, such as a sample undergoing a deformation [11] or a chemical reaction [12]. For
such studies, four-dimensional XCT (4D XCT) experiments can be performed [Fig. 1(i)], where
the sample undergoes multiple successive rotations while radiographs are being acquired. Note
that 4D XCT experiments often require a specific sample environment (e.g., pressure cell, oven,
. . . ) and therefore a flexible positioning of source, sample stage and/or detector. Besides X-ray
absorption based XCT scans, X-ray phase contrast imaging is another modality that requires
geometric flexibility in the scanner: by increasing the distance between sample and detector,
phase effects can be enhanced because of the longer propagation distance, which allows to
distinguish materials with only slight differences in mean atomic number [Fig. 1(j)]. Phase
contrast tomography can then be achieved using phase retrieval algorithms such as the Bronnikov
algorithm [13] or Paganin filter [14,15].

In certain cases, rotation of the object of interest is impractical, e.g. in case of plate-type
structures or large samples in general (e.g., paintings, wind or helicopter blades) [16,17]. In
X-ray laminography experiments, X-ray source and detector can be moved synchronously in
opposite directions along a circular path (rotational laminography) or can be translated in opposite
directions [translational laminography, Fig. 1(h)], while the object remains fixed in space. Due
to the correlated motion of source and detector, the location of the projected images of points
within the object moves. However, points from a particular plane will always be projected at the
same location onto the detector and therefore imaged sharply. All other structures of the object
above and below the focal plane will be projected during the movement at different locations
on the detector and therefore be superimposed as a background intensity to the focal plane
when summing all the acquired radiographs, also referred to as tomosynthesis [18]. Instead of
summation of all acquired projections, this focal plane can also be directly determined using a
technique referred to as computed laminography (CL). For industrial in-line inspection and quality
control, speed of the analysis is often paramount [19]. Therefore, conveyor belt scanning is an
often preferred geometry: objects pass in a linear trajectory through the X-ray cone beam as shown
in Fig. 1(g). Radiographs from a limited range of consecutive angles of the sample are obtained,
which allows partial reconstruction of the object and even tomosynthesis-like reconstruction in a
plane parallel to the detector. For this reason, conveyor belt scanning has also been referred to as
computed laminography (CL) [20]. Additionally, a priori information of the object (e.g., a CAD
model) can be added, improving the quality of the reconstruction [21]. Note that for conveyor belt
scanning, a cone beam X-ray geometry is essential since a parallel X-ray beam geometry cannot
be used as it does not provide a varying angular view of the sample. Additionally, a rotational
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motion of the object can be added to the linear conveyor belt movement, which further expands
the angular range of the sample probed and reconstruction quality. For laboratory investigations,
the conveyor belt geometry can be mimicked by simultaneous horizontal or vertical movement of
detector and source, while keeping the object fixed (or adding on the spot rotation). Another type
of XCT scan belonging to this category is the so-called missing wedge CT scan [see Fig. 1(f)],
where a wedge of the angular range cannot be acquired (or is of lower quality). The reason for
this is, for example, a strong absorption of the sample in a certain direction or the presence of
a sample environment for 4DCT experiments that blocks the X-rays in a certain angular range.
In summary, versatile research X-ray scanners and accompanying reconstruction techniques
are needed in order to test and optimize new techniques with non-standard geometries. This is
especially true, to further the popularization of lesser known, but promising (fast) scanning and
reconstruction schemes.

In order to reconstruct X-ray CT data, both analytical and iterative reconstruction methods
can be employed. Due to their overall speed, analytical methods such as filtered back projection
(FBP) and FDK (Feldkamp, Davis and Kress) reconstruction methods are generally used for
reconstruction of highly sampled circular X-ray CT datasets [22]. On the other hand, for CT
reconstruction of XCT datasets with limited data, iterative reconstruction methods become
more advantageous as they allow reconstruction of the object without the need for a customized
analytical solution for every non-standard geometry. Additionally, prior knowledge of the object
can be included in iterative reconstructions. This prior knowledge may constitute certain physical
properties such as elemental composition or geometrical properties such as information from a
CAD model [21]. A large variety of iterative reconstruction techniques is currently available (e.g.,
SIRT, MLEM, DART, TVMIN) that are ideally suited for reconstruction of X-ray datasets with
limited data. Meritorious efforts have also been made to strive towards close interaction schemes
between CT scanner hardware and reconstruction software that can enable on-the-fly analysis
of arbitrary slices or zooming in during live reconstruction [2]. An interesting development is
the use of artificial intelligence (AI) based techniques for CT reconstruction with limited data
[23,24]. To make these techniques accessible to the general public, the gap between low level
tomographic reconstruction packages and high-level distributed systems must be bridged by
tomographic reconstruction pipelines [25].

In this manuscript, we discuss both hardware (X-ray tube, detector, motor stages) and software
(acquisition and reconstruction) aspects of the FleXCT system. The scanner’s ability to perform a
wide variety of unique scanning geometries, e.g. helical scanning, 4DCT, conveyor belt, dynamic
zooming, laminography etc. is highlighted. In order to reconstruct non-standard XCT scans
performed with the FleXCT scanner, the software package ASTRA is used [6]. Specific routines
for processing non-standard XCT scans with the ASTRA Toolbox form the backbone of the
in-house written Python package FlexRayTools, as such establishing the link between data from
the FleXCT scanner and high quality reconstructed datasets.

2. Experimental setup

2.1. Hardware

2.1.1. X-ray tube

A schematic depiction of the FleXCT motors and a number of photographs of the main components
are provided in Figs. 2(a)–2(d). The heart of the FleXCT scanner is an X-ray tube from X-ray
WorX (see Table 1 for specifications). The X-ray tube covers a wide energy range from 20 to 230
keV, which can be used for imaging materials with both low (e.g., biological, polymer samples)
and high mean atomic number elements (e.g., concrete and steel). In front of the X-ray tube
window, a slot is present that allows insertion of different filters to pre-harden the X-ray beam,
resulting in decreased cupping effects in the XCT data. Depending on the X-ray energy, different
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filter materials and thicknesses are available: aluminum (Al, 1–1.5mm), copper (Cu, 1–1.5 mm)
and tin (Sn, 0.75–1 mm). Power output of the X-ray tube is automatically adapted to the voltage
using the ‘autofunction’ tool: the X-ray tube maximal power behaves linearly with the voltage
in the range of 20–120 kV and then remains constant at 300 W starting from 120 kV. The spot
size on the target from which the X-rays are produced expressed in micrometer, is approximately
equal to the output power of the tube expressed in watt.

The minimal two-dimensional (2D) spatial resolution of the X-ray WorX tube, requiring a
minimal power of 15 W, was determined to be 2 µm using the ‘RT-RC-02’ micro-chart from
JIMA (Japan Inspection Instruments Manufacturers’ Association). The JIMA micro-chart is
made of tungsten line patterns on a 60 µm thick silicon base. The minimal three-dimensional
(3D) achievable spatial resolution of the FleXCT scanner, on the other hand, was determined
using a Micro-CT-Barpattern-NANO from QRM (Quality Assurance in Radiology and Medicine,
Germany) of which the results are provided in Visualization 1. The Barpattern NANO phantom
consists of two silicon chips that exhibit several line and point patterns representing lines and
points of 1 to 15 µm. In Visualization 1, the vertical lines with a line thickness of 2 µm are
still clearly visible, while for the horizontal lines this is only the case starting from 3–4 µm line
thickness (indicated with a red rectangle). Using these measurements from Tescan XRE, the
minimum spatial resolution of the system for the Barpattern NANO was determined to be 2 µm
horizontally by 4 µm vertically (experimental conditions: 80 kV, 15W, 1.54 µm voxel size, SOD
9 mm, SDD 969 mm, 2200 projections, 2 � 2000 ms exposure time).

2.1.2. Detector panel

Detection of X-rays is achieved via an industrial flat panel X-ray detector (VAREX imaging,
Salt Lake City, US) [26]. The detector panel is composed of a carbon fibre entrance window,
single substrate amorphous silicon active TFT-diode array with a directly deposited Gd2O2S:Tb
(Gadox) layer. The total field of view (FOV) of the detector is 2856 � 2856 pixels (150 µm pitch,
referred to as 3K mode) and the detector has various other FOV that allow faster data-acquisition
or limiting the amount of data acquired. For standard CT scans, a FOV of 1920 � 1896 pixel is
used (also referred to as ‘2K’ mode). The detector can be operated with exposure times ranging
between 10 ms to 5000 ms and with variable capacity (LOW/HIGH gain mode). Using the
total FOV and highest resolution (150 µm), 15 frames per second (fps) can be read out (67 ms
exposure), increasing to 30 fps (33 ms) for binning mode 2 (300 µm panel resolution). Frame
rates up to 100 fps can be obtained with a cropped field of view of 432 mm x 72 mm and binning,
suited for dynamic/4DCT scans.

2.1.3. Motor stages

Since the sample stage cannot be moved in height, both X-ray tube and detector panel can be
moved up and down simultaneously (in Z-direction, cf. motor axis no. 1 and 3 in Fig. 2) in
order to acquire flat field images or to perform scans on larger objects (e.g. helical, STAMINA
scans, see next section). More detailed information on the travel ranges of the motors is provided
in Table 1. The sample motor stack comprises a high precision rotation stage (motor axis no.
8 in Fig. 2) for CT scans, with on top an XY stage [motor axis no. 9–10 in Fig. 2(d)] for
centering a predefined volume of interest (VOI). The rotation stage is additionally fitted with a
slip ring, so that it is not limited to a 0–360 degrees movement, but can continue rotating (e.g.,
for dynamic/4DCT scans).

The sample and detector stage can additionally be moved along the 2 m long optical axis
(X-direction, resp. motor axis no. 7 and 5 in Fig. 2) to adjust the magnification and effective
X-ray flux. Additionally, both X-ray tube, sample stage and detector panel can move laterally [i.e.
in Y-direction, cf. axis no. 2, no. 6 and no. 4 in Fig. 2(d), respectively]. Lateral movement
of the detector/X-ray tube enables 1) placing the vertical pixel row of the detector in the center
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Fig. 2. a) panoramic photograph of the inside of the FleXCT scanner showing the detector
panel positioned at a maximal distance of 2 m from the X-ray source, b) close-up photograph
of the X-ray tube and sample stage, c) close-up photograph of X-ray tube, sample stage and
detector screen at 600 mm from the X-ray source), d) Schematic drawing of FleXCT scanner
showing different degrees of freedom of motor movement.



Research Article Vol. 29, No. 3 / 1 February 2021 / Optics Express 3444

Table 1. Characteristics of the FleXCT scanner.

Motor Stage

Type Travel range Tolerances

ˆSample rotation stage (� ) – axis no. 8 limitless (due to slip ring) axial and radial run-out at 15 cm < 1 µm

ˆSample centering (XY) – axis no. 9-10 70 mm resolution < 1 µm

ˆSample translation

o X (along beam) – axis no. 7 2000 mm resolution < 1 µm

o Y (left-right) - axis no. 6 470 mm

o Z (height) – axis 1 + 3 880 mm

ˆ X-ray tube translation range

o Y (horizontal) – axis no. 1 240 mm resolution < 1 µm

o Z (vertical) – axis no. 2 900 mm

ˆ Detector translation range

o X (along beam) – axis no. 5 350-2000 mm resolution < 1 µm

o Y (horizontal) – axis no. 4 620 mm

o Z (vertical) – axis no. 3 900 mm

X-ray tube

Energy range 20-230 keV

Type open type reflection tube

Target material Tungsten

Min. focus-object-distance 4 mm

Opening angle 60°

2D minimal resolution (based on JIMA
micro-chart) 2 µm

Power output 15 W (required for optimal resolution) up to 300W

Flat panel X-ray detector

panel
Single substrate radiation hard
amorphous silicon TFT-diode array

Scintillator Gd2O2S:Tb (Gadox)

Dimensions 430 � 430 mm FOV

No. of pixels 2856 � 2856 active pixels

Pixel size 150 � m pixel size

Sample limitations

ˆ weight
80 kg when only using sample rotation stage

45 kg when also using XY stage

ˆ dimensions (diam. X height) 600 mm x 1150 mm

Overall scanner properties

3D minimal resolution (based on QRM
MicroCT Bar Pattern NANO) 2 µm (hor.) x 4 µm (vert.)

dimensions 1.58 � 3.5 � 2.1 m (WxLxH)

weight 6500 kg
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of rotation and 2) performing tiled CT scans [Fig. 1(d)] for samples which are too wide to fit
entirely in the detector area (and which cannot be put vertically). Sideways movement of the
sample (motor axis no. 6) is typically used to: 1) bring the sample stage closer to the scanner
door to ease sample mounting or 2) for conveyor belt type scanning experiments [Fig. 1(f)].
Simultaneous, but opposite sideways Y (or vertical Z) movement of X-ray tube and detector can
be used for X-ray laminography scans [Fig. 1(h)].

The FleXCT scanner can also be upgraded with new hardware components, such as a second
detector panel on the additional detector stage or complex setups on top of the rotation stage. For
the latter, a serial interface DB15 is available on top of the rotation stage for communication with
experimental sample environments (without rotation restrictions due to presence of a slip ring).
The DB15 interface is connected with radiation safe cable in- and outlets to an interface panel on
the external housing (IO ports, RJ45, AC/DC power).

2.2. Software

2.2.1. Acquisition

To control the FleXCT scanner, the ‘Acquila’ operating software package is used, a generic
platform developed by Tescan in the graphical programming environment LabVIEW [27]. The
software allows warm-up and setting of tube energy and power, movements of motor stages,
camera view (‘live’ grab or snap mode), selection of a volume-of-interest (VOI) for scanning, adapt
detector settings (binning, exposure, no. of replicates) and script preparation for various scan
types: smooth/circular scan, step-and-shoot (discrete variant of smooth scanning), STAMINA,
helical, dynamic scanning. A scripting module is available for acquiring non-standard scans such
as linear (conveyor belt type) scans and laminography.

2.2.2. Reconstruction

The Acquila reconstruction software package provides a reconstruction workflow comprised of
several steps: 1) normalisation (dark field subtraction and flat field division), optional (pre)ring
artefact correction and/or spot filter), 2) sub-pixel determination of the centre of rotation (COR),
3) optional beam hardening correction, 4) optional phase/scatter correction, 5) adjustment offset
angle and ROI selection 5) GPU aided XCT using FDK algorithm.

A standard XCT scan (2K detector mode, no cropping) can be reconstructed in approx.
10 minutes. After initial processing, additional post-processing tools are available, such as
beam hardening correction, ring filter correction, batch reconstruction of XCT scans, stitch-
ing/reconstruction of tiled and STAMINA scans, dynamic data reconstruction (4DCT) and phase
retrieval (e.g., Paganin, Bronnikov).

For reconstruction of non-standard XCT scans with the FleXCT scanner such as helical CT,
conveyor belt, dynamic zooming and laminography, a software package called FlexRayTools
was developed in-house. FlexRayTools extends the ASTRA Toolbox, an open-source software
package for the development of iterative reconstruction methods for arbitrary scanning geometries
[6,28–30], by adding a user-friendly interface for (scanning-) geometry definition and several
iterative reconstruction methods. Arbitrary positioning of the source and detector, which is a
requirement for reconstruction of non-standard scans. Additionally, composite datasets such as
succeeding CT scans with different geometry of the same object are enabled.

3. Results and discussion

3.1. Stacked and tiled XCT scanning modes, providing higher spatial resolution for
larger and/or asymmetrical samples

One of the limitations of conventional X-ray micro-CT is that relatively large (centimeter-sized)
objects must be placed far enough from the source to fit completely into the X-ray cone beam


























