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The temporal resolution of X-ray tomography, using a synchrotron radiation

X-ray source, has been improved to millisecond order in recent years. However,

the sample must be rotated at a speed of more than a few thousand revolutions

per minute, which makes it difficult to control the environment around the

sample. In this study, a high-speed rotation device has been developed,

comprising two synchronized coaxial motors movable along the direction of

the axis, which can stretch or compress the rotating sample. Using this device,

tomograms of breaking rubber were successfully obtained at a temporal

resolution of 10 ms.

1. Introduction

The demand for visualizing internal structures with high

temporal and spatial resolutions is increasing in various fields

such as materials and life sciences. High-speed X-ray tomo-

graphy can provide a solution for such demand. There is

generally a trade off between temporal and spatial resolutions.

Therefore, the improvement in sensitivity and the use of a

high-flux X-ray beam are required for a high temporal reso-

lution without sacrificing the spatial resolution.

In previous studies, millisecond-order X-ray phase tomo-

graphy for a rotating sample was successfully realized using

X-ray phase-contrast imaging techniques (Yashiro et al.,

2017a,b, 2018a; Garcı́a-Moreno et al., 2019). The use of a

fringe-scanning method (Bruning et al., 1974; Schreiber &

Bruning, 2007; Hack & Burke, 2011) enabled spatial and

temporal resolutions of 20 mm and 4.43 ms to be achieved,

respectively, using a bending-magnet beamline at SPring-8,

Japan (Yashiro et al., 2018b). Although rotating the sample

alone at high speed is comparatively easy, rotating the sample

along with environmental change such as compressive or

tensile deformation at high speed is not easy with respect to

the rotational stability and synchronization.

In this study, we present a high-speed rotation device

for four-dimensional computed tomography (4D-CT) with a

temporal resolution of 10 ms consisting of two synchronized

coaxial motors movable along the direction of the axis, which

can stretch or compress the rotating sample. In Section 2, we

describe the design of the device and the experimental setup

for high-speed X-ray tomography. In Section 3, we demon-

strate the X-ray tomography of breaking rubber with a

temporal resolution of 10 ms. In Section 4, we discuss the

benefits and unique capability of our equipment as well as its

intended application in future work.
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2. Design of the rotating device and experimental setup
for X-ray tomography

Fig. 1(a) shows a schematic illustration of the rotating device

for high-speed X-ray tomography developed with Touhoku

Sokki Corp. It comprises two coaxial inverter-driven motors

[Mitsubishi Electric Corporation, horizontal-type SF-JR

(200 V-2P-0.2 kW)], which can be electrically synchronized

by the motor controller WJ200 (Hitachi Industrial Equipment

Systems Co. Ltd). It is possible to maintain a degree of wobble

of the two rotation axes within �2 mm. This value is smaller

than the camera pixel size of 5 mm, suggesting that the wobble

of the two rotation axes has negligible effect on the data

quality. The motors for rotation are mounted on two carriages

on parallel stainless-steel rails with lead screws and are

uniaxially movable along the rails in a direction parallel to the

rotation axis. The motor and motor controller used for linear

motion are the BLM230-GFV2 and BMUD30-A2 (Oriental

motor Co. Ltd), respectively. Thereby, a sample bonded on top

of the motor axes (brass rods) can be stretched or compressed

at high-speed rotation. The compressive and tensile displace-

ment speeds of our device range from 42.0 to 3358.3 mm s�1

without load, and, even with load, they can be experimentally

determined from the distance between the edges of both brass

rods. The rotation speed can range from 6 to 12 000 rpm. The

rotation accuracy of the motor used in our device is �0.01%,

suggesting that the motor rotational fluctuation has negligible

effect on the CT reconstruction images. If necessary, the

axes can be connected using two pieces of copper wire, the

centrifugal force acting on which aids the synchronization

of motor rotation. In the case of a relatively rigid sample

(e.g. rubber) motor rotation can be kept synchronized without

using the wires. The axial thrust load capacity of the motors is

175 N, which was sufficiently high to stretch and break the

rubber sample. Figs. 1(b) and 1(c) show photographs of the

rotating device [(b) without and (c) with a rubber sample].

Fig. 2 shows the experimental setup for high-speed CT

using the developed rotating device. The CT experiment was

performed using BL28B2 at SPring-8, Japan, where a white

synchrotron X-ray beam from a bending-magnet source was

available. An X-ray image detector, comprising a scintillator

screen, lenses and high-speed CMOS camera (Photron

FASTCAM NOVA S12), was used to obtain the X-ray

projection images. For the scintillator screen, we used a 10 mm-

thick GAGG single-crystal (Ce: Gd3Al2Ga3O12) plate, which

has an excellent scintillation light yield and a short decay time

of 53 ns (Kamada et al., 2011). The full width at half-maximum

of the point spread function was 5 mm.

3. Demonstration of high-speed X-ray tomography

We performed high-speed CT with a temporal resolution of

10 ms for breakage of rubber used for tires, the vulcanizate

of which comprises styrene-butadiene rubber (SBR), silica

particles, sulfur and a vulcanization accelerator. The rubber

sample was cylindrical with 4 mm diameter and 0.5 mm height.

The sample was attached to the brass rods with glue [see

Fig. 1(c)]. The breakage phenomenon of rubber has not yet

been completely elucidated because of the complexity of
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Figure 1
(a) Schematic illustration of the rotating device for high-speed X-ray tomography, and (b, c) photographs of the rotating device developed [(b) without
and (c) with the sample, respectively].



rubber material, which includes various added agents. X-ray

CT observation with high temporal resolution as presented

in this study is necessary for understanding the breakage

phenomenon of rubber and improving the fracture resistance

property of tire rubber.

The experimental conditions are as follows: sample rotation

speed: 3000 rpm; sample-to-image detector distance: 4.7 m;

frame rate: 12 800 frames s�1; field of view: 1024� 1024 pixels;

effective pixel size at the sample position: 4.5 mm; exposure

time: 78.125 ms (1/12800 s); and number of projections for half-

turn of the sample: 128. A 15 mm-thick aluminium plate was

placed on the upper-stream side of the camera as an X-ray

absorber.

Fig. 3(a) shows examples of the X-ray projection images

[propagation-based phase-contrast images (Snigirev et al.,

1995; Wilkins et al., 1996; Cloetens et al., 1996; Socha et al.,

2007; Lee et al., 2011)] obtained from the sample. The number

in the bottom-left corner is the time in milliseconds from the

beginning of stretching. From such

projection images, it was confirmed that

the sample was stretched at a constant

rate of 1226.8 mm s�1. Fig. 3(b) and

Movie S1 of the supporting information

show the time-resolved tomograms of

stretching rubber with a temporal reso-

lution of 10 ms (in the middle of the

top of the two rods). Each scan was

performed after 180� rotation of the

sample, obtained by applying a standard

filtered-back projection algorithm to

the minus logarithm of transmittance

images. Although a projection number

of 128 is considered low, the formation

and growth process of voids within the rubber were qualita-

tively viewed in the CT reconstructed images. Note that a

compressed sensing algorithm using total variation regular-

ization (Yashiro et al., 2017a,b; Li et al., 2002; Donoho, 2006;

Sidky & Pan, 2008; Defrise et al., 2011; Kudo et al., 2016; Wang

et al., 2019) can be used for obtaining high single-to-noise ratio

CT reconstruction images with a low projection number. The

discontinuities at the fringes around some of the developing

voids in the sample, observed in both Fig. 3(b) and Movie S1,

are motion artifacts, indicating that the growth speed of the

void is more than the temporal resolution of 10 ms. The

contrast of the obtained tomograms was not quantitative

because the projection images include propagation-based

phase contrast and the X-ray beam used was not monochro-

matic but had a wide energy bandwidth; however, two types of

voids were accurately observed: one surrounded by a low-

density rubber layer and the other with no such rubber layer.

Voids surrounded by a low-density rubber layer tended to
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Figure 2
Experimental setup for X-ray tomography using the rotating device (side view).

Figure 3
Time-resolved images of the tensile loading of rubber. The number in the bottom-left corner is the time in milliseconds from the beginning of elongation.
(a) X-ray projection images at the mentioned time. (b) X-ray tomograms of the middle of the top of the two rods.



grow to larger sizes, indicating the existence of parts where

voids grow more easily within the rubber due to its hetero-

geneity. Therefore, preventing the formation of voids with a

low-density rubber layer is critical for improving the fracture

resistance property of rubber. The fracture mechanism of

rubber has not been elucidated because of the complexity of

the fracture phenomenon, such as polymer chain relaxation

and stress concentration due to the heterogeneous structure of

the materials in rubber (Kishimoto et al., 2008; Ishikawa &

Chiba, 1990; Uesugi et al., 2016). Detailed analysis of the

fracture phenomenon with the high temporal resolution of this

method assists in the complete elucidation of the fracture

mechanism of rubber.

4. Discussion

One of the benefits and unique capabilities of our equipment

is that it can be applied to observe even unspontaneous and

unrepeatable phenomena. An application of our equipment

with the highest social need is the real-time observation of

soft-material fractures under external loads, as elucidated in

this paper. For example, in the case of rubber materials for

tires, X-ray CT observation of the breaking process of rubber

with high temporal resolution such as that presented in our

study has not been previously reported. If the unexplained

fracture phenomenon of rubber is revealed and the fracture

resistance property of tire rubber can be improved because of

this unprecedented technique, a solution for a social issue

such as the conservation of a natural resource like rubber can

be found.

Large field of view (FOV) and high spatial resolution are

the other benefits of our equipment. As a white synchrotron

X-ray beam from a bending magnet or a wiggler generally has

very high flux and centimetre-order size, it enables the reali-

zation of a large FOV (5 mm � 5 mm) as well as high spatial

resolution (5 mm). One of the limitations of our equipment is

its high rotation speed, which can deform a soft sample or kill

an insect. In the case of the rubber sample used in this study,

X-ray tomography at rotation speeds higher than 6000 rpm

was difficult because of the centrifugal force acting on the

sample. Hence, multibeam X-ray imaging systems, reported in

previous papers (Hoshino et al., 2011, 2013; Villanueva-Perez

et al., 2018; Voegeli et al., 2020) are required for temporal

resolutions higher than 5 ms. Although the number of

projections is limited in such multibeam X-ray imaging

systems, state-of-the-art data science techniques, such as the

compressed sensing algorithms described in Section 3, enable

the realization of millisecond-order X-ray tomography from

tens of projections. In contrast, the X-ray imaging system

presented in this study can provide a large FOV and a large

number of projection images, leading to high spatial resolu-

tion, even when the conventional tomographic reconstruction

algorithm is used. This can be advantageous for relatively hard

and small materials, which exhibit negligible distortion due to

centrifugal force.

For scientific applications, quantitative tomographic

reconstruction is often desired. As the tomograms shown

in Fig. 3(b) and Movie S1 are reconstructed from images

including propagation-based phase contrast due to a white

X-ray beam with high spatial coherence, they are not quan-

titative. Quantitative tomographic reconstruction from such

propagation-based phase-contrast images requires the so-

called quasihomogeneous assumption (Garcı́a-Moreno et al.,

2019; Paganin et al., 2002; Bronnikov, 2002; Chen et al., 2013;

Groso et al., 2006; Walker et al., 2014; Xu et al., 2016; Ruhlandt

et al., 2017), which is not generally satisfied. Without this

special assumption, grating-based X-ray interferometry

(David et al., 2002; Momose et al., 2003; Weitkamp et al., 2005;

Pfeiffer et al., 2006, 2008; Yashiro et al., 2010, 2019; Yashiro,

2018) allows quantitative tomographic reconstruction.

Although its sensitivity is lower than that of X-ray crystal

interferometry (Yoneyama et al., 2006, 2018; Takeda et al.,

2012), it has the advantage of using a white synchrotron X-ray

beam. Recently, we demonstrated that the application of a

fringe scan can improve the spatial resolution and signal-to-

noise ratio of the tomograms obtained in grating-based X-ray

interferometry, and successfully realized quantitative X-ray

phase tomography for a rotating sample with millisecond-

order measurement time (Yashiro et al., 2018a). A higher

temporal resolution can be realized with a higher sample

rotation speed, if an X-ray source with higher-brilliance, such

as an undulator or an X-ray free-electron laser, is used (Rack

et al., 2014; Olbinado et al., 2017, 2018; Escauriza et al., 2018;

Vagovič et al., 2019). However, their beam sizes are of milli-

metre-order, limiting their FOVs, and the higher rotation

speed further limits their application.
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