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TOMCAT at a glance
Features:
§ Wide spatial resolution range: nano-to-meso scales (0.1-10μm)
§ Broad range of sample sizes (10μm-20mm)
§ High density resolution enhanced by phase contrast
§ High temporal resolution (3D data acquisition in less than 1s)
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D. Gastaldi, Construction and Building Materials 29 (2012) 284–290

• Cement materials in capillaries of 600 microns diameter

• Study on different binders: 
• Ordinary Portland Cement (OPC)
• Calcium Sulphoaluminate Cement (CSA)
• Mixed sample(MIX)

• Sample mounting and sequencing fully automatic

à Unattended monitoring of hydration process over 12h

Fully automated tomographic microscopy endstation
D. Attenborough’s “First Life”, BBC 2011
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High-throughput:  from sample alignment to QTL analysis

One Beamtime
One PhD student

398 samples
(10 minutes/sample)

Femur samples automatically aligned using
goniometer and moved to region of interest using
projections and image processing scripts

Cortical Thickness (mm)

Cortical Thickness (mm) - 77% Heritable

0.2µm0.0µm

High-throughput: ROI selection and alignment

K. Mader, PhD Thesis 2013 and K. Mader et al., BMC Genomics 16:493 (03 Jul 2015) 

• Lc.V - Average Lacunar Volume (µm3)

• Lc.Vert - Lacuna Verticalness (Average Projection of Primary Lacuna Ori-
entation along the Z axis)

• Lc.Vf (%) - Lacunar Volume Fraction (Total Volume of Lacunae / Total
Volume of Calcified Bone)
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Figure 4: The graph shows the results from the single locus LOD scan performed
on all of the phenotypes measured. The chromosomes are shown along the radial
(✓) axis. Position within a chromosome is scaled by the maximum chromosome
length and then used to plot the radial position more exactly. The radius and
color are used to separate the di↵erent phenotypes. The size of the dot plotted
indicates the LOD score for a single locus at this point.

While these metrics characterize the given sample fairly well they poorly
account for the inhomogeneity inside a sample. This inhomogeneity could be

20



TOMCAT at a glance
Features:
§ Wide spatial resolution range: nano-to-meso scales (0.1-10μm)
§ Broad range of sample sizes (10μm-20mm)
§ High density resolution enhanced by phase contrast
§ High temporal resolution (3D data acquisition in less than 1s)
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Phase contrast imaging over four length scales

10 microns1 micron0.1 micron 100 microns
cells small animals humans

S. McDonald, M. Stampanoni et al., JSR 2009
Talbot interferometry

E. M. Friis, M. Stampanoni et al.,  Nature 2007
Modified Transport of Intensity

M. Stampanoni et al, PRB 2010
Hard X-ray Zernike Phase Contrast

T .Thüring et al, Skeletal Radiolgy,2013
Talbot-Lau interferometry
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TOMCAT nanoscope (operating at 150-200nm)

M. Stampanoni et al., PRB2010 ; R. Mokso et al., JSB2012

Si - Siemens star

• 300 microns diameter
• 1 microns depth structure
• Phase shift: π/15

• Rayleigh limit : 122 nm
• Measured: 133 nm (2D)
• Energy: 10 keV

Sensitivity and resolution

Square, top-flat, illumination



Friday, July 8th 2016 8ICMG, École des Ponts Paris Tech, Champs-sur-Marne, France

Nanotomography of a MC3-preosteoblast cell

M. Stampanoni et al., PRB2010

Radiography Coronal cut Sagittal cut 

5 microns 5 microns 5 microns 

ALS: XM-1 Microscope
• Water window operation
• Pixel size: 50 nm
• True resolution: >100 nm
• Optics in vacuum
• Sample cryo-cooled
• Single cells in 20 microns 

capillary

TOMCAT Nanoscope
• 10 keV
• Pixel Size 70 nm
• True 3D res: ~ 200 nm
• High penetration power !
• High depth of focus !
• No cooling
• Sample in large capillary
• Lower dose-deposition

C.A. Larabell et al., Molecular Biology of the Cell, 
15(3), 956-962, 2004



Improving efficiency à faster acquisition
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SEM-image of the phase rings.SEM-image of the condenser.

SEM-image of the FZP. Inset shows the thickness
of the zones tilted at 45 degrees.

I. Vartiainen et al, Opt. Letters 2014



“Energy tunable” TOMCAT nanoscope (8-20 keV)
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Back Focal Plane

Image Plane
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Each condenser 
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A. Bonnin



Custom PCO Edge 4.2
@ 10 m from FZP
magnification 80x

Effective pixel size 80nm

Moveable Condenser DetectorNanoscope optics

The “energy tunable” TOMCAT nanoscope
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Cobalt-coated artificial buckyball polymer scaffold
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3D artificial material composite:
cobalt-coated buckyball with about
270nm wall width.

TOMCAT Nanoscope

Tomography scan:
• Si111 @ 12 keV
• Proj: 720
• Exp. Time: 3s
• Full chip! 

à 30 min scan!

6 
µm

absorption

3um

phase

3um

3D rendering with
elemental contrast, where
the Co is rendered in
orange and the resist in
blue.

Ptychographic Scan on cSAXS
• 3 min per projection
• 160 projections over 180°

à 8 h scan

Courtesy of C.Donnelly (LMN)
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Scanning X-ray diffraction microscopy

P. Thibault et al., Science, 321, 379-382 (2008)

X-ray ptychography with a focused probe

Rodenburg et al. (2007). Phys. Rev. Lett., 98, 034801.

Friday, July 8th 2016



Ptychography on hardened cement paste

Ptycho-tomo FIB-SEM

P. Trtik et al, Cement & Concrete Composites 36 (2013) 71

5 µm
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Slide courtesy of A. Diaz, cSAXS



Hydrated cement paste

• Glass micro-capillary filled with hydrated cement phase
• Identification and segmentation of material phases:

UN: unhydrated alite particles
W: porosity comprising mostly water
CH: calcium hydroxide 
C-S-H: calcium silicate hydrates

• Average mass density of C-S-H: 1.828 g/cm3

J. C. da Silva et al., Langmuir 31 (2015) 3779

ABSORPTION PHASE

b d
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Slide courtesy of A. Diaz, cSAXS



Water content in hydrated cement paste
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J. C. da Silva et al., Langmuir 31 (2015) 3779

ABSORPTION PHASE

b d

ABSORPTION PHASE

b d

Slide courtesy of A. Diaz, cSAXS



Hydrated cement paste
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TOP PART ~25 µm diameter BOTTOM PART ~90 µm diameter

d d

Glass micro-capillary filled with alite (C3S) particles, flushed 
with water, sealed, and cured for 16 days

J. C. da Silva et al., Langmuir 31 (2015) 3779

2	Ca3SiO5					+				6H2O			→			3CaO·2SiO2·3H2O				+				3Ca(OH)2

alite water calcium-silicate
hydrates

calcium	
hydroxide

Slide courtesy of A. Diaz, cSAXS



Hydrated cement paste
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CH: (2.184±0.004) g/cm3, theory: 2.251 g/cm3

W:   (0.994±0.005) g/cm3, theory: 1.000 g/cm3

Q:   (2.188±0.002) g/cm3, theory: 2.2 g/cm3

C-S-H, partly hydrated: (1.828±0.005) g/cm3

CH: N/A
W:   (0.969±0.005) g/cm3, theory: 1.000 g/cm3

Q:   (2.158±0.002) g/cm3, theory: 2.2 g/cm3

C-S-H fully hydrated, inner:  (1.726±0.006) g/cm3

C-S-H fully hydrated, outer:  (1.909±0.005) g/cm3

C-S-H partly hydrated, inner:  (1.860±0.004) g/cm3

C-S-H partly hydrated, outer:  (1.96±0.04) g/cm3

TOP PART ~25 µm diameter BOTTOM PART ~90 µm diameter

d d

J. C. da Silva et al., Langmuir 31 (2015) 3779 Slide courtesy of A. Diaz, cSAXS



X-ray beam

Endstation 1
1

Endstation 2

Piezo
Stage

Aquarium Phase
Grating

G1

Analyzer
Grating

G2

Detector

Phase shift of π.
Wafer thickness 250 um.

Phase Grating G1

TO Pitches 
[μm]

1 3.994

3 3.983

5 3.972

25 m 30 m

Design energy = 25 keV
Other energies available on request

Grating interferometry at TOMCAT
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Grating interferometry in a nutshell
• Very sensitive on short distances
• Decouples sensitivity from pixelsize
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Sensing the wavefront with grating interferometry
Absorption contrast Differential phase contrast Dark-field contrast

−𝒍𝒐𝒈
𝑰𝒔
𝑰𝒃

𝚽𝒔 − 𝚽𝒃 −𝒍𝒐𝒈
𝑽𝒔
𝑽𝒃

𝑽 =
𝑰𝒎𝒂𝒙 − 𝑰𝒎𝒊𝒏
𝑰𝒎𝒂𝒙 + 𝑰𝒎𝒊𝒏



Improved soft tissue contrast
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Same dose

Phase Absorption



F. Yang, et al. Appl. Phys. Lett. 105, 154105 (2014)

Dark-field X-ray imaging of 
water capillary uptake in mortars

23

Wetting front positions (red lines) for three differently 
threated (heat load) samples. 
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Darkfield radiology
CFRP laminated structure consisting of alternate layers of 
plastic matrix and fiber reinforcement

S. McDonald, M. Stampanoni et al. , Journal of Synchrotron Radiation 16, 562-572,(2009) 

Directional dependency of the darkfield signal.
Issues with the tomographic reconstruction…

10 mm



Single-shot 2D-omnidirectional 
hard X-ray scattering (dark-field) sensitivity
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e�cient and ⇢, ✓ are the local polar coordinates at the
unit cell (n,m). The annotations are summarized in Fig.
1 (c) The transmission contrast is simply calculated as
the ratio of the average value at each unit cell for the flat
and sample measurements denoted by f and s, respec-
tively

T (n,m) =

P
✓

P
⇢ Is(n,m, ⇢, ✓)

P
✓

P
⇢ If (n,m, ⇢, ✓)

. (2)

The dark-field signal at the angle ✓ can be calculated
from the kth harmonic of the discrete Fourier Transform
Rk of the recorded fringe in direction ✓ where k = P/g1,
in more detail each directional image is obtained from
the following equation

C(n,m, ✓) =
R

s
kR

f
0

R

f
kR

s
0

. (3)

The angular resolution is directly connected to the sam-
pling rate with which the pattern is recorded and cannot
be higher that �✓ = M⇡/2rad where M the number of
sampling points along x or y. In the case of a phase
shifting object each unit cell will be displaced by (x0, y0)
due to refraction. The analytical signal along x or y is
calculated for both flat and sample measurements. The
analytical signals can be used to extract the local phase
di↵erence of the fringes as described in [20], theoretically
this phase di↵erence is equal to

�(⇢, ✓, x0, y0) =
2⇡

g1
[
q

⇢

2 � x

2
0 � y

2
0

�2⇢(x0 cos ✓ + y0 sin ✓)� ⇢], (4)

least mean square fitting can be utilized to estimate the
shift (x0, y0). A plethora of other methods can also be
used to extract this shift, such methods for example can
be based on the cross correlation of the two patterns like
spatial mapping [21] [22].

The validity of the proposed technique was demon-
strated with experimental measurements performed at
the TOMCAT beamline [23], Swiss Light Source,
Switzerland. A phase shifting grating with a radial pe-
riod of 5µm and unit cell period of 25µm was fabri-
cated by e-beam lithography and deep reactive ion etch-
ing (DRIE) of Si in house. The grating was etched to
a depth of 11µm which at 17keV illumination produces
a phase shift of ⇡/2. A scanning electron microscopy
(SEM) image of the grating can be seen in Fig. 1 (b).
The experimental setup is summarized in Fig. 1 (a). The
photon energy was selected by a Si 111 monochromator.
A pco. edge 4.2 CCD camera with 10 fold magnifica-
tion was placed 17cm behind the phase grating which
corresponds to the first fractional Talbot order. The X-
rays were converted to visible light with a 20µm thick
LuAG:Ce scintilator. A 10 fold magnification resulted in

an e↵ective pixel size of 0.65µm which allowed the suc-
cessful recording of the Talbot pattern. Part of the ex-
perimental pattern on the detectors can be seen in Fig.
1 (a). However, at this magnification the FOV is lim-
ited to 1.2 mm, therefore multiple scans were performed
in order to image samples of larger dimensions, and the
final images were composed by stitching together the in-
dividual images from each scan. For the proof of prin-
ciple a loop of carbon fibers was selected as a valida-
tion sample. The dark-field signal from the fibers de-
pends on the orientation of the fibers, therefore the loop
will produce scattering covering all the angular directions
on the imaging plane. The exposure time for each full
FOV acquisition was 10 seconds, flat field measurements
were performed inbetween each scan in order to mini-
mize background variations due to potential instabilities
of the beam and optical components. The total acquisi-
tion time was mainly dictated by the slow motion of the
linear stage that moves the sample in and out from the
beam to acquire the flat field measurements.

The number of scattering images that can be acquired
are equal to the number of sampling points for each unit
cell. In order to avoid displaying all the individual scat-
tering images, an image representing the most prominent
scattering direction is composed as proposed in previous
publications [24]. At each pixel the angular scattering
distribution can be fitted by a cosine as described in
[24]. The average value, describes the mean scattering
strength of the corresponding location of the sample, the
ratio of the amplitude over the average value is character-
istic of the directionality of the scattering and the phase
of the fitted cosine defines the strongest scattering angle.

The directional scattering information, including the
scattering strength and the angle, is encoded into a sin-

0

90o

o

FIG. 2. Multidirectional scattering image of carbon fiber loop,
the orientation of the fibers is modulated with the color en-
coding the strongest scattering direction at each pixel.

M. Kagias et al., Phys. Rev. Lett. 116, 093902 (2016)
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in previous publications [25]. At each pixel the angular
scattering distribution can be fitted by a cosine as described in
Ref. [25]. The validity of this model is limited to scattering
systems exhibiting a single preferred scattering direction. The
average value describes the mean scattering strength of the
corresponding location of the sample; the amplitude is
characteristic of the directionality of the scattering and the
phase of the fitted cosine defines the strongest scattering
angle. The directional scattering information, including the
scattering strength and the angle, is encoded into a single
imageusing the hue saturationvalue (HSV) color space.More
specifically, the hue corresponds to the scattering angle; the
saturation is set to 1 and thevalue is defined as the normalized
amplitude of the scattering directionality in order to fill the
span [0,1],meaning that dark areas in the image correspond to
areas with no directional scattering. In Fig. 2 the directional

scattering image of a carbon fiber loop is shown. The color of
the loop changes according to the direction caused by the
orientation of the fibers. The absorption and DPC images are
included in the Supplemental Material [21]. A second,
biological sample was also scanned with the same imaging
parameters as the carbon fiber loop. The selected sample was
abutterfly fixedon the tip of a steel needle.The corresponding
images are presented in Figs. 3 with Fig. 3(a) being the
transmission image, Fig. 3(b) the DPC in the x direction,
Fig. 3(c) the DPC in the y direction, and Fig. 3(d) the
directional scattering image. The butterfly exhibits a number
of interesting features. The body of the butterfly has strong
scattering characteristics but not a strong directionality; the
wings on the other hand exhibit highly directional scattering
of various intensities. These strongly scattering structures of
thewings aremainly theveins,whileweaker scattering can be
observed from the scales of thewings; the signal strength was
limited due to the low thickness of thewing. The secondwing
of the butterfly was roughly aligned with the beam; this
resulted in a higher projected thickness and in turn to a high
scattering signal. Other anatomical features that are clearly
visible in the directional scattering image are the antennas and
legs of the butterfly. The size range of the structures that the
current system is sensitive to can be related to the so called
autocorrelation length [18,26], which is given by d ¼ λz=g1,
where λ is the x-ray wavelength and z is the distance between
the sample and the detector. For the given configuration the
autocorrelation length is 2.5 μm. However, by tuning the
imaging distance different length scales can be sensed.
The main principle of detecting the visibility reduction in

all directions is based on the capability of recording the
generated interference fringe directly. This allows a single-
shot acquisition scheme and simultaneously removes the
need for absorption gratings that with the current technol-
ogies exhibit major fabrication challenges [27–28]. At the
moment appropriate optics are used in order to achieve the
necessary resolution to resolve the fringe; however, recent

FIG. 2. Multidirectional scattering image of a carbon fiber loop;
the orientation of the fibers is modulated with the color encoding
the strongest scattering direction at each pixel.

FIG. 3. (a) Absorption, (b) differential phase along x, (c) differential phase along y, and (d) directional scattering image of a butterfly
fixed on a steel needle. The extracted scattering orientations are related to structures in the size range of the autocorrelation length of the
system, which in our case is 2.5 μm.
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unit cell. The unit cell periodicity P will define the pixel
size of the final image with which the directional dark-field
DPC in the x and y directions and the absorption signals
will be reconstructed. Hence, P has to be chosen appro-
priately according to the desired spatial resolution and
sample properties. The period of the circular grating g1 will
define the dark-field sensitivity but should be large enough
in order to be recorded directly by the detector in use. The
detector is placed at the Talbot distance [1], which for a
parallel beam geometry and a π=2 shift grating is given by

Dm ¼ m
g21
2λ

; ð1Þ

wherem ¼ 1; 2; 3;…, g1 is the period of the circular unit cell
and λ is the x-ray wavelength. The generated image at this
distance will not be a perfect self-image due to the finite
number of periods contained in one unit cell. This will result
in border effects between consecutive unit cells. This effect is
mostly noticeable in the diagonal direction. However, due to
the finite coherence length of the incoming beam these
effects are mitigated and a reasonable approximation of the
self-image can be observed as seen in Fig. 1(a). In conven-
tional grating interferometry the dark-field signal is extracted
from the observed visibility reduction of the generated
interference fringe due to the sample. A broadening of the
angular distribution of the incoming beamwill be introduced
due to small angle scattering. This broadening will smear out
the interference fringe and cause visibility reduction. In the
case of a circular grating and constant sample properties
within the area of the grating, the detection of the visibility
reduction along different radii is equivalent to the retrieval of
directional dark-field images of the sample under all possible
angles defined on the imaging plane.

In general the sample under examination can be
described by the spatial variations of the refractive index;
the fine spatial variations cause small angle scattering. On
the other hand the resolvable variations cause refraction of
the incoming beam, which will introduce a shift of the
location of the interference fringe [18]. For the proposed
grating design this means a shift on the imaging plane of the
local circular gratings. By measuring this shift DPC images
in the x and y direction can be extracted.
A standard experiment requires the acquisition of two

images: a flat image with only a grating and a sample image
with both a grating and sample in the beam. It is assumed
that the spatial resolution capability of the detector is
sufficient to record the generated interference fringe. Once
the flat image has been recorded a unit cell finding
algorithm is used to detect each unit cell since they are
analyzed individually. Because of the circular nature of the
unit cells they exhibit a clear maximum of intensity at the
center point [19]; this maximum is used as a detection
criterion of the unit cells. Once the centers have been
detected, the square area around each center corresponding
to the projected size of the grating unit cell is cropped. The
recorded flat self-image of the unit cell ðn;mÞ can be
approximated with the following equation:

Iðn;mÞ
f ðx; yÞ ≈ Aðn;mÞ

f þ Bðn;mÞ
f ðθÞ cos

!
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p

g1

#
;

ð2Þ

where x, y are the local Cartesian coordinates at each unit
cell ðn;mÞ with the origin being defined as the center of the
unit cell, θ is the angle arctanðy=xÞ, Afðn;mÞ denotes the
average intensity in the defined area, and Bfðn;m; θÞ is the

FIG. 1. Schematic of experimental setup. From left to right: the source of coherent x-rays, the carbon fiber loop used as the sample, the
phase grating accompanied by the SEM image (b) of the fabricated grating (scale bar: 10 μm), and the x-ray detector with the projected
experimental interference fringe at 17.14 cm with an effective pixel size of 0.65 μm. A schematic (c) of the recorded fringe is also
presented to explain the local coordinates regarding the final images.
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TOMCAT at a glance
Features:
§ Wide spatial resolution range: nano-to-meso scales (0.1-10μm)
§ Broad range of sample sizes (10μm-20mm)
§ High density resolution enhanced by phase contrast
§ High temporal resolution (3D data acquisition in less than 1s)
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Requirements for fast tomography
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Acquisition

Bright source: synchrotron

Fast detectors:
1000 – 100.000 fps

Efficient optics

Precision hardware

Flexible synchronization
and triggering protocols

In situ, in vivo, in operando
sample environments

Feedback

Continuous data stream

Sustainable at maxiumum
detector frame rate 
(several GB/s)

Store only useful data

On-line preview
capabilities

Data transfer

Synchronous
reconstruction on subsets
of data

Use of phase information
to enhance contrast

New reconstruction
algorithms:

• Incomplete or interlaced
data

• Iterative approaches

Reconstruction

Automated quantitative 
data analysis on large 
datasets (TB):

• Segmentation
• Labelling
• Tracking

On-the-fly computation of
sample characteristics

Analysis



In-operando tomography: catch the dynamics of your sample
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M. Ebner, F. Marone, M. Stampanoni, V. Wood, Science 342, 716 (2013) 

conversion! →!!! Li2O + Sn (de)alloying← →### Li2O + LixSnSnO

De-lithiation process in battery operation
• Particle expansion
• Monitoring of the reaction mechanism
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Get insights in insect flight control

Investigate the biomechanics underlying 
flight manoeuvres and gaze shifts

àCT following the dynamics of 100+ Hz wing beat!

• Time resolution way too demanding for standard
CT data acquisition

• BUT: Motion is quasi-periodic!

• Resolve a time-averaged motion pattern over
multiple wing beat periods?

à Gated kHz tomography

• kHz time resolution
• Averaged motion over many cycles



The “fly” experiment
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process. The wing base is also connected by ligaments to the
external head of a lever-like control linkage called the basalare
sclerite, which projects into the thorax. In summary, ten steering
muscles insert on the axillary sclerites; a further three insert on the
basalare sclerite [3,6]. Rather little is known about how the
steering muscles modify the motions of these sclerites, but
electrophysiological studies have correlated the activation states
of some of these muscles with variation in wingtip kinematics,
principally focussing upon variation in stroke amplitude. For
example, during visually stimulated roll responses in Calliphora,
activity of the first and second basalare muscles, and activity of at
least some of the third axillary muscles, is associated with increased
stroke amplitude. However, because several steering muscles are
active during roll manoeuvres [3,8,9], the individual function of
each muscle cannot readily be inferred from electrophysiological
and wing kinematic data alone. Other work has attempted to
identify the effects of different groups of steering muscles upon the
aerodynamic forces and moments [10], but the specific mecha-
nisms through which the steering muscles manipulate the wing
hinge sclerites remain elusive.

Elucidating muscle function fully requires measurements of
stress, strain, and activation, combined with knowledge of the
mechanism the muscle actuates [11]. These measurements can be
made simultaneously in larger vertebrates [12], but this has not yet
been achieved in insects. Most of our current understanding of
steering muscle function comes from anatomical [6,7,13] and
electrophysiological [8,9,14–19] studies, and we know surprisingly
little about the mechanics of how the steering muscles control the
wingbeat. This is due in part to the extraordinary difficulty of
measuring micrometre-scale muscle movements in vivo at frequen-
cies in excess of 100 Hz. Indeed, although patterns of muscle
activation [4,8–10,14,16–19] and stresses produced under work-
loop conditions [20] have been characterised for some insect
steering muscles, almost nothing is known about the associated
muscle strains and the resulting thoracic movements. Techniques
used to measure and visualize muscle strains in vertebrates, such as
sonomicrometry [21,22] and stereo X-ray imaging [23], are
unsuited to insects. Strains have been measured in insect power

muscles using vivisective microscopy [24], external markers [25],
and X-ray diffraction [26], but the smaller size of the steering
muscles and their close interaction with the wing hinge makes
them inaccessible even to these methods. To study the kinematics
of the steering muscles, we therefore developed a new imaging
technique allowing high-resolution, time-resolved microtomogra-
phy of blowflies (C. vicina) in tethered flight (Figure 1).

Microtomography has previously been used in vivo to make time-
resolved measurements of mouse hearts and lungs [27,28], but to
resolve the actuation of the insect flight motor we have extended
the spatial and temporal resolutions of the technique by an order
of magnitude each. This allowed us to produce tomographic
visualizations of the instantaneous state of the flight motor for ten
evenly spaced phases of the wingbeat (Movie S1, view here). We
used these data to measure and compare the muscle strains and
thoracic movements associated with different wingbeat kinematics.
Taken together, our results emphasise the importance of muscular
and cuticular deformations in modulating and controlling the
kinematics of flapping flight.

Methods Summary
We undertook time-resolved microtomographic imaging of the

thorax of tethered blowflies flying in the TOMCAT beamline of
the Swiss Light Source [29]. We used single exposure phase
retrieval to increase contrast by an order of magnitude over
standard absorption-based imaging [30]. This was important to
enable the high acquisition rates and short exposure times
required to resolve the wingbeat cycle. The insects were tethered
to a rotating stage that underwent four complete revolutions per
recording, thereby allowing radiographs to be taken from multiple
evenly spaced viewing angles whilst the insect was flying (Figure 1).
We simultaneously captured the three-dimensional wingtip
kinematics using stereo high-speed photogrammetry [31] and
grouped the radiographs according to the wingtip position. Each
group contained multiple radiographs corresponding to the same
phase of the wingbeat, but taken from different viewing angles.
This allowed us to reconstruct tomograms for each group
separately, producing tomograms for ten evenly spaced phases of

Blower

Synchrotron beamline

IR LED IR LED

Detector systemTurntable

Tethered 
insect

High-speed
cameras

Figure 1. Schematic diagram of the experimental setup,
showing the direction of the wind stimuli (white arrow) and
rotational stimuli (yellow arrow).
doi:10.1371/journal.pbio.1001823.g001

Author Summary

A blowfly’s wingbeat is 50 times shorter than a blink of a
human eye, and is controlled by numerous tiny steering
muscles—some of which are as thin as a human hair. To
visualize the movements of these muscles and the
deformations of the surrounding exoskeleton, we devel-
oped a technique to allow us to look inside the insects
during tethered flight. We used a particle accelerator to
record high-speed X-ray images of the flying blowflies,
which we used to reconstruct three-dimensional tomo-
grams of their flight motor at ten different stages of the
wingbeat. We measured the asymmetric movements of
the steering muscles associated with turning flight,
together with the accompanying movements of the wing
hinge—arguably the most complex joint in nature. The
steering muscles represent ,3% of total flight muscle
mass, so a key question has been how they can modulate
the output of the much larger power muscles. We show
that by shifting the flight motor between different modes
of oscillation, the fly is able to divert mechanical energy
into a steering muscle that is specialized to absorb
mechanical energy. In general, we find that deformations
of the muscles and thorax are key to understanding this
remarkable mechanism.

Time-Resolved Microtomography of the Blowfly Flight Motor

PLOS Biology | www.plosbiology.org 2 March 2014 | Volume 12 | Issue 3 | e1001823



The fly’s flight recorder…
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§ Limitations:
§ Fast acquisition into onboard memory
§ Total number of frames limited by memory
§ Data transfer to network storage MUCH slower

than measurement
(Dimax: few seconds dataset, 45 min transfer)

§ Implications:
§ Fast acquisition only for short periods
§ Blind acquistion à Need to know exactly when

to look
§ Reduce FOV to increase number of frames
§ Many phenomena cannot be studied in full

length



§ PSI in-house development
§ In user operation since September 2015
§ pco.Dimax fast imaging sensor
§ Custom readout electronics
§ No on-board memory
§ 8 parallel fiber-optic connections, continuous

direct data streaming to server:
8 GB/s à 1 TB/2min!

§ 1.25 kHz full frame rate (2016x2016 @ 12 bit)
10 kHz @ 576x575,12 bit

§ Live preview from subset of streamed images
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GigaFRoST : Gigabit Fast Read-Out System for Tomography

fiber-optic 
connections 

pco.Dimax
headboard

GigaFRoST
data boards



TOMCAT at a glance
Features:
§ Wide spatial resolution range: nano-to-meso scales (0.1-10μm)
§ Broad range of sample sizes (10μm-20mm)
§ High density resolution enhanced by phase contrast
§ High temporal resolution (3D data acquisition in less than 1s)
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Density resolution
phase contrast 

imaging

Automation
large scale 

studies

In situ 
capabilities
temperatures 

away from 
ambient

Ultra-fast data 
acquisition

dynamic studies
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Laser Furnace

• 2 cross firing 150W, 980nm cw, class 4 lasers
• Temperature feedback with pyrometer 
• Laser power and temperature control fully 

integrated.
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Crack propagation dynamics under tensile load @ 20 Hz

§ Custom tensile rig
§ Alumina particle reinforced 

aluminium composite
§ Tomography:

§ Polychromatic beam 
(50% filter, mean energy 30 keV)

§ 100 μs exposure time
§ 500 projections / scan
§ 50 ms scan time (20 Hz)
§ Sample rotating at 600 rpm

§ Fastest scans at TOMCAT to date!
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20 Hz X-ray tomography during an in situ tensile test

order of 1013 photons/s/0.1%bw, with a critical energy
at 11.9keV. Filtered polychromatic X-rays (dumping
50% of the total power) with a mean energy of 30keV
were incident on the sample attached to the tomography
stagewith three translational and one rotational degrees
of freedom. The X-rays passing through the sample
were converted to visible light by a 150µm thick
LuAG:Ce converter and detected by a 12 bit CMOS
camera (pco.DIMAX). The camera was attached to the
scintilator through a high numerical aperture micro-
scope with continuous zoom option in the range of
2 × −4× in our case set to an effective pixel size of
3µm. The on-board camera RAM storage of 36 GB is
typically sufficient for a hundred of tomographic scans.
Typically 500 radiographic projections acquired with
0.1ms exposure time at equidistant angular positions
of the sample were reconstructed into a 3D volume of
3 × 3 × 3mm3. The tomogram quality is enhanced
using not only the X-ray attenuation by the sample,
but also the phase shift of the partially coherent X-
ray beam as it interacts with the particles and matrix
and senses the electron density variation in the sample
(Mokso et al. 2010). The maximum rotation speed of
the high-precision stage is 600 rpm and by that the limit
of tomographic acquisition speed was 20 Hz. We used
the device up to this limit.

There were some limitations to the experiment. The
first was the fact that the entire tensile rig had to rotate
continuously during data acquisition up to a speed of
20 times 180◦ per second (10 total rounds per sec-
ond). The second limitation was linked to the above-
mentioned maximum size of the data file acquired by
the camera, which stored the projections on its internal
memory. After the experiment, these radiographs were
transferred from the camera to the SLS central disk
system for reconstruction. Because of this, the camera
was used in a buffer mode, i.e. it acquired projections
continuously. When the buffer was full, the new pro-
jection to be acquired was stored in the RAM of the
camera replacing the oldest image present. When the
sample broke, as detected from the recording of the
tensile curve or from the visual aspect of the projec-
tions, we manually stopped the acquisition of the cam-
era and downloaded the content of the buffer onto the
hard drive of the computer. This allowed us to record
only the last part of the fracture process within the sam-
ple. The high number of projections were then divided
into scans, each being reconstructed using a standard
procedure using local software at the SLS.

Fig. 1 Photograph of the new equilibrated tensile rig

2.3 Dedicated tensile rig and tensile conditions

To perform this experiment successfully, we had to
fully design a new tensile rig. Our old rig, used many
times for static experiments (see Buffiere et al. 2010 for
more details) created excessive vibration while turn-
ing on the rotating stage at the required speed. The
new rig is light and equilibrated and hence produced
vibration-free experiments; Fig. 1 shows a photograph
of the device.

The sample was slightly notched manually using a
2mm radius rattail file, to localize the fracture in the
region that was observed during the expriment. It was
first slightly pre-loaded elastically. Once pre-stained,
the sample was broken at a preset displacement speed
of 0.2µm/s (The sample length being 5mm, roughly,
ε̇ = 4 × 10−5) while the tensile rig was rotated and
the radiographs acquired for reconstruction. The load
displacement curve was recorded and visualized from
the control room in real time. As mentioned above, this
was used to stop the acquisition of the camera just after
fracture, which occurred in a fragile manner, immedi-
ately after themaximum stresswas reached. The tensile
curve recorded during the test is shown in Fig. 2. The
time window recorded during the fracture process is
shown in the graph between the two vertical lines. Note
that this represents only the last part of the tensile exper-
iment. Similarly, the exact strain in the sample is diffi-
cult to measure exactly because (1) it is very small, the
plastic strain being in the range 0.1 to 1% at maximum
load; (2) the displacement of the grips is known, but
the sample being notched, the actual strained length L0
cannot be determined unambiguously; we thus assign
to this an estimated value between 5mm (maximum)
and 0.5mm. The two vertical lines in the figure show

123

E. Maire, et. al., Int J Fract 1 (2016)



In-situ 20 Hz tomographic imaging
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E. Maire, INSA-Lyon, UCBL, CNRS, MATEIS
Université de Lyon France 

20 Hz X-ray tomography during an in situ tensile test

Fig. 4 Reconstructed slice
extracted from the same
region in the middle of the
sample at different instants
during the fracture
experiment. The tensile axis
is vertical in the figure. The
crack can be clearly seen: it
nucleates at the notch and
then propagates from left to
right. The white arrows at
t = 9s indicate a change in
propagation plane

Fig. 5 3D view of the
shape of the crack at
different instants during the
fracture experiment. The
crack can be clearly seen: it
nucleates at the notch and
then propagates from left to
right. The white dots still
present in the crack at late
stages of the propagation
are made of aluminium
matrix that is still bridging
the crack

σ

σ

ceramic particles and marginally at the ceramic/metal
interface.

The crack was then segmented, by a rather simple
grey level thresholding. The 3D binary images at each
time step (every 50ms) were improved to remove noise
by mathematical morphology erosion/dilation steps in
order to obtain a clear 3D rendering of the shape of
the crack. Figure 5 shows such a 3D view in space.
The voxels belonging to the crack are black and those
belonging to the solid are transparent. The same six
instants as in Fig. 4 are selected and displayed in this
figure. The crack, shown in dark in the figure, propa-
gates again from the left to the right. In this visualisa-

tion mode, it now clearly appears that the crack is not
completely flat. It is also obvious that some aluminium
bridges, seen as white dots in the figure, are still present
even at a rather late stage of the fracture.

3.2 Quantitative measurements

The binary images of the segmented crack at different
times is used in this section to quantify the morphology
of the crack and calculate the propagation speed of its
tip. All the processing steps were implemented using
the ImageJ share-ware (Abràmoff et al. 2004).

123

Movie playing in real time (9 seconds, 180 frames)



Dynamic 3D imaging in-vivo: complex triggering
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Lovric et al., Physica Medica, 2016
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Summary

§ TOMCAT offers high spatial and temporal resolutions in multiple 
modalities over a range of length scales

§ “Unique” capabilities coupling sub-second AND continuous 3D data 
acquisition (GIGAFROST detector)
§ Removes hardware limitations that are present in other detector systems 

for observation of true dynamic phenomena

§ Setup is ideal for time-resolved (4D) in-situ materials and in-vivo 
biological applications

§ Cutting-edge grating-interferometry endstation for new microscopy 
applications and benchmarking purposes

§ Outlook: SLS2.0 with more flux , higher energies, round source.
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TOMCAT (flying) team
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Mean curvature colored dendrite (Al/Cu alloy)4D directionally solidified dendrites

J. Fife et al., in preparation


