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Monitoring moisture distribution
in textile materials using grating
interferometry and ptychographic
X-ray imaging
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Abstract

Employing two recently developed X-ray imaging techniques, we investigated methods for observing moisture at differ-

ent length scales in organic fibers and textiles. Using the coherent diffractive imaging technique of ptychographic tom-

ography, structural features in a single coated wool fiber in both dry and humid conditions were observed at about

200 nm resolution. The reconstructed three-dimensional images yield quantitative information about the spatial density

distribution in the fiber, showing that the fiber swells laterally by 8–9% in humid conditions. We further explore the

applicability of grating interferometry, also known as Talbot imaging, for studying humidity transport in woven cotton,

with a resolution on the order of 100mm and a field of view of a few square centimeters. Grating interferometry

inherently gives access to three complementary imaging modalities, namely absorption-, phase- and dark-field contrast,

and we demonstrate that all of them are valuable and provide complementary information for the purpose of monitoring

moisture in textiles.
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Due to the increasing demand for clothing systems with
improved comfort, function, and safety and the need of
the healthcare sector for new biomedical textiles,1 there
are extensive efforts in industry and academia to better
understand the characteristics of commonly used fibers
and fabrics. Natural textile fibers are important both in
traditional garments and in new high-performance
clothing systems with customized properties.2,3 A chal-
lenge of scientific and commercial importance is to
understand the effects of moisture absorption and
desorption on the physico-chemical properties of
organic materials in general. Finding ways of monitor-
ing these changes in situ at the macro-, micro-, and
nanoscale is desirable. It is commonly known that
many natural fibers are strongly affected by humidity
and that they are able to absorb substantial amounts of
water vapor by swelling.4 Dimensions, weight, tensile
strength, elastic recovery after stretching, and rigidity

are amongst the physical properties of fibers that are
affected by hydration.4–6

Wool is a natural protein fiber which is widely used
in textiles, and it has recently received considerable
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attention for new applications in biomedical and bio-
technological products, including tissue engineering,
medical implant devices, and bioactive surfaces.7 A typ-
ical wool fiber has an elliptical cross-section with a
diameter in the range of 8–70 mm and a length of
roughly 5 to 50 cm. It is composed of light elements
like carbon, hydrogen, oxygen, nitrogen, and sulfur,
and has a highly complicated hierarchical structure.8

It mainly consists of the cortex, which is primarily com-
posed of a-keratins, i.e. protein molecules in a-helix
conformation, comprising about 90% of the fiber.8

This molecular structure gives wool a natural macro-
scopic crimp, which increases its elasticity and springi-
ness, and also improves the isolating properties of wool
by keeping the fibers apart. From a macromolecular
point of view, wool is a fibril-reinforced matrix material
in which both fibrils and matrix consist of polypeptides.
Wool fibers have an outer layer of overlapping scales or
cuticle responsible for their felting, shrinkage, and insu-
lating properties. Moreover, the scales inhibit accumu-
lation of moisture on the fiber surface, forcing the
moisture to reside in the fiber interior, thus making
wool feel dry even while holding a considerable
amount of water.

Cotton is another classical textile material exten-
sively used in the textile industry, based on its light-
weight properties, biodegradable and renewable
nature, and high water absorption potential, with a
moisture regain of 7–8%.9 Cotton is a soft, fluffy nat-
ural fiber composed mainly of a-cellulose (88–96%) –
nature’s most abundant natural polymer.10 The
chemical composition of cotton fibers varies slightly,
dependent on many variables such as the cultivating
environment. It is a well-known fact that cotton is
stronger wet than dry, explained by the formation of
additional hydrogen bonds between the cellulose mol-
ecules. Cotton fibers have so-called convolutions, i.e.
natural twists along the entire length of the fiber, that
interlock the fibers when spun into yarn. Depending on
the location of production of these fibers, the typical
length and diameter vary between 1.5–5 cm and
16–20 mm, respectively.9

To characterize fibers and textile materials, a variety
of techniques4 including Fourier transform infrared
spectroscopy (FTIR), nuclear magnetic resonance
(NMR), electron microscopy (SEM, TEM), and
X-ray scattering-based methods have been employed.
Environmental, or ‘wet’, SEM is increasingly used,
but is essentially a surface-sensitive technique, as it
requires sample sectioning to investigate the interior
of materials.11 Because of the non-destructive and pene-
trating nature of X-rays, X-ray diffraction and imaging
are powerful tools to study the structural properties of
materials, including at in situ conditions. X-ray fiber
diffraction probes the atomic and molecular structures

of fibres,12 but is mainly sensitive to regions with crys-
talline order, and the results obtained are usually struc-
tural averages over the fiber cross-section.

In this study, the novel X-ray methods of ptychogra-
phy and grating interferometry-based imaging have
been employed for monitoring structural effects and
transport of humidity in situ in weakly scattering
organic fibrous materials. Specifically, we demonstrate
the possibility of extracting information about humid-
ity in natural fibers and textiles at two complementary
length scales. First, an in situ ptychographic tomog-
raphy experiment on a single wool fiber under different
humidity conditions is discussed. Second, a study on
the applicability of imaging by grating interferometry
for studying the water uptake and drying process in a
cotton fabric in a controlled atmosphere is presented.
This article is the first report of X-ray ptychography
and grating interferometry applied to wool and
cotton samples, representing a step toward the use of
these modern X-ray techniques in the textile industry.

Recent X-ray imaging methods

During the last decade pivotal progress has taken place
in applied X-ray science. Coherence properties of the
X-ray beams have been substantially improved at syn-
chrotrons while advances in X-ray optics have had an
impact also in home laboratories, facilitating the devel-
opment of new X-ray imaging techniques.13–15 The
index of refraction for X-rays is conventionally stated
as n¼ 1� �+i�. The real part of the refractive index,
�, accounts for refraction, and thus phase contrast and
can be estimated from the electron density, �e, which is
readily available from the material’s stoichiometric
composition and mass density. The imaginary part
� describes absorption, which is approximately propor-
tional to the atomic number to the fourth power Z4,
being the physical explanation for the widespread use
of absorption contrast radiography in medicine and
materials science.

At photon energies above 6 keV imaging techniques
based on phase contrast are more sensitive to density
variations in the sample and can reveal structures that
remain indiscernible in absorption contrast images.
This sensitivity increase is related to the fact that for
these photon energies, �� 10�5 is at least one order of
magnitude higher than its imaginary counterpart
�� 10�7. X-ray detectors are insensitive to the phase
of the X-ray photons. Phase-contrast measurements
thus rely on causing the refracted beam to interfere
with a reference beam, giving detectable interference
patterns, by placing the detector a suitable distance
behind the sample to exploit propagation effects,16 or
by applying phase retrieval techniques to diffraction
data.17 A third contrast mechanism for X-ray imaging
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is to base the analysis on the local scattering power of
the specimen: more strongly scattering areas will appear
brighter, and vice versa.18 This imaging mode is com-
monly termed X-ray dark-field, and is analogous to
dark-field microscopy using visible light.

Ptychography is a version of coherent diffractive
imaging (CDI) which circumvents the use of lenses
and works with phase retrieval algorithms on recorded
Fraunhofer scattering patterns (cf. Figure 1).19–24 The
sample is raster scanned through a micrometer-sized
coherent X-ray beam ensuring appropriate overlap

between the illuminated areas of neighboring expos-
ures.20,21 At each position of the raster scan, a far-
field coherent X-ray scattering pattern is recorded at
ultra-small scattering angles. The scattering patterns
are fed into an iterative computer algorithm, yielding
reconstructed two-dimensional (2D) phase and ampli-
tude images of the sample.22,24 In favorable cases of
dedicated inorganic test structures, a 2D resolution
<10 nm has been demonstrated.25,26 Rotating the
sample and acquiring a sequence of 2D images at
different rotation angles provides data that allows
three-dimensional (3D) images to be obtained through
computed tomography methods.6,27,28 In synchrotron
X-ray tomography, the spatial resolution before the
introduction of lens-less imaging techniques was typic-
ally 100 nm for hard X-rays and �50 nm for soft
X-rays, often limited by the problems of producing
high-quality X-ray lenses.29 Recently a spatial reso-
lution better than 18 nm has been reported with X-ray
ptychographic tomography in 3D for an inorganic test
sample.30 Ptychographic tomography yields quantita-
tive information about the electron density variations
in the sample.28

Grating interferometric imaging, also known as
Talbot imaging, has been attracting much attention
for several reasons. It is a Moiré approach, relying on
a set of finely pitched gratings to measure the minute
angular deflections of refracted beams.31–34 Because
grating interferometry is rather tolerant to low coher-
ence in the incoming beam, a particularly interesting
aspect of this technique is that it can be used with trad-
itional X-ray sources, allowing the instrument to be
made quite compact.35 It is expected that the technique
will find widespread applications in fields ranging from
security screening, via materials and biological science,
to medicine.

While the instrumental setup of a grating interfer-
ometer, shown in Figure 2, is deceivingly simple, the
theory behind it is rather complicated, and only a
short outline of the functioning principle will be given
here, referring the reader to the rapidly growing litera-
ture in this field for an in-depth discussion.32,34,36 In the
case of working with laboratory sources, an additional
absorption grating G0 effectively acts as an array of line
sources, ensuring a sufficient transverse coherence
length for the technique to work.35,36 In the Fresnel
zone after a periodic phase grating (a grating that has
negligible absorption but introduces a phase shift) G1
with period g1, phase modulations are imprinted onto
the incoming wave-field. Interference gives rise to
repeating intensity patterns known as Talbot carpets
downstream of the grating.37,38 At the so-called frac-
tional Talbot distances the contrast of the interference
pattern has its maxima. Placing a sample in the incom-
ing wave field will attenuate, refract, and scatter the

Figure 1. (a) Schematic drawing of experimental setup

employed for acquisition of ptychographic tomography data

(not to scale). (i) Pinhole for defining the incoming highly

coherent X-ray beam, (ii) sample position, (iii) area detector

located in the far-field, (iv) illustration of non-periodic raster

scanning across a fiber sample, and (v) motors for positioning and

scanning the sample. (b) Photograph of the sample holder, with

the incoming beam indicated by the arrow. The outlined cylinder

gives the approximate dimensions of the sample cap used for

humidity control.
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waves, thus perturbing the interference pattern. The
Talbot effect can be exploited for imaging by scanning
transversely across the repeated intensity pattern using
an absorption grating G2 of the same period g2 as the
intensity pattern, known as the ‘‘analyzer’’ grating.32,34

A sideways translation xg of G2 will give rise to inten-
sity modulations that are observed in each pixel of the
detector placed immediately behind G2. The intensity
variation in a given pixel as function of xg is to a good
approximation given by a single Fourier component31

I xg
� �
¼ a0 þ a1 sin

2�xg
g2
þ ’

� �
ð1Þ

Often the detector pixel size is at least one order of
magnitude bigger than the grating period g2, implying
that the signal detected in each pixel will be the average
for a large number of grating openings. With a sample
in place, absorption will reduce the average signal inten-
sity a0, refraction will cause the modulated signal to be
shifted laterally as quantified by ’, and small-angle
scattering will tend to wash out the modulations, thus
decreasing the amplitude a1. With typical design par-
ameters for a grating interferometer, the images will be
most sensitive to features a few micrometer in size.31,33

Grating interferometry only measures the differential
phase contrast along the direction normal to the grating
lines, hence it is more sensitive to variations in
the refractive index of the sample across than along
grating lines.39

In summary, combining exposures obtained for dif-
ferent xg 2 [0, g2), Talbot grating-based imaging yields
access to three different imaging modalities based on
absorption, differential phase, and dark-field visibility.

Complementarily, ptychography is mainly a high-reso-
lution microscopy technique which retrieves the ampli-
tude and phase of both the sample and the incoming
wave field. It is timely to ask what the equivalent of the
dark-field signal observed in Talbot imaging would be
in the case of ptychography. The answer is that the
ultra-small-angle scattering in the ptychography case
can be considered ‘fully exploited’ by the large numer-
ical aperture of the technique to provide a high-resolu-
tion microscopy image, whereas in the Talbot case of
much lower resolution, the signal carrying information
about the smaller features in the sample is collected in
the ‘dark field’ signal.

Experimental details

Samples

The ptychography measurements were performed on
an isolated chemically coated (‘superwashed’) merino
wool fiber. For the tomography measurements, the
approximately 8mm long fiber was clamped in both
ends, carefully keeping it straight without causing
elongation.

For the Talbot studies, a piece of thin plain-weaved
cotton fabric was investigated. The cotton fiber had
been combed, dyed and sanforized prior to weaving.
The dimension of the textile piece was approximately
25� 25mm2, and the grammage was 80 g/m2.

Ptychography

The ptychographic tomography experiment was carried
out at the coherent Small-Angle X-ray Scattering

Figure 2. Schematic drawing of Talbot X-ray grating interferometer (not to scale). The sketch shows the source grating G0 acting as

a slit array of coherent line sources, a phase grating G1 and an analyzer grating G2. An intensity modulation is detected in the detector

pixels when G2 is scanned transversally with respect to G1.
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(X12SA) beamline at the Swiss Light Source, Villigen,
Switzerland, using 6.2 keV radiation corresponding to
an X-ray wavelength of 2.00 Å. The beam size on the
sample was defined by a 2.5mm pinhole, located 4.5mm
upstream of the sample position. To control the humid-
ity, the sample cell used was as described in detail by
Esmaeili et al.6 The experiment was performed at two
extreme humidity conditions, humid (cell flushed with
humidified N2, relative humidity >95%) and dry (cell
flushed with dry N2, relative humidity <5%). For
each projection angle in the tomography experiment,
the sample was raster scanned perpendicularly to
the incoming beam and illuminated at 408 non-
periodically arranged partially overlapping exposures,
covering a rectangular field of view of 42 mm (horizon-
tal)� 20 mm (vertical). The scattering patterns were col-
lected using a Pilatus 2M40 detector located 7198mm
downstream of the sample position. With an exposure
time of 0.2 s, it took approximately 4 hours to perform
a full tomography scan, consisting of 176 projections,
with a missing wedge of about 5�. The data from
192� 192 pixels centered around the direct beam was
used as input for the ptychography reconstruction algo-
rithm.22 Based on the 2D reconstructed images
obtained for each projection angle, tomographic recon-
struction was done using a modified filtered back pro-
jection algorithm, after appropriate post-processing
steps, as described elsewhere.41

Talbot imaging

The Talbot experiment was performed at TU Munich
using a grating interferometer operating at the sixth
fractional Talbot distance, as previously described in
detail.31,42 A rotating tungsten anode operated at an
acceleration voltage of 35 kV and an anode current of
70 mA was used as the X-ray source. The setup was
symmetrical with a period of 5.4 mm for G0, G1 and
G2. A Dectris Pilatus 100K detector with pixel size of
172� 172 mm2 placed immediately behind G2 was used
for recording the signal.40 The field of view in this
experiment was limited by the vertical size of the detec-
tor, �34mm, corresponding to �18mm at the sample
position owing to the geometrical magnification in the
imaging system. To create stable humidity conditions
around the sample, a custom-made sample cell with
humidity and temperature sensors was designed. The
sample cell was made from aluminum to keep down
the weight of the cell, and thin kapton sheets served
as windows for the X-ray beams, giving minimal dis-
turbance to the beam wave-front. Acquiring a single
reconstructed image took about 45 seconds, consisting
of 9 frames at different lateral positions of G2 xg, each
of 5 seconds exposure time. The whole drying experi-
ment reported took 42 minutes.

Results and discussion

Ptychographic tomography applied to a wool fiber

For the ptychography experiment reported here, single
wool fibers have been investigated at dry and humid
conditions (approximately 5% and 95% relative
humidity, respectively) in order to study the effects of
water vapor on the morphology of wool. Figure 3(a)
shows a representative ptychography projection. In the
projection image, faint structures that we assign to the
scale surface structures of wool, the cuticle, can just be
discerned. Figure 3(b) indicates that the fiber interior is
essentially dense; however with a couple of pores
revealed by their lower electron density. The resolution
of the tomograms was better than 200 nm, as deter-
mined from the sharpness of the edge of the wool fiber.

For visualizing the measured lateral expansion of the
wool, isocontours for �e¼ 0.31 e�/Å3, at both dry and
humid states, are also presented (Figure 3(c)), demon-
strating that the presence of water in the surrounding
atmosphere in the sample cell affects the fiber dimen-
sions. No indications of a longitudinal expansion or
contraction were found. Our results thus show an
anisotropic, lateral only, swelling of the fiber by
approximately 8–9% along each half-axis. In previous
studies on the swelling behavior of wool fibers it has
been found that water is absorbed by the protein matrix
of the fiber which contains hydrophilic groups.41,43

Note from Figure 3(c) that the pores have shifted radi-
ally as the fiber swells, but also tangentially – a fact we
speculate might be related to the helical structure of the
fibrils in the fiber.

Histograms of the electron densities are shown in
Figure 3(d) and exhibit two peaks at �e¼ 0 and
�e¼ 0.41 e�/Å3, corresponding to the electron densities
of the surrounding atmosphere and the wool fiber,
respectively. The negative values arise from noise.
Care was taken to ensure that the analysis is based on
the very same region of the fiber both in the dry and
humid conditions. Knowing the approximate chemical
composition of the protein-rich fiber, the mass density
of the fiber is estimated to be �m¼ (1.25� 0.05) g/cm3,
which compares well to the value 1.29 g/cm3 reported
with other techniques for wool fibers at relative humid-
ity of 95%.8 Clearly, in the humid state, the number of
voxels in the high-electron density peak at 0.4 Å�3 has
grown at the expense of the low-electron density peak.
By careful inspection, it can also be seen in Figure 3(d)
that the high-density peak in the histogram has shifted
slightly towards the density of water. Integrating the
area below the histogram peaks (equivalent to counting
the number of voxels containing a high electron dens-
ity) shows a 17� 2% volume increase in the humid
state, in full agreement with the observed lateral expan-
sion. These values for volume and radial expansions are
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in excellent agreement with results obtained by other
methods.8

In summary, we have demonstrated that ptycho-
graphic tomography is well suited for obtaining three-
dimensional images of hydrated organic fibers. In the
next section, we shall discuss a complementary tech-
nique, also based on coherent X-ray scattering, that
can resolve the moisture distribution in macroscopic
samples with a resolution of a few hundred microns,
opening for systematic studies of diffusion in multi-
layered textile samples.

Imaging of moisture distribution in a cotton fabric
using grating interferometry

To investigate whether imaging by grating interferom-
etry is suitable for monitoring wetting of textiles, typ-
ically by perspiration or water, we have studied a thin
cloth of plain-weaved cotton. The experiment was per-
formed by wetting the textile piece with water when it
was mounted in the cell, and immediately afterwards
starting repeated measurements to monitor the drying
process.

Images of the sample before and after drying are
shown in Figure 4. In both cases, three images are

presented showing the amplitude, differential phase,
and dark-field signals. One can see the yarns in the
fabrics and some influence of water, while the reso-
lution is insufficient to image the interior of individual
yarns of the sample. There are differences between the
signals in the dry and wet states of the sample in all
three different imaging modalities. Images based on the
absorption signal taken in the wet state are blurred by
the presence of water in the textile, as water and cotton
have rather similar absorption coefficients. In the dif-
ferential phase-contrast images, the individual yarns of
the sample are actually best distinguished in the wet
state, emphasizing the complementarity with the
absorption signal and suggesting that the differential
phase signal is better suited for studying textile samples
in wet or humid situations. As expected, the horizontal
differential phase-contrast obtained using the vertical
gratings is more sensitive to vertical than horizontal
yarns.

Whereas the dark-field signal from the wet sample is
quite featureless, the dark-field image from the dry
sample shows a plethora of details, implying that this
signal is highly suitable for monitoring wetting of the
textile. Dark-field imaging is the best-suited technique
among the three different imaging modes when it comes

Figure 3. Ptychography results for a wool fiber. (a) A 2D projection phase image (dry state). The scales on the fiber exterior can be

discerned as weak lines across the fiber. (b) Tomographically reconstructed cross section of the wool fiber in the dry state, showing an

essentially dense material at the current resolution, however with a few less dense pores, as also evident in the extracted line.

(c) Isocontours at �e¼ 0.31 e�/Å3 viewed along the fiber axis, demonstrating that the fiber swells uniformly in the plane normal to

the fiber main axis. Note the shifts of the pores resolved in the fiber interior. The semi-axes of the fiber cross-section have expanded

by 8–9% in the humid state. (d) Histogram of voxel electron density values; see main text for details.
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to resolving the texture of the dry cotton fabric
(cf. Figure 4(f)). In the dark-field image of the dry
sample, detailed information about the size and pos-
ition of the individual yarns, their sizes, and points of
overlapping warp and woof can be retrieved. The con-
trast disappears in the wet case due to the presence of
water reducing the scattering contrast, as the elec-
tron density of water is much closer to that of cotton
than to air.

To make the resolving power of the different signals
more apparent, consider the Fourier transforms of the
amplitude, differential phase, and dark-field signals
from the sample in the dry state (cf. Figure 5). As
expected, the differential phase-contrast signal contains
essentially horizontal components. It is evident that the
dark-field signal has diagonal components not visible in
the absorption and phase-contrast images.

By image analysis based on the absorption signal
(cf. Figure 6), the water content in the sample has
been estimated. As water increases the absorption,

excess absorption compared to the dry case has been
plotted with two shades of blue. Similar analysis can be
based on the phase contrast and the dark field signal. It
is clear from the results that one can track the drying
process in the sample with this imaging technique. The
moisture distribution resolving power, combined with
the high penetration length of X-rays and the sensitivity
of the dark-field signal to textile fabric details, suggests
that grating interferometry can become a valuable tool
for studying moisture transport, even in realistic multi-
layered clothing systems. As imaging by grating inter-
ferometry in home-laboratories is based on a rather
broad spectrum of X-ray photon energies, extracting
quantitative information from these images is challen-
ging, but would certainly be worth pursuing further,
possibly with monochromatic X-ray radiation.33

Grating interferometry has essentially no depth sen-
sitivity, but 3D images can be obtained by rotating the
sample in the beam and applying reconstruction meth-
ods similar to those used in absorption-based computed
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Figure 4. Reconstructed Talbot X-ray grating interferometry images based on (a, b) absorption contrast, (c, d) differential phase-

contrast, and (e, f) dark-field images of the cotton fabric piece taken when the sample was soaked with water (left column) and after

the sample had completely dried up (right column). For the absorption images the scale bar gives the transmission, which is close to

100% for the textile, and practically 0 % for the sample holder. The phase change associated with propagating through the textile is of

the order of p/10 radians. In the dark-field images, black corresponds to 100% visibility and white to 0% visibility. The field of view is

29.1� 18.5 mm2; the scale bar is 5 mm.
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tomography. We also note that the inherent directional
sensitivity of the differential phase contrast signal can
be used to distinguish different parts of the sample.39,44

For multilayer textile samples, an effective depth-sensi-
tivity can be obtained by differentiating the individual
layers, e.g. based on differences in the textile weave
pattern.

In summary, X-ray grating interferometry-based
imaging resolves micron to millimeter sized features in
the woven cotton, thus resolving individual yarns or
fibers, but is also highly sensitive to textile wetting.
Importantly for applied studies, the field of view is suf-
ficiently large to study macroscopic samples.

Future outlook

While X-ray scattering, diffraction and radiography
have been used for decades in a wide range of scientific
fields, the new techniques discussed here are still largely
in the development stage. Ptychography holds promise
of a resolution in theory limited only by the maximum
angle at which intensity scattered by the specimen can
be reliably measured. It thus seems destined to become
a complementary tool to electron microscopies, able to
operate under in situ conditions, as demonstrated also
in the present work. Samples of thicknesses of several
tens of microns can easily be studied with

Figure 6. False-color interpretation based on the absorption-contrast images; the blue-colored regions have a substantial amount of

water residing in the cotton. The images show a soaked sample in gradually drying up, starting from (a). The time interval between the

images is about 5 minutes, and the diameter of the circular field of view is 25 mm.

Figure 5. Fourier transform of (a) the absorption, (b) differential phase, and (c) dark-field contrast signals, all from the same dataset

obtained on plain-weaved cotton fabric in the dry state. The intensity scaling is chosen for best visualization in each image individually.

Scale bar is 10 mm�1.
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ptychography, which is thick compared to the <100 nm
thickness usually required for transmission electron
microscopy. Environmental scanning electron micros-
copy (ESEM) is a technique of growing importance,11

but cannot be used to study the interior of samples like
the wool fibers examined here without sectioning.
Similarly, imaging by grating interferometry is develop-
ing rapidly as a characterization tool with large societal
impact, having prospective applications in many fields
also outside of academia. Grating interferometry is
applicable to textiles in general, and the contrast seen
here should be similar also for fabrics other than
cotton.

While 3D imaging through computed tomography
requires a time-consuming collection of many projec-
tions for both ptychography and grating interferom-
etry, 2D images can be obtained using on the order of
a minute per image with the current samples and
setups. For ptychography, it is expected that near-
future improvements will reduce the data collection
time by at least one order of magnitude, which will
facilitate time resolved measurements of �1 second
temporal resolution.

Describing both ptychography and grating interfer-
ometry in the same article, it is natural to point out
some of their similarities and differences. They are
both based on coherent X-ray radiation, and represent
sophisticated methods that are gradually becoming
available also to fields other than X-ray physics. Hard
X-ray ptychography is a high resolution microscopy
technique, and will, at least with today’s known tech-
nology, have to be carried out at specialized synchro-
tron beamlines. Conversely, grating interferometry,
while also fruitful with synchrotron sources,45 arguably
has as its main strength the fact that it is based on
conventional X-ray sources. In both cases, we note
that in future setups, simultaneously measuring the
sample mass would be useful for extracting more quan-
titatively the wetting of the textile.

The possibility of measuring water transport in tex-
tile multilayers has been mentioned. Another natural
extension of the current work would be to investigate
‘smart’ textile materials like Gore-Tex� membranes in a
humidity gradient, for which the ptychography tech-
nique should allow the distribution of water partially
wetting and permeating the membrane to be imaged.
Similarly, comparative imaging studies of e.g., goose vs.
eider down in humid conditions would be an interesting
continuation of ideas presented here.

Conclusions

We have presented two original contributions on the
applicability of in situ X-ray imaging for monitoring
humidity in textile wool fibers and cotton woven

fabrics. In situ X-ray ptychographic tomography per-
formed on a single wool fiber at high and low humidity
conditions with a 3D resolution of approximately
200 nm shows that wool fibers swell radially by 8–9%
isotropically in the plane perpendicular to the main axis
of the fiber. Quantitative information relating to the
physical properties of the wool fiber like local electron
density and mass density has been retrieved, and found
to corroborate results reported for other experimental
techniques, emphasizing the power of this non-destruc-
tive technique for in situ measurements. We also report
results from grating interferometric imaging of a drying
piece of woven cotton fabric. The field of view being in
the range of centimeters combined with resolution in
the micrometer range renders this technique highly suit-
able for textile studies. It is clear from the results that
one can follow the drying process in the sample with
this imaging technique. For the dry sample, the dark-
field contrast gives the image that best resolves the
many micron-sized details in the sample. The dark-
field contrast is also found to be particularly sensitive
to the presence of water. For the wet sample the phase
image remains sensitive to the features of the textile,
yielding good resolution and contrast. The sensitivity
of the grating interferometry technique suggests a
potential application of this technique for in situ studies
of diffusive transport in two or three dimensions in
organic samples in general, with a resolution approach-
ing the micrometer range. We conclude that coherent
imaging and microscopy techniques from the forefront
of X-ray physics are on the verge of becoming highly
useful tools for in situ studies of textile materials.
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