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The spontaneous imbibition of a liquid within porous media, known as wicking, can display uncommon
features in textiles and yarns. Yarns exhibited step-wise wicking dynamics not captured by current mod-
els.
Hypothesis: Wicking dynamics in yarns not only depend on inter-fiber pore filling, but are mainly deter-
mined by the pore-to-pore transition processes and the structure of the pore network.
Experiments: Fast X-ray tomographic microscopy is employed to reveal the pore scale processes and neu-
tron radiography for the macroscopic water uptake in yarns. A semi-empirical pore network model is pre-
sented that employs the measured pore network topology and pore scale dynamics to reproduce the
experimentally observed wicking dynamics in yarns.
Findings: The yarn pore system is a sparse network of long and narrow pores that promotes step-wise
uptake dynamics. Wicking in yarns displays fast pore filling events in the order of seconds and long wait-
ing times between filling events up to several minutes while navigating the pore network. As main result,
we find that a few filling events directly determine the macroscopic behavior of wicking in the sparse
pore network of yarns. It is necessary to consider pore-to-pore transition waiting times and the pore net-
work structure to explain the characteristics of wicking dynamics in yarns.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Textiles are ubiquitous in society as clothing under a wide range
of requirements and in medical and hygienic care, but also in archi-
tecture, engineering and many industrial applications. Wicking is
the spontaneous imbibition of a wetting liquid into a porous med-
ium by capillary action. Often, controlled liquid wicking is crucial
or at least desirable, e.g. moisture management in functional cloth-
ing or production of fiber-reinforced materials. However, the
understanding of wicking in textiles is still limited partly due to
the complex inter-fibrous structure of angular, long and narrow
pores. A basic framework exists since long to understand transport
in generic porous media. Lucas [1] and Washburn [2] derived the
dynamics of capillary rise in a circular tube as representative
model. The resulting Washburn law (1) shows a square root
(b ¼ 0:5) function over time determined by a hydraulic radius r
which is supposed to represent the average pore size [3].

hðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cr cos#

2g
t

s
¼ Ktb ð1Þ

c is the surface tension of water in air, # Young’s contact angle and g
the dynamic viscosity. Progress in experimental methods to deter-
mine porous structure raise doubts on this dependence on hydraulic
radius which may not scale with the actual pore size in real porous
media [4,5]. This issue is sometimes addressed by introducing a
tortuosity-type correction factor [6,7]. Cai et al. [8] or Patro et al.
[9] refined the Washburn model by allowing variable capillary
shapes and sizes. However, some materials, especially textiles, are
found to not obey the square root of time law at all [10,11], showing
exponentsb in the range of 0.16 to 0.74 [11]. Furthermore, Nyoni et al.
[12] describe a large unsaturated zone instead of a sharp waterfront
contradicting the assumed saturated capillary rise inWashburn-type
models. Darcy-type models, e.g. with Richard’s expansion [13] can
accommodate partial saturation of the porous medium [14,15], but
can only describe continuous wicking flow. Rather than a smooth
and continuous uptake, step-wise dynamics with spatially and tem-
porally strongly varying capillary pressure have been observed [16].
Therefore, a square-root over timebehavior is not necessarily true for
wicking in the particular pore space of yarns. Fitting these models
with free parameters would entail pore sizes in an unphysical sub-
nanometer range (see supplementary section).

Another mean to capture transport in porous media is through
pore network models. Despite their simplification, pore network
models can be an effective method to simulate many two-phase
flow phenomena in porous media, e.g. fingering pattern [17],
macroscopic pressure distributions [18] and moisture hysteresis
[19], because they connect pore scale processes with the macro-
scales and can recover the square-root law for homogeneous por-
ous media [20]. The challenge for network models to be an
effective alternative in modeling yarn wicking lays in the identifi-
cation, characterization and eventually approximation of the most
relevant phenomena on both pore- and macroscale, which is still
limited for spontaneous imbibition in yarns.

Thus, the need for experimental documentation at pore scale
has emerged. Parada et al. [21] reviewed experimental techniques
to measure wicking primarily in textiles. Neutron radiography due
to its high sensitivity to hydrogen presents a particularly accurate
method to quantify the time-resolved moisture distribution in por-
ous media [22–24] and was successfully applied to textiles
[14,11,25,26], but its spatial resolution and limitation to two-
dimensional projection still cannot capture the processes on pore
scale. Recent developments in time-resolved synchrotron X-ray
tomographic microscopy (XTM) allow the study of the pore scale
processes during two-phase flow in porous media [27–32]. Due
to the brilliant and high intensity X-ray beam produced by a syn-
2

chrotron source, full microtomographic scans can be acquired in
high frequency effectively providing four-dimensional information
of the liquid movement inside the pore space. Parada et al. [32]
demonstrated the applicability to wicking in yarns. A major leap
in terms of image quality for dynamic XTM was the design and
build of an advanced lens system, presented in reference [33],
finally allowing to capture water wetting in yarn pores in unprece-
dented accuracy in space and time.

The aim of this study is to understand the wicking dynamics in
yarns and its uncommon features by carefully examining the pore
scale processes in textile yarns. Dynamic pore network modeling
(DPNM) allows us to incorporate these two aspects and apply them
to an extrapolated larger yarn domain where this pore information
is not experimentally available. We will discuss how the pore wick-
ing dynamics directly translate to overall yarn wicking dynamics.

The experimental imaging methods to study wicking dynamics
on millimeter scale with accessible pore dynamics and on macro-
scopic centimeter scale are presented. Our previous study [16]
investigated filling processes inside single yarn pores. Here, we
want to focus on the wicking dynamics in an entire yarn as a net-
work of many pores. Wicking in 29 yarn samples is studied with
fast synchrotron X-ray tomography for the millimeter scale and
36 samples by neutron radiography on centimeter scale. Then,
we outline a dynamic pore network model to include the pore
wicking dynamics characteristic for yarns. Analysis of the experi-
mental results provides detailed insight into the yarn wicking
dynamics on the different scales with the most relevant processes
and quantitative input for the model. Finally, the model is com-
pared to the observed wicking dynamics and its applicability and
limitation are discussed. We end with discussion and conclusion
including the need for further research.
2. Methods

2.1. Materials

Circular polyethylene terephthalate filaments, of 55 lm diame-
ter, are surface treated with plasma-enhanced chemical vapor
deposition to ensure constant wettability at a contact angle of
48� with water owing to an ultrathin C:H:O plasma polymer layer
[16]. Bundles of 32 pretreated filaments are twisted under different
tension values (2.5, 10 and 30 mN/tex, where 1 tex = 1 g/1000 m)
in a twist tester to yield yarns of 200 twists per meter (tpm). For
the X-ray tomography, the bundles are threaded into the custom
sample holders before twisting and the applied mechanical state
is preserved by fixing the yarns to the sample holders using glue.
The sample holder consists of two aluminum caps holding the yarn
at both ends of a Kapton tube. The holder is then placed in a cus-
tom aluminum cup that acts as reservoir. A detailed description
of the sample preparation can be found in [16]. A total of 29 sam-
ples was examined with 9, 10 and 10 repeats for the respective
tension values 2.5, 10 and 30 mN/tex. For the neutron radiography,
yarns of 32 filaments are twisted under the same three tensions at
three twists (50, 200 and 500 tpm). In total, 36 samples were stud-
ied of which 22 showed wicking in the following parameter com-
binations: 2x (50 tpm, 2.5 mN/tex), 2x (50 tpm, 10 mN/tex), 9x
(200 tpm, 30 mN/tex), 1x (500 tpm, 2.5 mN/tex), 4x (500 tpm, 10
mN/tex), 4x (500 tpm, 30 mN/tex). The different twisting parame-
ters are motivated by investigating potential induced structural
influences on the wicking dynamics.
2.2. Synchrotron X-ray tomographic microscopy

To measure water wicking in yarns on millimeter scale, time-
resolved tomographic microscopic imaging is performed at the
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tomographic microscopy and coherent radiology experiments
(TOMCAT) beamline of the Swiss Light Source (SLS), Paul Scherrer
Institut, Villigen PSI, Switzerland [34]. The samples are placed on
the rotating stage of the beamline, water is released via a remotely
controlled syringe pump to the reservoir and the data acquisition
started simultaneously. The high brilliance of the X-ray source at
the synchrotron allows obtaining a full tomographic scan per sec-
ond with a voxel size of 2.75 lm at a quality sufficient to detect
reliably the three phases in presence: polymer, water and air.
The possible frequency of acquisition is thus 1 Hz in the field of
view capturing the bottom 3 mm of the sample.

The 3D grayscale voxel data is reconstructed [35] from the
acquired and phase filtered [36] absorption images. The time series
of every slice undergoes a rigid-body registration [37] to allow
postprocessing. The first, dry, scan is segmented into air and poly-
mer by employing the Weka machine learning plug-in [38] for
IMAGEJ (Fiji) [39]. The grayscale time series is then masked for
the pore space as the exclusion of the polymer phase within the
convex hull around the fiber bundles. The transition of a given
voxel in the pore space from air to water is detected as the maxi-
mum gradient of the low pass filtered gray value time series.
Two main analyses are performed from these time series: total vol-
ume of water in the yarn versus time and flux of water versus time.
Also, to analyze pore processes, the pore space is segmented in
pore bodies by a restricted watershed algorithm [40] which are
then masked by the water configuration at the last time step yield-
ing the configuration of water within the pore space versus time,
from which pore scale filling events and waiting time before filling
can be identified. Given the segmented data set, water volume ver-
sus time in the field of view, per pore or per height can be extracted
by counting the number of voxels labeled as water per time step.
Image processing and post-processing are performed using stan-
dard Python libraries (numpy, scikit-image, xarray) in an auto-
mated protocol for all samples without changes. There are no
differences in image quality between samples. Image visualization
is done by employing Avizo.

2.3. Neutron radiography

The neutron radiography data is obtained during the same cam-
paign that concerned wicking in electro-spun membranes and the
experiment is also described therein [41]. To measure water wick-
ing in yarns on centimeter scale, neutron radiography imaging is
performed at the Imaging with COld Neutrons (ICON) [42] beam-
line of the Swiss Spallation Neutron Source (SINQ), PSI, Villigen,
Switzerland. Water uptake is imaged using the same three types
of yarns used in X-ray tomography plus yarns at two additional
twists (50 and 500 tpm). Instead of the sample holders used for
XTM, the yarn samples are mounted side by side and glued in an
aluminum frame allowing eight samples to be measured at once
in the field of view (FOV) of 7x7cm. The frame is then hanged in
our custom setup for neutron radiography. The procedure and
setup also described in detail in [41]. Conceptually, the scattering
of cold neutrons by the hydrogen nuclei of water is exploited to
quantify the moisture content in a sample placed in the neutron
beam, yielding a two-dimensional radiograph. Neutrons transmit-
ted by the sample excite a 20 lmGadox powder scintillator to emit
visible light. The scintillator image is magnified by a macroscope
(Makro-Planar 2/100 ZF.2 T*, Zeiss, Oberkochen, Germany) and
recorded by a 2048x2048 CCD-chip in a camera (iKon-L, Andor,
Belfast, Northern Ireland) as 16bit-grayscale images. The acquisi-
tion is optimized to 20 s illumination time and 33 lm pixel size
to achieve a sufficient signal-to-noise-ratio. To correct for detector
heterogeneities, 5 images are recorded as dark current images with
closed beam shutters prior to the experiment. Then, water is
brought in contact with the yarns by flooding the reservoir and
3

images are recorded until no change in image intensity is detected
(approx. 1 h).

To obtain moisture profiles in yarns, the following image pro-
cessing steps are applied: Firstly, the default median filter in the
Fiji distribution of ImageJ [39] replaces pixel grayvalues deviating
by more than 250 from the median of its surrounding (radius
= 2.5 pixel) with this median. All other proccesing steps are imple-
mented in Python. A 3D-(2 space, 1 time)-Gaussian blur reduces
high frequency noise (r = 0.75 pixel), before subtracting the dark
current error. The Lambert–Beer law (equtaion 2) can be applied
pixel-wise on the dataset to obtain the time-resolved moisture
maps w with water density q = 997 kg/m3 and attenuation coeffi-
cient R = 470 m�1 for the chosen scintillator-camera-combination.
The mean of the initial absorption images of the dry sample is
taken to obtain the reference intensity I0. All acquired absorption
images I are then divided by I0.

Iðx; y; tÞ ¼ I0ðx; yÞe�Rzðx;y;tÞ ð2aÞ
wðx; y; tÞ ¼ qzðx; y; tÞ ð2bÞ

Due to the low signal-to-noise ratio, the yarn moisture profiles are
obtained directly from the filtered absorption signal ratio
pðy; tÞ ¼ Iðy; tÞ=I0ðyÞ profiles. The yarn diameter is approximately
300–400 lm (� 10 pixels). Therefore, in a band of 40 pixels width
certainly encompassing the yarn, the median of the 10 most absorb-
ing pixels per height inside this band (location of the yarn) is taken
to calculate the moisture profiles. This procedure is robust against
slight variations of the yarn orientation. The profile is then
smoothed by a Lowess filter over the height. A 3x3 grid of high neu-
tron absorbing dots is placed in the FOV as a zero reference for scat-
tering correction. However, the reference dots are too few to
interpolate and reproduce the setup specific scattering errors.
Therefore, the correction for the complex errors stemming from
scattering in the reservoir and varying yarn diameter is approxi-
mated by referencing the absorption ratio profiles to the distorted
profile of the dry yarn which would obey under ideal circumstances
pðy; t ¼ 0Þ � 1.

pðy; tÞ ¼ Iðy; tÞ
I0ðyÞ x

ð3aÞ

pcorrðy; tÞ ¼ pðy; tÞ � pðy;0Þ þ 1 ð3bÞ
pcorrðy; tÞ ¼ e�Rzðy;tÞ ð3cÞ

Eqs. (3c) and (2b) can then be used to get the moisture profile in
yarns in kg/m2. Integrating the moisture profile over the yarn width
gives the uptaken water mass.

2.4. Dynamic pore network simulation

A dynamic single phase pore network model (DPNM) is
employed to better understand the interaction of pore scale pro-
cesses with the global yarn pore structure. The network is
extracted from the segmented pore space in the image data and
the simulation runs on an active sub-network, i.e. the inlets, unsat-
urated pores at the waterfront and filled pores behind the front.
The simulation starts from filled inlet pores whose neighbors are
assigned to the initial waterfront. The pressure in the inlets is set
to the atmospheric pressure while the capillary pressure in the
waterfront pores is known with the surface tension c and contact
angle # as

pi ¼
patm; fori 2 inlets
patm þ 2c cos#

ri
; fori 2 waterfront

(
ð4Þ

The pores are approximated as cylindrical tubes whose radii ri are
the equivalent radii of the pores’ median cross-sectional areas and
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whose heights h0i are calculated from the pore volume Vi occupied
by water at the end of acquisition

h0i ¼ Vi

pr2i
ð5Þ

The change of the filling state in the waterfront pores is then calcu-
lated after solving the pressures and corresponding fluxes consider-
ing conservation of masses by

_hipr2i ¼ qi ¼ �
X
j

gij pj � pi

� � ð6Þ

where the corresponding Hagen-Poiseuille conductivity gij of the
links is

gij ¼
4ghiðtÞ
pr4i

þ 4ghjðtÞ
pr4j

 !�1

ð7Þ

A pore that reaches its saturation height h0 is removed from the
waterfront, assigned to the filled pores and its empty neighbors
are added as waterfront pores after a waiting time to the new
waterfront. The waiting time takes into account the process of the
meniscus passing through a pore-to-pore transition in real porous
media during spontaneous imbibition. Here, the waiting times are
determined empirically by direct analysis of the time-resolved
image data and described in the experimental results section. The
conductivity matrix gij and waterfront pressures are updated to cal-
culate the pore pressures at the next time step.

As a result, the model is essentially a variant of the classic
single-phase dynamic pore network model of steady flow, e.g.
[43,44], with the addition of a moving waterfront and running on
a sub-network of active pores determined by the pore filling state
and an empirical waiting time. Potentially, edge effects can limit
the applicability of the DPNM because water continues to rise in
the experiment outside of the FOV while the yarn inside the FOV
is not yet saturated. In the model, water can only advance inside
the provided pore network, but not beyond. The description of
the DPNM is extended in the supplementary material. The model
is implemented in Python using numpy.

3. Results

The results section contains the most important findings. Addi-
tional supportive, yet optional for the analysis, information is
found in the supplementary material section.

3.1. Static XTM and network structure

The 29 segmented tomographs are postprocessed to document
their pore systems. Fig. 1 shows the fibrous structure obtained
from XTM (Fig. 1b) next to scanning electron microscopy image
(Fig. 1a) and the extracted pores (Fig. 1c,d). Generally, pore geome-
tries are long (0.1–3 mm) and narrow (0.0001–0.003 mm2) [16].
The pore object labels in Fig. 1c,d) are obtained by applying a
restricted watershed algorithm [40] on the convex hull around
the segmented fibers [16]. The pore network is then created by
establishing a link between pore objects that are in contact, i.e.
when differently labeled pixels are in contact in the image data.
The obtained network of connected pores yields topological infor-
mation on the numbers of pores, connectivity and edge between-
ness centrality. The networks are small with less than 100 nodes
on average in the field of view (FOV). For most pores, the connec-
tivity is small with the distribution peaking at three connected
neighbors. High values rapidly become less probable, but can count
up to 20 neighbors for some pores. It is difficult to judge if not spu-
rious pixels, either image or pore segmentation errors, have been
4

falsely labeled as separate pores and are yielding those few high
values. Edge betweenness centrality is an additional measure for
the network connectivity and hierarchy; it counts the number of
shortest paths between any two nodes that go through a certain
link. Higher values for links between pores indicate that they are
included in more shortest paths between any pair of nodes.
Removing such links increases the probability to split the network
into separate clusters [45]. Newman and Girvan [46] refined the
evaluation of high centrality links by iteratively removing the link
with highest centrality (most valuable edge, MVE) and recalculat-
ing the centralities of the remaining network. We define the edge
betweenness centrality as the maximum of the edge betweenness
centrality after removing five times the MVE. While breaking up
the algorithm after five iterations is purely arbitrary, we find that
most networks haven fallen apart by then and the subsequently
obtained centrality measures show no relation to the flow dynam-
ics. Links with high edge betweenness centrality act as hubs and
are of crucial importance for the network navigability. Some links
have a centrality approaching 0.5 indicating that half of the short-
est paths run through this link. While our earlier work [16] is con-
cerned about the processes inside the pores themselves, the main
interest here is wicking in the entire network of pores. The poros-
ity, defined as the void fraction of the volume delimited by the con-
vex hull around the dry fibers, is presented in Fig. 2a) for all
samples. Most samples, regardless of their tension, have a porosity
of roughly 0.3. Porosity decreases slightly and shows less spread
with higher tension. Fig. 2b) shows the pore volume distributions
per applied tension value as obtained from the pore segmentation.
The pore volume distribution are similar where the samples with
10 mN/tex show a little higher prevalence for medium sized pores
(� 10�5 mm3). However, due the high geometrical anisotropy with
pores stretching across the entire FOV and since mostly less than
100 pores are captured per sample, there is no guarantee that
the pore volume distributions and porosities are statistically repre-
sentative for the yarn at a length of more than a few millimeters.
Overall, the tested variation of tension values appears to have little
influence on typical macroscopic pore characteristics.

3.2. Dynamic XTM and neutron radiography

Visual inspection of the image data showed no signs of fiber
movement and evaporation effects are found to be negligible in a
first order analysis at least for the early stage of the measurement
given the compact yarn structure. The amount of uptaken water
versus time is presented in Fig. 3 for all measurements that showed
wicking during the XTM experiments. Not shown are samples and
runs that did not wick at all, this includes equally many samples of
each tension value and even repeats of the same sample. Most
notable is the wide spread of the dynamic uptake behavior
between all samples regardless of their mechanical state. The vari-
ability between repeats of the same tension is larger than among
tension values. No obvious connection can be drawn from the
minor differences in macroscopic pore properties (Fig. 2) and the
high variability of uptake dynamics (Fig. 3). All clearly deviate from
the square-root behavior. Attempting to fit the mean uptake curve
to Washburn’s law (8) results in an unreasonable hydraulic radius r
of 138 pm. Beyond the spread of individual uptake curves, wicking
dynamics in yarns are too slow to be explained by (8).

VðtÞ ¼ AhðtÞ ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rc cos#t

2g

s
ð8Þ

V is the uptaken water volume, A the porous cross section area,
h the uptake height, c the surface tension of water in air, # the con-
tact angle of water on the solid PET and g the dynamic viscosity of
water.



Fig. 1. (a) Scanning electron microscopy of assembled yarn. 3.3 mm high, three-dimensional orthographic visualization of dry XTM-data: (b) fibers, (c) extracted pores, (d) cut
with fibers and pores. Sample: 10 mN/tex 10/III.

Fig. 2. (a) Porosity versus tension for all samples. (b) Pore volume distribution per tension value.
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In several samples, especially those twisted under low tension
(2.5 mN/tex, black), water rises significantly only after a waiting
time in the order of minutes. Not only the dynamics, but also the
total final amount of water greatly differs across samples. How-
ever, all samples display a step-wise uptake. This step-wise behav-
ior is examined in detail. Fig. 4 displays the water configuration for
selected time steps, where colors denote the arrival time of water
at the given location. The entire time series is presented in supple-
mentary movie 1. Already at an early stage (Fig. 4a), thin corner
films can be observed with water present over the total height of
the three yarns and is likely continuing to rise above the FOV.
The steps observed in Fig. 3 do not manifest themselves as step-
wise advancing saturation front along the height direction, but
rather as filling of large sub-volumes seemingly arbitrarily dis-
tributed along the yarn length. Water content increases in different
limited yarn segments in rapid, almost simultaneous filling events.
5

Due to the characteristic shape of yarn pores, water can be easily
transported in yarn direction quickly reaching the top of the FOV
(Fig. 4b,c,d). The horizontal flow between these pores is hindered
and a large unsaturated zone is created by preferential vertical
flow in a network of pores (Fig. 4e,f). Late filling events can also
happen in the center of the FOV (Fig. 4g,h). The yarn pore structure
is open to the surrounding leaving open paths for air and no air
entrapment is observed. XTM is limited to a field of view of a
few millimeters, but neutron radiography allows obtaining the
moisture profile of the entire yarn. Fig. 5 compares the moisture
profile evolution of a short (3.3 mm) yarn section as obtained by
XTM to the profile of the entire yarn of 40 mm measured with
NR. If it were possible to perform XTM and NR on the same sample,
the entire XTM-profile would correspond to the first 3.3 mm of the
NR-profile. Overall, the final moisture profile of the whole yarn is
characterized by a saturated zone of uniform moisture content



Fig. 3. Total water volume in XTM FOV versus time. Black, red and blue represent yarn samples spun under applied tension of 2.5, 10, and 30 mN/tex.

Fig. 4. Orthographic 3D-Visualization of water in yarn over time highlighting the water configuration before and after high flux peaks. Water arrival is given as color with the
colorbar as reference. Sample: 7/III 10 mN/tex. The displayed height is 3.3 mm. Also shown in supplementary movie 1.
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approximately 10 mm from the bottom and an unsaturated zone
with decreasing moisture content with increasing height until a
height of approximately 30 mm where potentially present water
content can no longer be distinguished from noise. Looking at
the dynamics, similarly to what is observed on millimeter scale
(Fig. 5a), water advances over large distances up to centimeters
in sub-volumes without saturating the yarn, resulting in the mois-
ture profile evolution in Fig. 5b. The unsteady spacing and shape of
the subsequent profiles in Fig. 5a) are also seen in Fig. 5b), e.g. at
height 15 mm, with similar profiles for sustained periods of time
and drastic changes of profile shape over time.
6

This data corroborates that the transport occurs in a series of
bursts although only the most prominent burst can be resolved
on the scale of the NR experiment. The described step-wise uptake
behavior is not limited to negligible local processes, but character-
istic for this porous medium as it can be observed not only on sub-
millimeter but also on macroscopic centimeter scale. The total
uptaken water mass obtained from the neutron radiographs is
shown in Fig. 6. Due to the limited spatial and temporal resolution
of these measurements, only the prominent steps can be resolved
on this scale. Also on centimeter scale, the variability between
measurements of the same yarn variable is far greater than



Fig. 5. (a) exemplary moisture profile obtained by XTM (sample 2.5 mN/tex 3/III) compared to (b) a moisture profile obtained by NR (sample 30 mN/tex, 200 tpm, yarn 5).

Fig. 6. Total uptaken mass over time in yarns measured with neutron radiography.
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between different yarn variables. The tested yarn variables appear
to be too similar to have any substantial influence on the wicking
dynamics. The irregular yarn wicking dynamics measured by NR
are directly influenced by pore filling processes observed by XTM
and the dynamic pore scale behavior is further analyzed. In oppo-
sition to the overall slow, minute-long and step-wise wicking pro-
cess in the full yarn, capillary rise in one pore happens mostly as
one smooth and fast transition from dry to wet in the order of sec-
onds. These transitions are detected as peaks in the per pore vol-
ume flux curve. As in our previous work on the pore dynamics
[16], a peak is defined as any local flux maximum that is at least
7 s away from the next higher peak (temporal resolution), has a
prominence of at least 75 voxel=s � 1:6 � 10�6 mm3=s and exceeds
150 voxel=s � 3:1 � 10�6 mm3=s. The water volume versus time
transition itself is best fitted as sigmoidal transition (equation
9a) to the pore water volume over time giving generally good
agreement as indicated by R2 close to one for most pores. The
few instances of R2 ¼ 0 are mostly pores that remain empty or con-
7

tain image processing artifacts. Super-posing all the per pore body
sigmoidal fillings (equation 9) by VyarnðtÞ ¼

P
kVkðtÞ recovers clo-

sely the uptake process in the full yarn (Figs. 7). Wicking in the
studied yarns is therefore a series of rapid pore filling events where
the most relevant parameter is the moment of filling (t0k in equa-
tion 9)) and ak the finally uptake volume in m3 of each pore. The
shape factor bk has the unit s�1 and is related to the slope at
t ¼ t0k as seen by first order Taylor approximation (equation 9b).
akbk has consequentially the units of a flow rate m3s�1. However,
bk is less relevant in view of the almost instantaneous pore filling
compared to the slower yarn wicking dynamics.

VkðtÞ ¼ ak

1þ e�bkðt�t0kÞ
ð9aÞ

VkðtÞ � ak
1
2
þ bkðt � t0kÞ

4

� �
ð9bÞ

While the pore filling is fast, there can be a substantial time interval
before the filling of the next pore begins. This waiting interval can



Fig. 7. Total XTM experimental uptake in black and fit of super-posed sigmoidal per-pore filing events (red) for a representative yarn sample (2.5 mN/tex 3/III). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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occur between two pores or in few cases within the same pore and
is measured as the distance between peaks. The duration of these
waiting times spreads over two orders of magnitudes with maximal
values in the range of 1000 s.
3.3. Semi-empirical dynamic pore network model

The experimental data with the good fit as superposed per-pore
sigmoidal transitions indicates that wicking in yarns happens as
propagation through a sparse (low connectivity) network of long
and narrow pores with waiting times between propagation steps.
This behavior is simulated by the semi-empirical network
described in Section 2.4. Suggested by the high variability of the
experimental results, the DPNM simulation is repeated 512 times
with stochastic parameter input. For each run, a sample is ran-
domly chosen from the experimental data set. Each sample has a
pore network extracted from the image data and a waiting time
distribution. For each run, two pores are randomly selected as
inlets and random waiting times are assigned to all pores accord-
ing to the given waiting time probability distribution. The inlet
resistance is estimated to 4�1017 Pa s/m3 based on our previous
study [16]. While the time instant of pore filling is the most rele-
vant parameter, the correct calculation of the pore filling rate itself
by the DPNM is still necessary because there are few slow pore fill-
ing events that are in the range of the inter-pore filling waiting
times.

Given this input, the yarn water uptake simulation statistics are
compared to the experiments in Fig. 8. The supplementary material
section contains an extended overview of the simulation results.
Selected simulation runs show uptake characteristics comparable
to the different experimental samples. The step-wise dynamics
are recovered, arguably more pronounced in the simulation than
in the slightly smoother experimental curves with more round
edges. The reason for that can be twofold. Firstly, the limited tem-
poral resolution of the experiment can blur sharp water volume
changes that are resolved in the DPNM as demonstrated with the
experimental cutoff for the maximal detectable pore flux. Sec-
ondly, the approximations in the pore network model that simpli-
fies experimental low fluxes like corner flows (e.g. Fig. 4a), small
water interface re-configurations [16] and multiple filling steps
per pore and amalgamates them into one pore-to-pore transition
8

waiting time with a complete arrest of the water with no flux
result in a more pronounced step-wise behavior.

A substantial number of simulation runs does not reach satura-
tion due to assigned waiting times delaying the activation of pore
fillings until after the investigated time interval. This falls in line
with the experimental observation where some samples are not
reaching saturation during the acquisition time. Overall, the model
captures the experimentally observed wicking dynamics in yarns
by a comparable mean uptake curve and similar uncertainty
(Fig. 8a). While every experimental repeat and simulation run
shows a very distinct uptake curve, the average uptake dynamics
including its variance can be recovered. The model also captures
well the extremes of almost instantaneous uptake and virtually
no water wicking. The qualitative and quantitative similarity of
the moisture profile evolution on millimeter (XTM) and centimeter
scale (NR) in the limit of the lower spatial and temporal resolution
of NR encourages the upscaling of the current DPNM on mm scale
to yarn on macroscale (cm) using the empirical pore scale informa-
tion. To obtain a network representing a yarn of 3.3 cm length, 10
networks are randomly chosen among the different yarns of the
XTM data set, stacked and stitched by aggregating the pores found
in the top and respectively bottom tomographic slice (Fig. 8b,c). As
before, two random inlets are chosen in the lowest network and
random waiting times are assigned based on the experimental
waiting time distribution corresponding to the yarn selected for
the lowest network. Fig. 8d) compares the uptake curves for yarns
by NR and 64 simulation runs on the extrapolated centimeter scale.
The mean uptake with its standard deviation is plotted for both
experiment and simulation for the predominant acquisition period
of 45 min. A good quantitative match and similar uptake dynamics
are achieved for both individual and mean uptake curves. In few
cases, a rapid initial filling is observed experimentally on millime-
ter and centimeter scales. The model fails to capture this behavior
in the same strong manner on both scales leading to a slower mean
uptake curve at early times for the simulation compared to the
experiments.
4. Discussion

Time resolved three-dimensional imaging reveals the particular
pore space of yarns and pore network structure. The temporal



Fig. 8. (a) Statistical comparison of experiment (black) to simulation (red) at the size of the XTM FOV. (b) display of pore network, (c) 10x stacked network for up-scaling (d)
comparison of up-scaled DPNM to NR experiments. The solid lines are the average uptake curves. The gray and red areas outline the standard deviations of the mean curves.
The dashed lines depict the maxima and minima found.
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information of water distribution shows that the network of long
and narrow pores promotes an irregular wicking behavior with
preferential flow along the yarn axis advancing water far ahead
before eventually saturating the pore space behind the water fur-
thest ahead. The consequence is a long unsaturated zone instead
of a sharp waterfront observed typically for spontaneous imbibi-
tion in porous media. The pore structure also affects the dynamics
of the capillary rise. While pore filling events are fast and move up
large amounts of water into the slender pores, the pore to pore
transition can take a long time. We have studied the origins of the-
ses waiting times in our previous study [16]. An unfavorable free
energy evolution leads to very slow wicking fluxes inside quasi-
equilibria resulting in waiting times between rapid pore filling
events. Effectively, the capillary pressure that moves the liquid
interfaces depends on the, potentially vanishing, balance of creat-
ing water/air interface that requires work and wetting solid sur-
face, which provides energy. The question is not conclusively
solved, but there are strong indications that the waiting times fol-
low a common and reliable stochastic distribution. The horizontal
connectivity, i.e. connection between pores at the same height, is
low and the availability of alternative network percolation paths
is limited as denoted by the generally low pore connectivity and
betweenness centrality. Additionally, the yarn geometry and con-
nectivity is anisotropic leading to preferred paths in the direction
of the yarn axis.

Consequently, wicking in yarns is the propagation of water
through a sparse network in a series of steps and voids the assump-
tion necessary to apply Washburn’s law with one representative
hydraulic radius. The per-pore sigmoidal fits demonstrate by clo-
sely recovering the macroscopic wicking dynamics that this net-
work propagation corresponds to two step types: fast filling of
pores (node transitions) and slow pore-to-pore transitions at links.
It is necessary to consider the pore scale processes and their inter-
play in the pore network to understand the anomalous macro-
scopic dynamics deviating from the expected square-root law.
The two experimentally observed network propagation step types
are incorporated in our pore network model. The pores are approx-
imated as tube segments for which the flow conductivity can be
analytically solved and the dynamic pressure field in the pore net-
9

work be obtained as balance between capillary action at the front
pores and pore network flow resistance by the dynamic pore net-
work model (DPNM). The origin of the waiting time for water tran-
sitions between neighboring pores is part of ongoing research and
related to variable capillary pressure [16]. There is currently no
consistent understanding for this transition waiting time and the
experimentally obtained distribution is used as an empirical input
for the model.

In both, experiment and simulation, it is found that the fast pore
filling events determine the amount of uptaken water, but are less
important, while not entirely negligible, for the macroscopic wick-
ing dynamics in view of the long waiting times at links between
pores. The wicking dynamics are determined by the sequence of
these pore to pore transitions and corresponding waiting times
while the water navigates through a sparse pore network. Due to
the limited number of alternative paths in the sparse pore network,
long waiting times at certain links have a determining impact on
the macroscopic dynamics. Subtle changes in the pore structure
and water interface evolution can have a huge impact on the
macroscopic wicking dynamics leading to the enormous variability
of observed wicking dynamics. This can include almost instanta-
neous water uptake or none at all.

The model cannot directly predict the capillary uptake in single
yarns but reproduces qualitatively the experimental dynamics and
quantitatively in the statistically expected range for the investi-
gated set of yarns. Due to the necessary experimental input to
the model, the applicability is currently limited to the yarns pre-
pared and tested for this study. The model gives a good match on
the centimeter scale with using the millimeter scale XTM-data as
model input. The extrapolation of the network model from mil-
limeter to centimeter scale recovers the uptake dynamics observed
on centimeter scale with NR. This shows that by understanding the
pore scale processes and their interplay with the pore network
topology in a small part of the pore space, the macroscopic wicking
dynamics can be understood even if they show anomalous behav-
ior. The DPNM additionally allows us to understand the stochastic
nature of wicking dynamics in yarns macroscopically and provides
a good approximation of the pore filling processes microscopically.
Previous models that assume piston-like uptake with invariable
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capillary pressure cannot capture the characteristic wicking
dynamics and fitting the proposed equations leads to unrealistic
pore geometry parameter (see supplementary material). The
DPNM without considering the waiting times corresponds to the
current employment of pore network models and neither can cap-
ture the experimental wicking dynamics.

We refrain from further extrapolation of our modified DPNM
without a solid model predicting the evolution of the waiting time
distribution and without consideration of gravity for larger wicking
heights. The DPNM, however, has all the ingredients to include a
viscous dissipation dependent waiting time model and gravita-
tional effects in the future.

We did not observe whether macroscopic parameters describ-
ing the mechanical state (tension) of the yarn significantly trans-
late into effective wicking parameters. There appears to be a
non-trivial dependency of the yarn’s mechanical state, pore net-
work topology and the filling sequence. There is research potential
to estimate the waiting time distribution based on yarn pore struc-
ture and flow resistance.
5. Conclusion

Fast X-ray tomographic microscopy is employed to capture the
wicking dynamics in polyester filament yarns on inter-filament
pore level and compared to macroscopic moisture distribution
obtained by neutron radiography. Instead of a sharp waterfront
advancing, wicking in yarns happens as series of bursts corre-
sponding to the filling of long and narrow pores between the fibers
resulting in a long unsaturated zone on the centimeter scale.
Lucas-Washburn [1,2,6,8] and Darcy [14,15] type models of wick-
ing deserve merit for their applicability to many porous media,
but are unable to capture the wicking dynamics in yarns.

The dynamics of wicking in yarns is explained as a sparse net-
work propagation with fast pore filling events and slow pore to
pore transitions. Due to the small number of pores, the transitions
can dominate the macroscopic wicking behavior if they link other-
wise disconnected parts of the pore network by delaying the over-
all water uptake.

As a consequence of the stochastic nature of these delays, the
variance of uptake behavior is high and can differ in the range of
tens of minutes for identically prepared yarns in the presented
experimental setup. The rapid pore filling is found to occur in all
samples and to be characteristic for twisted filament yarns which
can be demonstrated by the effective fit using a super-position of
per-pore sigmoidal transitions. A new semi-empirical pore net-
work model is developed to consider both the stochastic pore scale
processes and the influence of the inter-filament pore network
topology. Different to previous dynamic pore network models
(DPNM) [18,43,47–50], we consider a stochastic empirical pore-
to-pore transition waiting time that is not considered by typical
pore scale approximations in DPNM. The pore network model cap-
tures the statistics of the experimentally observed wicking dynam-
ics in yarns in the range of the presented experimental setting.
Future work can include informing a DPNMwith direct simulation,
e.g. Lattice Boltzmann Method, on pore scale to directly predict the
pore-to-pore transition waiting times. Eventually, with further
research, the goal will be to create a virtual pore network from sta-
tistical yarn characteristics for practical applications without the
need for extensive experimental work.
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