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8 ABSTRACT: Understanding the penetration of liquids within textile
9 fibers is critical for the development of next-generation smart textiles.
10 Despite substantial research on liquid penetration in the plane of the
11 textile, little is known about how the liquid penetrates in the thickness
12 direction. Here we report a time-resolved high-resolution X-ray
13 measurement of the motion of the liquid−air interface within a single
14 layer textile, as the liquid is transported across the textile thickness
15 following the deposition of a droplet. The measurement of the time-
16 dependent position of the liquid meniscus is made possible by the use
17 of ultrahigh viscosity liquids (dynamic viscosity from 105 to 2.5 × 106

18 larger than that of water). This approach enables imaging due to the
19 slow penetration kinetics. Imaging results suggest a three-stage
20 penetration process with each stage being associated with one of the
21 three types of capillary channels existing in the textile geometry,
22 providing insights into the effect of the textile structure on the path of the three-dimensional liquid meniscus. One dimensional
23 kinetics studies show that our data for the transverse penetration depth ΔxL vs time do not conform to a power law, and that the
24 measured rate of penetration for long times is smaller than that predicted by Lucas−Washburn kinetics, challenging commonly
25 held assumptions regarding the validity of power laws when applied to relatively thin textiles.

26 ■ INTRODUCTION

27 The prediction of liquid transport in textiles plays an important
28 role in many applications, from the design of liquid repellent
29 textiles for skin protection,1,2 to the development of resin
30 impregnation methodologies,3,4 and the manufacturing of
31 textiles with improved wearability.5,6 Classical problems in
32 this field are the prediction of wicking rates in experiments
33 where the textiles are put in contact with large liquid volumes,7

34 the analysis of the liquid distribution due to moisture
35 condensation,8 and the prediction of in-plane and transplanar
36 liquid transport following drop deposition.9,10 In this paper, we
37 focus on the last problem.
38 The process of liquid wicking in a textile when a drop is
39 deposited on its surface can be conceptually described as
40 composed of two stages, namely, transplanar penetration (also
41 called transplanar uptake11 or transplanar wicking5,12) and in-
42 plane spreading.13 The first stage refers to liquid transport
43 normal to the plane of the textile, and occurs temporally before
44 in-plane spreading (although the two mechanisms can be
45 simultaneous in the early stages of spreading). While substantial
46 knowledge has been accumulated in understanding issues of in-
47 plane transport,7,9,14−20 investigations on the mechanisms of
48 transplanar transport are scarce.5,11,12 Transplanar penetration
49 is a relatively fast process,21 and is therefore often neglected
50 when examining the long-time behavior of the liquid.

51In the case of single layer textiles, spontaneous transplanar
52liquid penetration (i.e., with no imposed pressure on the liquid)
53has so far been limited to approximate measurements with the
54so-called “demand wettability” method.11 In this method, the
55fabrics are placed horizontally directly in contact with either a
56large tank of liquid, or a thin paper fully saturated by liquid.
57The liquid uptake is recorded by measuring the weight loss of
58the liquid source with a microbalance. In refs 11 and 12, the
59mass of absorbed liquid was reported to vary approximately
60linearly with time, and then saturate to a constant value. The
61demand wettability method does not provide data that can aid
62the analysis of microscopic transport mechanisms.
63For multilayer textiles, Bencsik et al.22 employed Nuclear
64Magnetic Resonance (NMR) to visualize the oil distribution in
65a three-layer textile as a function of an applied compressive
66load. The volume of oil in the textile was analyzed as a function
67of the coordinate normal to the plane of the textile for different
68compressive loads. The three-dimensional distribution of the
69liquid within the textile was not considered. It should be
70emphasized that liquid penetration driven by a pressure
71gradient follows a different dynamic from the liquid penetration
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72 driven by a capillary pressure. Transplanar wicking in a two-
73 layer knitted textile from a reservoir of liquid being
74 continuously supplied to the textile via a capillary tube was
75 studied by Birrfelder et al.5 using X-ray radiography. Two-
76 dimensional cross sections of the textile were presented
77 showing the liquid front in both layers. A mechanism of liquid
78 transport was proposed whereby intrayarn pores were
79 responsible for transplanar penetration of liquid within one
80 layer while large interyarn pores were associated with layer-to-
81 layer transport. However, the paper did not present quantitative
82 information on the motion of the liquid front. Transplanar
83 wicking in a three-layer textile from a reservoir of liquid was
84 studied using X-ray radiography by Rossi et al.23 The water
85 distribution in the textile was characterized by the attenuation
86 intensity of the X-rays. The work focused on the amount of
87 water being absorbed by individual layers. No description of
88 microscopic transport was attempted. X-ray tomography was
89 used by Weder et al.24 to investigate transplanar wicking in a
90 four-layer woven textile. Water distribution as a function of the
91 thickness of the material was presented. This paper focused
92 primarily on monitoring the amount of liquid in each layer over
93 time rather than observing the liquid front movement. The
94 spatial resolution was relatively coarse, with pixel sizes of about
95 70 μm.
96 Data for transplanar liquid penetration is available for
97 relatively thin porous media other than textiles. Bayramli and
98 Powell studied transplanar penetration in carbon fiber tows.25 A
99 carbon fiber tow is geometrically similar to a textile yarn, as it is
100 formed by concentric layers of packed carbon fibers oriented
101 along the tow axis. The liquid penetration depth normal to the
102 fibers was measured by examining the weight of the wet tow,
103 and found to be proportional to the square root of time, as
104 expected from the Lucas-Washburn kinetics.16 Data on
105 transplanar liquid penetration across paper is available in the
106 publication from Karppinen et al.,26 where the transplanar
107 transport due to the deposition of a droplet was analyzed. The
108 authors measured the intensity of diffuse light reflection from
109 the paper. The light reflection curve showed a monotonic
110 decrease with time and an asymptotic plateau. The penetration
111 depth was not characterized and no attempt to model the data
112 was made. A simulation of drop penetration in a paper layer of
113 thickness larger than the drop diameter was carried out by
114 Hyval̈uoma et al.27 The transplanar liquid penetration depth
115 was found to be much smaller than the prediction by the
116 Lucas−Washburn law. Although the structure of paper has
117 some similarity to that of a textile, paper lacks the hierarchy of
118 pore scales that characterizes the structure of textiles. In
119 particular, paper is characterized by a marked scale separation
120 between the size of the largest pores in the porous structure
121 and the thickness of the paper layer. Such separation of scales is
122 not ensured in textiles, which have relatively large pores.
123 The issue of scale separation also relates to the distinction
124 between single and multilayer textiles. A sufficiently thick
125 multilayer textile can be considered a bulk, three-dimensional
126 porous medium sample. It is therefore expected that the long
127 time capillary wicking behavior for liquid penetration in a thick
128 textile follows continuum theories, in contrast for a single layer
129 textile, the time taken for the fluid to cross the textile thickness
130 may not be enough time for an asymptotic behavior to be
131 established.
132 From the point of view of the development of theoretical
133 models, there is large uncertainty regarding the three-
134 dimensional distribution of liquid within porous layers when

135a drop is placed on them. The theoretical model of Patnaik et
136al.17 for liquid penetration in a single layer textile assumes that
137transplanar penetration occurs uniformly under the droplet, and
138that the liquid front is planar. In contrast, the model of Starov
139et al.,28 developed to analyze liquid penetration in millimetric
140glass and metal filters, assumes that the advancing liquid front
141inside the material is approximately hemispherical. In these
142studies the microscopic, three-dimensional distribution of the
143liquid is not analyzed, and a continuum approach is taken. The
144model of Gillespie for spreading in paper14 neglects the initial
145stage of transplanar penetration. The lack of experimental data
146that could aid the development of theoretical models is one of
147the main motivations for the current work.
148Experimental challenges in measuring transport by nuclear
149magnetic resonance, neutron radiography, and X-ray computed
150tomography (XCT) include loss of signal over long
151experimental duration and insufficient spatial and temporal
152resolution. Measuring transplanar liquid transport is particularly
153challenging, as for low viscosity liquids the time scale of liquid
154penetration across the textile layer is small (the required time
155resolution for water is typically below 0.1 s21).
156In this paper, to overcome time resolution limitations, we use
157silicone fluids with ultrahigh viscosities to slow down the
158penetration kinetics and enable time-resolved XCT imaging. In
159contrast to all previous work on single-layer textiles, and most
160work on multilayer textiles, we report the three-dimensional,
161microscopic distribution of the liquid within the textile, and
162discuss potential transport mechanisms that account for the
163multiscale structure of the textile.

164■ MATERIALS AND METHODS
165High viscosity silicone oils (100% polydimethylsiloxane) were used to
166achieve direct imaging of the transplanar penetration. The viscosities
167are η = 97 Pa·s (Sigma-Aldrich) and η = 2.4 × 103 Pa·s (Clearco
168Products). Both oils are nonvolatile at room temperature. The oil_-air
169interfacial tension is reported by the companies to be in the range of
17019−21 mN · m−1. PDMS displays shear thinning behavior at
171sufficiently large values of the shear rate.29 In our case, because of
172the relatively small shear rate values characteristic of flow within the

173
textile (we estimate γ ̇ ∼ ≅ −γ

μ
−1 10 s

d
1), non-Newtonian effects are

174neglected in the analysis.
175The plain woven textiles are produced by yarns in two orientations
176aligned at 90° to one another. Fibers in the yarns are cotton and
177polyester mixed at a ratio of 19:13 (95% cotton).The typical
178dimensions of the textile are thickness h ∼ 300 μm; interyarn pore
179size 150 × 20 μm2, interfiber pore size di ∼ 3 μm, fiber diameter d ∼
18010 μm.
181For the sample preparation, t he textile is cut into square sections
182with an approximate side length of 5 mm and mounted vertically on a
183standard XCT bin using adhesive. Due to the extremely high viscosity,
184small amounts of both oils are manipulated with needles to form
185droplets and carefully transferred to the sample surface. The droplet
186height is on the same order of magnitude as the textile thickness.
187XCT was carried out only with the highest viscosity liquid (η = 2.4
188× 103 Pa·s) using an X-ray microscope (520 Versa, Carl Zeiss, USA),
189 f1illustrated in Figure 1. A 2.6 μm isotropic voxel size was achieved from
190imaging samples using a total of 601 projections across 360° of sample
191rotation. Each projection was collected using a 0.5 s exposure time.
192The obtained 2D projections were reconstructed to a 3D volume using
193a filtered back projection algorithm implemented in the manufacturer’s
194software. A standard Shepp−Logan filter, Gaussian filter (strength of
1950.5), and beam hardening correction (strength of 0.05) were applied
196to the projections. The imaging conditions allowed the shortest
197imaging time possible while maintaining a relatively high spatial
198resolution. The 70 min experimental duration allowed the collection of
199three tomography scans.
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200 Radiography images were obtained by X-ray beam transmission
201 along the y axis and through the sample to the detector as indicated in
202 Figure 1. The radiography projections offer a superimposed view of all
203 the xz planes along the y axis, thus enabling real-time monitoring of
204 the liquid front within the textile. Pixel size, number of projections,
205 exposure time, and waiting time between projections were set to 1.296
206 μm, 1200, 4 s and 1 s, respectively.
207 The shift of the X-ray intensity profiles at successive times shows
208 the displacement of the spatially averaged advancing liquid front in the
209 textile in the x direction. To compute the displacement, intensity
210 threshold values 115, 120, 122, 125, and 126 were selected. For each
211 threshold value, the displacement ΔxL is calculated using the equation:
212 ΔxL = xt − x0, where xt is the coordinate of the advancing liquid front
213 at t and x0 is the initial coordinate of the liquid front at t = 0 s.
214 The obtained XCT slices from the resulting three-dimensional
215 reconstruction is segmented into liquid and textile (including
216 background) phases by machine learning-based segmentation (Weka,
217 3.9.0, ImageJ, U.S. National Institutes of Health, Bethesda, MD) to
218 render the liquid distribution in the textile more evident. By coloring
219 the liquid, air, and textile phase red, green, and purple, respectively, in
220 the segmentation results, we are able to clearly visualize the time-
221 evolved liquid distribution in the textile. In addition, when only the
222 liquid phase needs to be presented, the liquid phase is shown in black
223 while the textile and air phases are shown in white for a good contrast.
224 To classify image points as belonging to textile, air, or liquid we use
225 a Weka learning scheme,30 as implemented in ImageJ. Briefly, the
226 Weka learning scheme is based on applying a series of filters, such as
227 edge detectors (Laplacian and Sobel, Gabor, etc.) texture filters
228 (minimum, maximum, median, entropy, etc.) and noise reduction
229 filters (Gaussian, Kuwahara, Lipschitz, etc.) to an original image. The
230 filtered images form an “image pipeline”, representing different image
231 features. Pixel samples are manually labeled in the original image and
232 subsequently the labels will be applied to the corresponding pixels
233 from the images in the pipeline. The pixel values will then give a range
234 for the liquid, air, and textile phase which are then used as training sets
235 to make a classifier. Applying the classifier to images to be segmented
236 will classify the pixels automatically and then present the liquid, air,
237 and textile phase in different colors.

238 ■ RESULTS AND DISCUSSION
239 Our sample is characterized by an ordered multiscale structure

f2 240 whose main geometric features are illustrated in Figure 2. The
241 interfiber pores are the smallest pores within the textile. The
242 textile is formed by relatively thick (diameter ∼ 100 μm) yarns
243 disposed in a meshlike arrangement. Each yarn is composed of
244 small diameter fibers (diameter ∼ 10 μm) twisted around the
245 yarn’s central axis. In the following text, we will denote the
246 relatively large (linear dimension ∼ 100 μm) pores of the textile
247 as interyarn pores.
248 The shape of the center line of each yarn in the out-of-plane
249 direction is sinusoidal. Each yarn first passes above a
250 perpendicular row of yarns and then below the successive
251 one. This arrangement yields a saddle-shaped contact region,
252 whose projection on the y−z plane is indicated in Figure 2 by a
253 dark, dashed region. Because of the irregular surface of each
254 yarn, the contact region has a finite maximum thickness of

255roughly 10 μm (which in turn is of the order of the fiber size).
256The interfiber pores, i.e., the small interstices within the yarns,
257have a typical diameter of about 3 μm. This is slightly smaller
258than each fiber diameter. We have examined the diameters of
259the capillary pores and of the fibers in the XCT images by
260averaging over 15 fibers for each diameter value reported.
261 f3Figure 3 shows front (yz) and side (xz) views of the droplet
262outside of the textile. The droplet spreads laterally while

263simultaneously penetrating in the normal direction. The motion
264of the air−liquid−solid contact line is relatively slow, and is
265hindered by the large out-of-plane roughness of the textile
266(which results from the wavy shape of the yarns) as well as by
267the presence of fibers that “stick” out of plane, piercing the
268droplet. Out-of-plane fibers constitute unavoidable structural
269features that are due to the rupture of fiber bundles. This
270rupture is the result of the weaving process or the repeated
271manual handling of the textile sample. The front view in Figure
2723 shows that the shape of the droplet projected onto the yz
273plane is approximately circular for t = 25 min. At later times, the
274projection of the contact line onto the yz plane tends to assume
275a polygonal shape. This feature is likely to result from the triple
276line conforming to the regular microstructure of the textile, as
277suggested by studies of droplet spreading on microfabricated
278surfaces formed by regular arrays of pillars.31

Figure 1. Schematic of the experimental setup. The dark circle in the
sample represents the base of the droplet (plane x = 0). The interior of
the textile is in the positive x direction.

Figure 2. Schematics (A, B) and XCT images (C, D) illustrating the
structure of the textile.

Figure 3. Tomography images showing the shape of the drop in the
outside of the textile. From left to right: t = 25 min, t = 45 min, and t =
70 min. The liquid viscosity is η = 2.4 × 103 Pa·s.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02982
Langmuir XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acs.langmuir.7b02982


f4 279 Figure 4 shows side (xz) views of the liquid within the textile
280 for η = 2.4 × 103 Pa·s, focusing on the interyarn pore region.

281 To render the distribution of the liquid more evident, Weka
282 segmentation (see Materials and Methods) was used to
283 associate different colors to the liquid, air and solid phases.
284 For t = 25 min, the interyarn pore is filled with liquid for 3/4 of
285 its depth. For the remaining 45 min, the motion of the liquid−
286 air interface in the interyarn pore region is almost negligible.
287 The dynamics for t < 25 min is not accessible due to the
288 experimental requirement of 25 min to complete one
289 tomography scan. If the largest pores were modeled as circular
290 channels of uniform cross-sectional radius R and depth h,

291
capillary penentration would require a time ≅ η

γ ϑT h
R

2
cos

2

of

292 the order of few minutes. For example, T ≅ 5 min assuming h
293 ≅ 250 μm, R ≅ 50 μm, η = 2.4 × 103 Pa·s, cos ϑ ≅ 1, and γ ≅
294 20 mN/m. The slow motion of the air−liquid interface in
295 Figure 4 could be due therefore to the presence of a capillary
296 channel having a complex geometry.

f5 297 Figure 5 shows the detail of a contact region between two
298 different yarns. After the interyarn pores have been filled, the
299 liquid is seen to slowly creep in the relatively wide channel
300 offered by the contact region. Because each contact region is
301 shared by several interyarn pores, the liquid is transported from
302 several interyarn pores simultaneously. Examination of other
303 images show that the filling behavior illustrated in Figure 5
304 occurs frequently.
305 The contact region is a relatively low-permeability path
306 through which the liquid in the pores reaches the interior of the

f6 307 yarns. The side (xz) view in Figure 6 shows two yarns, one
308 parallel and one perpendicular to the page. The top portion of
309 the yarn parallel to the page is in contact with the droplet. Most
310 of the yarn perpendicular to the page appears to be dry. For t =

31125 min, the contact region is only partially filled with liquid. As
312time progresses, the contact region is progressively being
313replenished with liquid. From the contact region, the liquid is
314then transported into the interior of the yarns. Liquid is also
315transported directly from the drop to the interior of the yarns.
316The reduction in the extent of the dry regions within each yarn
317is particularly evident in the segmented images of Figure 6
318(right column).
319Considered collectively, Figures 4−6 suggest a multistage
320 f7transport mechanism (Figure 7). In the first stage of liquid
321penetration, which we term pore penetration, the liquid is
322transported through the relatively large interyarn pores. During
323the pore penetration stage, some liquid also penetrates in the
324yarns that are directly in contact with the droplet. In the second
325stage (contact region f illing), the liquid is transported mostly in
326the direction parallel to the plane of the textile through the
327channels corresponding to the regions of contact between the
328yarns. In the third stage (yarn saturation), the liquid slowly
329wicks toward the interior of the yarns flowing from the contact
330region and from the interior surfaces of the interyarn pores. In
331the case of the yarns that are in contact with the drop, the liquid
332originating from the contact region meets the liquid from the
333droplet until the yarn becomes fully saturated.
334While the liquid distribution is three-dimensional, informa-
335tion about the volume-averaged saturation distribution is often
336useful. Theoretical analyses typically describe continuum
337volume-averaged fields. The theoretical model of Patnaik et

Figure 4. xz Slice of liquid distribution in an interyarn pore at
successive times for η = 2.4 × 103 Pa·s.

Figure 5. xz Slice showing the progressive filling of the contact region
by the liquid for η = 2.4 × 103 Pa·s.
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338 al.,17 for example, assumes that transverse penetration occurs
339 uniformly under the droplet, and that the liquid front is planar.
340 In contrast, the model of Starov and co-workers28 assumes that
341 the advancing liquid front in the material has a hemispherical

f8 342 shape with an increasing radius. Figure 8 shows the shape of the

343region saturated with liquid as an r−x curve. For any given

344value of x, r is calculated as π=r A x( )/ , where A(x) is the
345area of the wet region at x. The shape reported in Figure 8 is
346thus the high-saturation distribution averaged over the
347azimuthal angle. To calculate A(x), we applied trainable
348Weka Segmentation to every yz slice and computed the area
349of the liquid region.
350The shape of the azimuthally averaged high-saturation region
351in Figure 8 resembles half an hourglass. The high-saturation
352region below the drop is approximately hemispherical. The
353back of the textile is connected with the hemispherical region
354through a neck of initial radius ≅ 100 μm. As time proceeds,
355the radius of the neck increases, and the boundary of the
356hemispherical region shifts toward the back surface. In the
357region of minimal slope of the x−r curve (for r ≅ 350 μm), the
358displacement of the boundary between t = 25 min and t = 45
359min is larger than that between t = 25 min and t = 45 min,
360suggesting a slowing down of the average rate of liquid
361penetration.
362We further characterize the average motion of the liquid
363front by measuring absorption due to X-ray propagation in the
364yz plane, using the X-ray setup in radiography imaging mode.
365 f9Figure 9A shows the X-ray intensity leaving the sample vs the
366coordinate x for selected times (the corresponding video is
367available in the Supporting Information). Assuming an inverse
368correlation between X-ray intensity and liquid saturation
369concentration, for any given value of x the corresponding X-
370ray intensity characterizes the area-averaged liquid saturation
371distribution in the corresponding yz plane. The high liquid
372saturation region within the textile corresponds to the range
373from x ≅ 400 to 700 μm roughly. The range 150 μm < x < 400
374μm, approximately, corresponds to the portion of the drop
375outside the textile. The area-averaged position of the liquid−air
376interface corresponds to the region of largest intensity gradient
377near the back of the textiles, of which Figure 9B provides an
378enlarged view.
379We measure the motion of the high-gradient region
380corresponding to the liquid meniscus by calculating the shift
381in the x direction of the intensity profiles (see Materials and
382Methods). The shift ΔxL of the average x coordinate of the
383liquid−air interface with respect to the front initial position is
384plotted in log−log scale against time for η = 97 Pa·s in Figure
3859C, and for η = 2.4 × 103 Pa·s in Figure 9D, respectively. The
386data in Figure 9C and D characterize the one-dimensional
387kinetics when the liquid−air interface is close to the back of the

Figure 6. Left: xz slice of liquid distribution in the neighborhood of
the contact region between yarns for η = 2.4 × 103 Pa·s. Arrows
indicate the approximate direction of the liquid flow. Right:
corresponding segmented images, showing the liquid in black.

Figure 7. Three stages of transplanar penetration suggested by the
XCT images.

Figure 8. Radius of wetted region inside the textile vs x coordinates for
η = 2.4 × 103 Pa·s.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02982
Langmuir XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02982/suppl_file/la7b02982_si_001.mpg
http://dx.doi.org/10.1021/acs.langmuir.7b02982


388 textile. Evaluation immediately following the deposition of the
389 drop were inaccessible owing to the time needed to place the
390 sample in the X-ray chamber and to reach a stable X-ray source
391 intensity.
392 For both the smaller and larger viscosity liquids, a single
393 power law does not fit the experimental data. For example,
394 where η = 97 Pa·s the slope of the ΔxL−t curve is smaller than
395 0.5 (the value predicted by the Lucas-Washburn law) for t >
396 1000s roughly. Such a poor fit to the data qualitatively
397 highlights the limitation of the single power law description. An
398 observable variation in the liquid penetration behavior shown in
399 Figure 9 might be due to differences in observation window.
400 Assuming that the penetration rate is inversely proportional to
401 the viscosity, the features corresponding to t = 1000 s in Figure
402 9C would correspond to t = 24 700 s in Figure 9D, while our
403 observation window for η = 2.4 × 103 Pa·s extends only up to t
404 = 6000 s.
405 A single power-law would be expected if (i) entrance effects
406 associated with the small length of the capillary channels did
407 not alter the dynamics of the liquid penetration process and (ii)
408 the liquid transport was governed by a single transport law for
409 any value of t. Continuum theories for liquid transport in
410 porous media, such as the Lucas−Washburn theory16 or
411 variations of it,32,33 are derived under the assumption that the
412 porous medium can be modeled as a collection of parallel
413 channels having length L ≫ R, where R is the average pore
414 radius.16 By contrast, in our case, even the largest pores that
415 control the initial motion of the liquid have an aspect ratio close
416 to 1.
417 Staples and Shaffer34 examined the law of propagation of a
418 liquid meniscus in a capillary tube of sinusoidal cross section.
419 They proved that if the length of the capillary tube is much
420 larger than the wavelength of the sinusoid, the predicted liquid
421 meniscus position fluctuates around the curve predicted by the
422 Lucas−Washburn law. This behavior can be understood by

423
considering the speed of propagation L

t
d
d
of a meniscus in a

424 circular channel of nonuniform cross sectional radius R(z):34

γ
η

θ=L
t R L I L

d
d

1
4

cos
[ ( )]

1
( )3

425 (1)

426where

∫=I L
z

R z
( )

d
[ ( )]

L

0 4
427(2)

428
For R = const, integration of eq 1 gives θ= γ

η
L Rtcos2 1

2
, i.e.,

429Lucas−Washburn’s law. For a small sinusoidal perturbation to a
430constant radius channel, R = R0[1 − ε sin(λz)] with ε ≪ 1. In

431
this case, ∫ λ≃ + εI z z4 sin dL

R R

L

00
4

0
4 . For L ≫ λ, the integral

432of the sine function has zero average, and the Lucas−Washburn
433law is recovered in a time-averaged sense. However, for λ ∼ L,
434the solution of eq 1 gives a marked nonlinear variation from the
435Lucas-Washburn law, whose features depend on the actual
436geometry of the pore.34 This simple model illustrates that
437applying results for thick multilayer textiles to single-layer
438textiles can give qualitatively and quantitatively incorrect
439results, and could explain the nonlinear behavior seen in
440Figure 9C and D.
441An important aspect that we believe could explain the slow
442down observed in Figure 9C and D is the change in dominant
443direction of liquid propagation as time progresses. Using the
444terminology introduced in the discussion of Figure 7, in the
445pore filling stage the liquid is transported mainly in the x
446direction. However, in the contact region filling and yarn
447saturation stages the fluid is mostly transported in the lateral
448(in-plane) direction, contributing little to the x component of
449the average fluid velocity.

450■ CONCLUSIONS

451We have examined by X-ray tomography and radiography
452imaging the time-dependent transport of ultrahigh viscosity
453liquids in the transplanar (normal) direction following the
454deposition of a small droplet on the surface of a single-layer
455textile.
456A key insight of our investigation is that the transverse liquid
457transport appears to proceed in stages, with each stage being
458associated with a geometric feature of the fiber arrangement.
459The fast initial transport appears to be mainly associated with
460the fluid filling the large, interyarn pores. The late stages of

Figure 9. (A) Profile of X-ray intensity vs x coordinates for successive times and η = 97 Pa·s. (B) Zoom in the region x ∈ [511, 567]. (C) Log−log
plot of the average displacement of the liquid front as a function of time for η = 97 Pa·s. (D) Same as (C) for η = 2.4 × 103 Pa·s.
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461 penetration are associated with the slow impregnation of the
462 interior of the yarns. In the intermediate stage, the liquid flows
463 mostly through the region of contact between the yarns.
464 We have quantified the one-dimensional kinetics of liquid
465 penetration by using X-ray radiography. The results show that a
466 single power law does not capture all the data. The asymptotic
467 transport rate is much smaller than that predicted by the
468 Lucas−Washburn equation.
469 Models that consider single layer textiles as homogeneous
470 and isotropic porous media have been applied to lateral, in-
471 plane transport with some success.9,35 This success is likely due
472 to the fact that in the lateral direction the asymptotic flow is to
473 a first approximation independent of the microscopic geometry
474 of the textile. In our case, the small thickness of the single layer
475 textile can prevent an asymptotic flow behavior being
476 established before the liquid reaches the back surface of the
477 textile. This feature could explain the strong deviations from a
478 power law behavior seen in Figure 9C and D.
479 In addition, to aid the development of theoretical models,
480 our results may have implications for the development of
481 strategies to manipulate liquid transport in textiles. For
482 example, the XCT images suggest that the initial liquid mass
483 flux is governed by transport in the relatively large interyarn
484 pores. Altering these features, for instance, by utilizing
485 nanoparticles to partially obstruct the pores, could represent
486 an approach to tailor the liquid transport rates in the
487 transplanar direction.
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