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Abstract
When a wetting liquid wicks into a fibrous material, it causes the material to deform. In this paper we discuss the elastocapillary effect that leads to spontaneous internal stresses in the materials. The elasto-capillary effect produced by
menisci in pores can be identified through a specific stress distribution in the fibrous matrix. We show that the classical
Bernoulli problem of a freely hanging fabric can be used for the analysis of gravity-induced stresses in textile materials.
These stresses change due to elasto-capillary effect. Wicking of a wetting liquid into a freely suspended fibrous material is
shown to be an instructive nontrivial experiment illustrating interesting distinguishable stress distributions in the fibrous
matrix.
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A saturated textile material can be considered as a complex composite, which implies that any loading imposed
on the material is shared between its ﬁbrous network
and saturating liquid.1–4 As a result, mechanical and
wicking eﬀects are coupled. On the one hand, the wicking of the wetting liquid through the textile yarn or
fabric is aﬀected by the tensile loading imposed on
the material.5,6 On the other hand, the mechanical performance of the material depends on whether it is wet
or dry.7,8 In the general case, the eﬀect of moisture on
the operation of textile materials is a complex problem
with multiple variables. In this paper we provide a
detailed investigation of one of the multiple eﬀects
caused by the presence of liquid in the ﬁbrous matrix.
The interactions of liquid menisci with ﬁbers often
lead to the variation of stress in the materials, manifested through the fabrics deformations, the so-called
elasto-capillary eﬀect.9–11 The most vivid example of
elasto-capillarity observed in everyday life is the coalescence of wet hair.12 Other examples include buckling of
carbon nanotubes exposed to the water vapor13 and
deformations of the nanoporous yarns transporting
the wetting liquids.14,15

The level of stresses in wearable textiles due to the
elasto-capillary eﬀect15 is comparable with stresses
which fabric encounters during its daily use.6,16 Since
the mechanical properties of textile material is one of
the key features aﬀecting the material performance,6 an
understanding of the inﬂuence of the liquid on the
stressed state of the wetted fabric is important.
In our recent paper17 we have discussed a problem of
liquid ﬂow through a freely suspended ﬁbrous material.
In the experiment, the liquid driven by capillarity
and hydrostatic forces wicks along the sample, which
continuously adjusts its shape according to the level of
saturation (Figure 1(a)). Although the kinetic problem
was studied in details, the elasto-capillary problem was
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Figure 1. (a) Experimental setup: sample absorbs liquid from the left. The color variation allows to us distinguish between wet and
dry parts of the sample. The front position is observed in a mirror installed above the sample. A camera is used to record the front
position and the corresponding sample profile. (b) The shape of the partially wet fabric of length L. The fabric absorbs a liquid from the
source positioned at the top of the right post, (D,H). The liquid (dotted line) wicks into the fabric and changes its shape. The position
of the wetting front is s*. Inset: Two catenaries describing the dry and wet parts of the fabric.

not examined. In this paper we discuss the elastocapillary eﬀect in the freely suspended materials and
provide a full analysis of stresses acting on the ﬁbrous
network upon liquid invasion. It will be shown that the
tensile stresses caused by gravity can be reduced by
capillary compression experienced by the ﬁbrous network during the liquid ﬂow. The strength of the capillary compression is qualitatively discussed using two
parallel metal wires, which are visually deformed by
the wicking liquid.
Unlike ﬁber rails, densely packed fabrics are diﬃcult
to deform in plane: each ﬁber is held in place at the
crossing points where the ﬁber is subject to extremely
strong friction.18 When liquid wicks in a planar sample,
the tensions in the ﬁbrous network are hidden. These
tensions can be visualized through deformations of the
sagged samples. Tracking the changes of the sample
proﬁle, we study the evolution of stresses acting on
the ﬁbers in both the dry and wet parts of the sample
at diﬀerent saturation levels.
Modeling deformations of the sagged fabrics we
assume that the material does not change its length,
but, owing to its ﬂexibility, takes on any shape dictated
by gravity. In this respect, the material is very similar to
a hanging chain sagged under its own weight.
To describe the shape of the freely suspended sample
we modiﬁed a theory proposed by Bernoulli,19 which is
often used to describe the shape of many engineering
constructs.20,21 In this paper, the Bernoulli theory is
applied to examine the stresses in freely suspended fabrics semi-saturated with wetting liquids. The results on
wicking kinetics in these fabrics have been discussed in
our recent paper.17 The main parameters of the experiment (see Figure 1(b)) are summarized in Table 1.
In the Appendix, we describe the experimental conditions in detail.

Theory
Distinguishable elasto-capillary effect in
fibrous samples
In ﬁbrous materials, the applied stresses are distributed
over the matrix and saturating ﬂuid. Therefore, when
one part of the material is wet and another is dry, the
stresses acting upon the ﬁbers in wet and dry parts of
the specimen diﬀer. Poroelasticity theory can be applied
for the analyses of wet fabrics.2–4 Here we consider a
rectangular nonwoven material such as a strip of paper
or a piece of fabric clamped from one edge and subjected to a tensile force F  from the other (Figure 2(a)).
We assume that the force is distributed uniformly over
the edge. Here and throughout, the parameters of the
problem related to the dry material we denote with a
‘minus’ superscript and to the saturated material with a
‘plus’ superscript.
In-plane stresses. In the dry sample, we can write the
force balance as F  ¼   Ao, in which   is the inplane stress acting over the edge cross-section.
Assuming that the atmospheric pressure is set to zero,
we can say that this stress is supported only by the
ﬁbers. We can also introduce an average stress exerted
on each ﬁber, T  (see Figure 2(b)). The force balance
can be rewritten as
F  ¼ ? A? ¼ T? ð1  "? ÞA?

ð1Þ

where "? ¼ Ap? /Ao is the ratio of cross-sectional
area of pores to the total cross-sectional area of the
sample.
In the wet samples subject to the same load, the
average normal stress is supported by the liquid
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Table 1. Characteristics of the samples used in experiments
L (cm)

D (cm)

H (cm)

h (mm)

w (cm)

þ =

k (D)

"o

Rp (mm)

17

9.54

9.17

300

2

10

230

0.91

152

L, length of the sample between suspension points; D, distance between two posts; H, height of the posts; h, sample thickness; w, width of the sample;
þ = , ratio of the linear densities of the wet and dry sample; k, sample permeability; "o, trans-plane porosity of the sample; Rp, pore radius in the
material (see Figure 1(b)).

Figure 2. (a) Fibrous material subjected to tensile loading. (b) Stress distribution in a semi-saturated sample. (c) A fabric made of
bundles of hollow fibers.

and ﬁbers.15 Again, the force balance is written for the
wet sample as
Fþ ¼ ?þ A? ¼ Tþ
? ð1  "? ÞA?  Pl "? A?

ð2Þ

where ?þ is the average in-plane stress acting on the wet
sample, Tþ
? is the tensile stress experienced by each
ﬁber, and Pl is the pressure in the liquid, sometimes
called the pore pressure.2–4 The compressive pressure
is considered positive.
In the mechanics of porous materials, parameter "?
is considered identical to the sample porosity, i.e. the
ratio of pore volume to the sample volume.2–4
However, it is not obvious whether or not we can
apply this interpretation to ﬁbrous materials. For
example, if a fabric is made of bundles of hollow
ﬁbers as schematically shown in Figure 2(c), parameter
"? in force balance (2) contains the integral crosssectional area of tube openings as well as the area of
interﬁber openings. If one places a fabric on water and
seals the fabric edges, water will ﬂow perpendicularly to
the fabric surface leaving the holes in the ﬁbers empty.
Thus, the theory should distinguish these two cases by
introducing two parameters, "? and "jj, where "jj is the
ratio of the in-plane area of pores Apjj to the total inplane area Ajj of the sample.
The pressure term, Equation (2), permits an elucidation of the elasto-capillary eﬀect. The stresses caused by
spontaneous wicking of a wetting liquid into a sample
illustrate the diﬀerences between the stress state in both
dry and wet materials. Assume that the sample is subject to tensile force F  and the liquid invades the

sample from the loaded side. When the liquid wicks
into the material, it forms a wetting front separating
dry and wet parts. One can immediately infer that the
same force F  is supported by the stresses ? and ?þ ,
F  ¼ ? Ao ¼ ?þ Ao. Solving Equations (1) and (2) for
the ﬁber stresses, we obtain T? ¼ F  / [(1–"o)Ao] and

Tþ
? ¼ (F + Pl"oAo)/[(1–"o) Ao]. Since there is no
trans-plane ﬂow through the sample thickness, the pressure Pl is constant in each cross-section, and it is merely
a local capillary pressure induced by the menisci
exposed to the atmosphere. Concave menisci formed
by wetting liquids produce a negative pressure in the
liquid, Pl < 0. We thus conclude that tension

Tþ
? ¼ (F + Pl"oAo)/[(1 – "o)Ao] on the wet ﬁbers is
always smaller than tension T? ¼ F  /[(1 – "o)Ao] on
the dry ﬁbers. Thus, the stronger the suction pressure
in the liquid, the greater the diﬀerence between T? and
Tþ
? . In this paper all conclusions are derived for the inplane stresses if not mentioned otherwise.

Trans-plane stresses. Similar arguments are applicable to
the analysis of trans-plane stresses. As follows from the
force balance in the dry band, F  ¼ Ajjjj ¼ (1 – "jj) Ajj
Tjj ¼ 0, where jj is the trans-plane stress acting at
the sample surface. Therefore, the stress on ﬁbers is
zero. However, in the wet part, the trans-plane stress
on ﬁbers is not zero: Tþ
jj ¼ Pl "jj =ð1  "jj ). For example,
in wicking experiments, the pressure in the liquid causes
a negative compression of the sample in the transverse
direction through its thickness. Therefore, capillary
forces acting through the sample thickness tend to
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Figure 3. (a) Droplet of Galwick absorbed by the fiber rails composed of two tungsten wires. Observe the contraction of interfiber
gap when the drop transforms into a liquid bridge with concave menisci. The thickness of the interfiber space at the first moment is
128 mm which then changes to 67 mm after drop spreading. (b) Mechanical model of the elasto-capillary effect.

bring ﬁbers closer together as evidenced in experiments
with two ﬁber rails.
In order to appreciate the strength of the capillary
forces, in Figure 3(a) we show the results of experiments on drop spreading over a channel composed of
two freely suspended tungsten wires. The 70 mm diameter wires of 7.4 cm length were stretched straight and
ﬁrmly clamped to two solid bars. In order to separate
the wires and preserve the interwire spacing, two
1.5 mm diameter pins were placed between the wire
ends. A Galwick drop (PMI Inc, Ithaca, NY) with surface tension g ¼ 15.6 mN/m was placed at the center of
the wire rails. As the drop spread and ﬁlled the interwire gap, we observed the gap contraction. The visible
deformation of the stretched wires suggests that the
capillary pressure Pc created by the menisci, forces
the ﬁbers to snap oﬀ the gap between them. As clearly
seen from experiments on hair strands12 and wire rails,
the internal tension on the ﬁbers is signiﬁcant. Figure
3(b) represents a mechanical model of this elastocapillary eﬀect, in which the springs modeling the capillary forces, pulling the wires in close proximity to each
other.
This work is focused mainly on the in-plane stresses,
since in the dense ﬁbrous samples the transverse
deformations are hardly detectable. Equations (1) and
(2) in general can be applied for the analysis of the
stresses experienced by the ﬁbers in semi-saturated
materials.
When the tensile forces F acting on dry and wet
cross-sections are found and the pressure Pl in the wetting liquid is known, then the tension T+ on the ﬁbers
of the saturated matrix relatively to the tension T– in
the dry sample can be estimated. In the general case, Fþ
may diﬀer from F  . As we show below the value of the
tensile force in each cross-section can be extracted from
the shape of the freely suspended semi-saturated
sample.

Fabric profile and forces acting on wet and dry parts
The shape of a fabric freely suspended between two
posts of the equal height H is controlled by the

weight distribution over the fabric. In the simplest
cases, the fabric is either completely wet or dry.
In more complex situations considered in this paper
the samples are semi-saturated (see Figure 4(a)).
The force balance equations for any small segment of
the freely suspended fabric (Figure 4(b), inset) reads as


d
dx
F
¼ 0,
ds
ds



d
dx
F
¼0
ds
ds

ð3Þ

where  ¼ ðsÞ is the linear mass density of the fabric, s
is the arc length, g is acceleration due to gravity. As
follows from the ﬁrst expression of Equation (3) and
the continuity condition, the x-component of tensile
force remains constant along the fabric.22
The force balance equations (Equations (3)) are
valid for the samples with uniform weight distribution
as well as for samples where the linear density changes
as a step function (for examples see Figure 4(a) and
(b)). The last situation can be achieved in experiments,
where a freely suspended sample absorbs liquid from
one end. For such situation, following the analysis of
Bernoulli19 and Freeman,23 and integrating the second
expression of Equation (3),17 one can show that the
sample proﬁle can be deﬁned using a combination of
catenary equations describing dry and wet parts of the
sample (Figure 1(b), inset):



y  ¼ a  cosh x  xmin
þ Y  , 0 5 x  5 xðs Þ,


þ
þ
þ
and y ¼ a cosh x  xþ
min þ Y ,
xðs Þ 5 x  5 D,

ð4Þ

where s* is the front position, a ¼ Fxg are the shape
factors, – and + are linear densities of the dry and
wet parts of the material, Fx is the horizontal component
force along the sample proﬁle
  of tensile

xmin , Y þ a the coordinates of catenary minimum
describing dry ‘‘–’’ or wet ‘‘+’’ parts of the sample, 0
and D denote the horizontal coordinates of the suspension points.
The simultaneous application of the force balance
equation (Equation (3)) and explicit form of the
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Figure 4. (a) Partially saturated freely suspended fibrous sample. (b) Freely suspended chain composed of two types of the links.
Right links are heavier, which causes profile asymmetry. Inset: The force balance for an elementary piece of the freely suspended
sample of arclength ds, g is the weight per unit length of the sample, F and F þ dF are the stresses acting at the edges of the element.

catenary equation (Equation (4)) allows one to ﬁnd the
tensile forces acting along the dry and wet parts of the
fabric. These forces are expressed as

 
F ¼ a  g  cosh x  x
min =a

ð5Þ

Hyperbolic cosines are expressed from Equation (4),
yielding the following equations for the forces
F  ¼   gð y   Y  Þ and Fþ ¼ þ gð yþ  Yþ Þ

ð6Þ

Therefore, the total force acting on each cross-section is linearly proportional to its vertical coordinate
and a coeﬃcient of proportionality is related to the
linear density of the sample at this point. The unknown

parameters a , x
min , Ymin can be found from the boundary conditions and the front position s* is obtained by
numerical integrating the kinetic equation as discussed
elsewhere.17
The pressure in the moving liquid column is a combination of the hydrostatic and capillary pressure and
reads17




Pl ¼  Pc þ l gðH  yþ ðs ÞÞ  s=s þ l g H  yþ ðsÞ ð7Þ
This equation was derived from Darcy’s law15 and
implies that the pressure in the liquid column drops
linearly from zero at the liquid source, s ¼ 0, to Pc
at the wetting front, s ¼ s . The impregnation of nanoporous materials is driven mostly by the capillary pressure,24–26 i.e. the eﬀect of gravity in Equation (7) can be
safely neglected. However, in materials with micrometer or larger pores, one has to take into account
both eﬀects in Equation (7). The capillary pressure is
a characteristic function of the given ﬁbrous material
and is deﬁned as the diﬀerence between the atmospheric
pressure and pressure in the menisci forming the

wetting front.1 Modeling the ﬁbrous material as a
bundle of capillaries, the capillary pressure can be estimated as Pc  2 cos =Rp , where  is the interfacial
tension of the liquid/air pair, Rp is the characteristic
pore radius, and  is the contact angle that the liquid
forms with the pore wall. We discuss only wicking of
wetting ﬂuids, hence we assume that the contact angle is
zero. The parameters of the material such as porosity,
pore size, permeability, and linear density used for the
calculations are given in Table 1. The wicking liquid in
the model is water.

Dynamics of fabric sway
As follows from the transcendental equation for the
shape factor, L/(2 a) ¼ sinh(D/2 a), if the geometry of
the experiment is identical for the heavy and light samples, i.e. parameters H, D, L are identically maintained,
the sample proﬁles will also be identical. Although
these proﬁles are completely described by a single
shape factor a, the tension on these materials is diﬀerent. This is the fundamental property of catenaries:
heavy chains and light yarns of the same length
would acquire the same conﬁguration. Therefore, if
liquid wicks into the hanging fabric from one end, the
proﬁle changes, but the ﬁnal conﬁguration of the wet
fabric is the same as the initial dry conﬁguration.
Since the wet part of the sample is always heavier
than the dry part, one would expect that the liquid
wicking would cause the sample deﬂection toward the
post that supports the liquid source. We conducted a
numerical analysis of the sway of a fabric ﬁxed between
two posts of the equal height. The geometry is chosen
as discussed in the Appendix 1 and Table 1.
A numerical analysis of the model shows that the
longer the wet part of the sample, the larger the deviation of the sample proﬁle from its initial symmetric
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Figure 5. (a) Position of the sample minimum during the wicking experiment. The upper branches correspond to the downward
wicking, while the lower branches correspond to the upward wicking. The corresponding ratio of linear densities of the material in dry
and wet state in these experiments is þ = ¼ 20 (1), þ = ¼ 10 (2) and þ = ¼ 2 (3). (b) x-coordinate of the minimum of the
sample profile plotted versus the position of the wetting front. The corresponding ratio of linear densities of the material in both the
dry and wet state in these experiments is þ = ¼ 20 (1), þ = ¼ 10 (2) and þ = ¼ 2 (3). (c) x-coordinate of the minimum of
the sample profile plotted versus position of the wetting front s* along the sample, normalized by sample length L. The graph shows the
results for three samples with different lengths: L1:L2:L3 ¼ 1:1.5:2. The longer the sample the longer is the wet part s required to
change the direction of the sway. (d) Horizontal position of the minimum of the sample profile plotted versus normalized front length
s . The graph shows three experiments with samples of different lengths: L1 : L2 : L3 ¼ 1:1.5:2. The front position along the sample is
normalized by the length of the shortest sample L1. Dashed line shows the shift of xmin due to increase of the sample length.

conﬁguration. The sample swings back to restore its
initial symmetry when the wetting front passes the proﬁle minimum (xmin, ymin). The calculated phase portrait
(xmin, ymin) is shown in Figure 5(a).
The proﬁle of a partially wet fabric is speciﬁed by the
ratio of linear densities of the material in the dry and
wet parts expressed as aþ =a  ¼   =þ . This ratio
deﬁnes the size of the hysteresis loops, generated in
the XY plane. Moreover, this ratio deﬁnes the sway
of the sample from its symmetric conﬁguration
(Figure 5(a) and (b)). The analysis of the Bernoulli
model reveals that the heavier the wet sample, the less
is the length of the wet part of the sample, s*, at which
the sample begins to restore its symmetry. Also, the
heavier the liquid, the greater the sway of the sag.
The dependence of the fabric sway on its length L is
shown in Figure 5(c) and (d). The longer the sample,
the bigger its sway. Moreover, the length of the wet part
corresponding to the moment when the fabric starts to
sway back increases together with the fabric length.
Summarizing the modeling results, we conclude that
the heavier the liquid or the longer the sample, the

greater its deﬂection from the initial proﬁle during
wicking experiments. However, the heavier the liquid,
the faster it will bring the sample to its symmetric conﬁguration. Conversely, however, the longer samples
would require the longer wet part to reverse the
sample movement.

Tensile forces in the freely suspended samples
Force analysis for dry and wet samples. The shape of the
freely sagged sample contains valuable information
about forces F acting along the sample proﬁle
(Equation (4)). According to momentum balance23
these forces are tangential to the sample proﬁle and
their magnitudes are proportional to the vertical coordinate y of the cross-section in question (Equation (4)).
The coeﬃcient of proportionality depends on the linear
density of the sample  , and the total tensile force at

each cross-section consists of two components, F
y , Fx .
To describe the force change along the sample proﬁle,
we discuss the behavior of vertical, F
y , and horizontal,
F
,
components
separately.
x
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Figure 6. (a) The tensile force F  , and the horizontal F x and vertical components Fy , act along the profile of a completely wet/dry
sample, normalized by the weight of the sample  gL: (b) Sample with uniform weight distribution. M is the lowest point of the profile.
P is an arbitrary point. Inset: free body diagram for segment MP. (c) Tensions experienced by fibers in completely dry T  and
completely wet T þ samples normalized by  gL=S and pressure in the liquid in a completely wet sample P l  "? =ð1  "?Þ (equation 7)
normalized by þ gL=S. All parameters are taken from Table 1.

For a reference, consider the distribution of forces
acting upon the dry sample with a constant linear density of   (Figure 6(a)). As follows from Equation (3),
the derivative of the x-component is zero, dFx =ds ¼ 0,
therefore implying a constant in this force component
Fx ¼ const. This constant is equal to the total force
F  xmin, ymin
 acting at the lowest point of the sample
proﬁle, M xmin, ymin , where the vertical force component is zero. The vertical component Fy depends
upon s, dFy ¼   gds. To ﬁnd Fy acting at arbitrary
point Pðxp, yp Þ we consider the free body diagram shown
in Figure 6(b). Forces F~p and F~min act at the end-points
of the piece of fabric shown in Figure 6(b). The weight
~ MP , is applied to the center of
of the segment MP, W
mass of this segment MP and is directed downward
parallel to the y-axis. If   is a linear density of the
dry sample,
then
the weight of MP is


~ MP ¼   smin  sp g~ , where smin and sp are the
W
arclengths of points M and P, respectively. The force
balance is written as






 
~ MP 
Fx xp, yp ¼ F  xmin, ymin , Fy xp, yp ¼ W


¼   smin  sp g


Therefore, the vertical force component Fy xp, yp
acting at point P is equal to the weight of the segment
MP. If point P is closer to the left post sp 4 smin , then
this force is written as Fpy ¼   ðsp  smin Þg. The same
results can be obtained by integrating the force balance
(Equation (3)), dFy ¼   gds, over the segment MP.
For completely wet and dry samples the distribution
of tensile force normalized by the sample weight is identical, F = g ¼ ð y  Y Þ. However, the stresses
experienced by ﬁbers in the wet and dry samples
diﬀer. In the case of the completely wet material the
pressure in the liquid is Pl ¼ l gðH  yþ Þ. Substituting
this pressure in Equation (2), we see that the tension on

the ﬁbers diﬀers greatly from the force acting upon the
catenary as a whole. In Figure 6(c) we show the tensions acting upon the ﬁbers along the dry and wet
catenary. In the absence of capillary pressure in the
liquid, the hydrostatic pressure in the liquid column
acts to stretch the ﬁbrous matrix. This extra tension
increases from the liquid source to the saddle point of
the sample proﬁle and, as a result, the tension on
ﬁbrous skeleton remains almost constant (Figure 6(c)).
Horizontal force component. A partially wet catenary
adjusts its shape so that the forces acting along it
would satisfy two conditions: (a) the horizontal component of the tensile force in wet and dry parts should

 
be equal to each other Fþ
x ðs Þ ¼ Fx ðs Þ; and (b) at the
wetting front, the forces change continuously without
any jump, Fþ ðs Þ ¼ F  ðs Þ. The condition (a) immediately provides a relationship between the shape factors,
 
þ 

þ
F
x ¼  ga ) a =a ¼  = : The horizontal component of the tensile force is the same at each crosssection and increases continuously as the front propagates through the sample (Figure 7(d)).
Vertical force component. As shown above, at arbitrary
point P, the vertical component of the tensile force in
completely dry or wet samples is deﬁned by the weight
of the MP segment (Figure 6(b)). Assuming that
points M and P both belong to either the dry or
wet parts of the sample, as in case (ii) or (iv) in
Figure7(a), we can integrate Equation (3) to prove
that the same conclusion
is valid for a partially wet

~ MP j.
sample,
Fy xp, yp ¼ jW
In
these
cases,



F
y xp , yp ¼  gjsmin  sp j is applicable. The modulus
makes the deﬁnition universal independently of
whether smin 4 sp or smin 5 sp .
When the front marked by Fðxðs Þ, yðs ÞÞ passes
point P but does not yet reach point M, as in case
(iii) in Figure 7(a), the integration of Equation (3)
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Figure 7. (a) Change of the relative position of the lowest point M and test point P of arclength sp ¼ 0.3 L during wicking experiments. (b) Schematic of the sample profile when the segment MP is partially wet; the dashed line shows the wet part. (c) Change of the
arclength of point M, smin ¼ smin =L, as a function of the arclength of the wetting front, s ¼ s =L. (d) Change of vertical Fy and
horizontal Fx components of the tensile force acting at the point sp ¼ 0.3 L. Region (A): s*/L < 0.3; region (B): 0.3 < s*/L < smin =L; region
 acting at the points sp ¼ 0.3 L (1), 0.7 L (2) and 0.5 L (3). The dashed line shows the
(C): s*/L > smin =L . (e) Variation of the tensile force F,
distribution of the horizontal force component Fx . The inset shows the magnified portion of curve 3 at the region where the vertical
 F þ , F þ , are normalized by the weight of the dry sample,  gL.
force F y corresponding to s ¼ 0.5 L is the greatest. All forces F,
y
x

must be undertaken with a care. In this case, the catenary segment MP is partially wet (Figure 7(b)). The force
balance can be written for dry part MF and wet part
FP, separately: for part MF we have







Fþ
xmin , ymin , Fy xf, yf
x ðxðs Þ, yðs ÞÞ ¼ F

of the vertical component of the force acting at point P.
As the liquid moves deeper into the sample, the material becomes heavier and alters the vertical force component. As an example, we follow the changes

 of the
vertical force component acting at s xp , yp ¼ 0:3L
(Figure 7(d)).

¼   ðsmin  s Þg;
and for part FP we obtain




þ



Fþ
x xp, yp ¼ Fx ðxðs Þ, yðs ÞÞ, Fy xp, yp




¼ Fy xf, yf þ þ s  sp g,


Substituting force Fy xf, yf , from the ﬁrst line, the
force
rewritten
as

 balance

 is

Fþ
xmin, ymin ,
x xp, yp  ¼ F


Fy xp, yp ¼   ðsmin  s Þg þ þ s  sp g. Again, the y
component of the force is equal to the weight of the
wet
segment MP. If sp 4smin , we have for a partially


sample
Fy xp, yp ¼ þ gðs  smin Þ þ   g sp  s .
When the front propagates through the sample, the
arc length smin of point M changes (see Figure 7(c)).
If the segment MP is either completely wet or dry,
this change of smin is the only reason for an alternation

Total force. The total force Fp acting on the
sample
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cross-section can be expressed as Fp ¼ F2x þ F2y .
While identical results can be obtained
using
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Equation (6), the representation Fp ¼ F2x þ F2y is
more illustrative. Figure 7(e) shows a typical behavior
of the tensile forces acting at sp ¼ 0.3 L, 0.5 L and 0.7 L.
At the initial and last stages of the wicking, the tensions
in the sample cross-sections located at the opposite
sides of the sample are almost equal. As the weight
diﬀerence between the sample segments in question is
small, this equality occurs when the liquid just enters
the sample and passes the second cross-section when
the sample is almost ﬁlled. The tensile force acting on
the cross-section located in the half of the sample length
is almost deﬁned by its horizontal component. The further the deviation of the cross-section from the initial
symmetrical position, the higher the weight between the
lowest point M and this cross-section becomes, with a
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Figure 8. Change in the stressed state of the sample cross-section with flow propagation (a) in terms of normalized effective stress,
(b) in terms of tension acting on the fibers. Both stresses are normalized by the weight of the dry sample  gL over its cross-section
A? . The front position is shown with a red dot. Different colors correspond to different front positions shown on a legend. The
vertical coordinate y changes from point of fixation H to the profile minima, which slightly shifts up during liquid penetration.

consequent higher vertical component of tension (see
Figures 5(a) and 7(e)). When the sample reverses its
motion towards the symmetrical conﬁguration, the vertical force component decreases and the total tension
again is almost equal its horizontal component.

Elasto-capillary effect in partially wet catenary
Elasto-capillary effect in freely suspended samples. When the
sample is suspended freely, the value of the force F
acting at each sample cross-section can be extracted
from the shape of the sample proﬁle for both wet and
dry parts of the sample (see Equation 6) As discussed in
above, in the dry part of the sample, this force distributes over the ﬁbrous mesh of the loaded cross-section,
whereas in the wet part, the ﬁbers share the load with
the ﬁlling liquid. Equations 1 and 2 can be re-written
to
give
T ¼ F ðs, s Þ=ðA?  ð1  "? ÞÞ þ Pl ðs, s Þ
"? =ð1  "? Þ, provided that the pressure is equal to
zero, Pl ðs, s Þ ¼ 0, in the empty part of the sample.
For the wet part of the material the pressure in the
liquid column can be rewritten as
Pl ¼ Pc  s=s þ l gðH  yþ ðsÞÞð1  s=s Þ
(Equation (7)). This pressure decreases from zero at the
liquid source to Pl ¼ Pc at the moving front. In terms
of the tension that is experienced by ﬁbers, the wetting
liquid always acts to compress the ﬁbrous mesh. The
strongest compression occurs at the wetting front and
depends on the capillary pressure build in the pores of
the material. Therefore, the stressed state of the ﬁbers

in the wet part of the sample is the result of tension
interplay caused by the weight of the sample stretching
the ﬁbers and compression caused by the capillary pressure. In the dry part of the sample, the ﬁbers are always
under tension. Figure 9(d) shows the tension distribution in a partially wet sample with s ¼ 0:3L for the
geometrical parameters given in Table 1. Here  is a
reduction of the tension on ﬁbers at the moving front.
One can see that the wet ﬁbers experience a transition
from tension at the suspension point to compression
closer to the wicking front.
Evolution of stresses with front propagation. Figure 8(a)
shows the dependence of the normalized average
 ? on the vertical coordinate y of the sample
stress F=A
cross-section, ymin  y  H, where the force is normalized by the weight of dry sample F ¼ F=  gL. The
stress has two distinct regions. A sharp change of the
slope indicates a transition from the wet to the dry part.
As the ﬁgure shows, the average stress in the wet part
increases as the wetting front propagates into the
sample. In the dry part, the average stress remains
nearly static. This behavior is similar to the downward
wicking, for which this graph is plotted, into the vertically placed yarn.15
 ?,
With the given analysis of the aﬀective stress F=A
we can apply Equation (2) to obtain the stress distribution in the ﬁbrous matrix (Figure 8(b)) . The stresses on
the ﬁbers in the dry part are always tensile, and the
stresses on the ﬁbers in the wet part are lower, because
the liquid supports the load. Owing to an additional
capillary pressure, the ﬁbrous matrix in the wet part
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Figure 9. a) The distribution of tensile force F, acting upon the sample cross-section along the sample length (calculated using
Equation (6)). (b) The distribution of tensile force F normalized by the total fiber area A(1 – ") for samples saturation level s*/L ¼ 0.3.
(c) Pressure distribution in the liquid column of length s* ¼ 0.3 L filling the sample. The pressure at the source (x ¼ D) is equal to zero
atmospheric pressure and the pressure at the front (x ¼ x(s*)) is equal to the capillary pressure. The size of the effective pores is taken
to be Rp ¼ 152 mm. (d) The distribution of stresses Texerted on fibers along the sample and pressure distribution in the liquid column.
The arrow indicates a pressure drop on the liquid front.

can be partially under tension and partially under compression (see Figure 8(b)). As expected, an addition of a
heavy liquid increases the load on the ﬁbrous matrix.
Estimates of the elasto-capillary effect. When the sample
proﬁle is known, the tensile forces F acting on each
sample cross-section can be immediately determined
using Equations (1) and (2) (Figure 9(a)). Thus, the
tensions hidden in the straight samples during the wicking experiments are manifested through deformations
of the sagged samples. These deformations enable an
estimation of not only the internal tensions, but also the
elasto-capillary eﬀect, since the capillary pressure is
known. By simply combining Equations (1) and (2)
and (6) and (7), the actual values of tensions on the
ﬁbers, T– and T+ can be obtained: Figure 9 illustrates
this stress analysis.
As we have discussed above, the ﬁbers in the tested
samples were densely packed to prevent buckling
caused by the elasto-wetting eﬀect. However, by tracking the change of the sample shape, it is possible to
estimate the reduction in tension on ﬁbers caused by
the elasto-capillary eﬀect. For example, for the experimental parameters given in Table 1, the maximum tension experienced by the ﬁbers was approximately 9 kPa
and was equal to the force acting at the minimum of the
sample proﬁle when the sample is completely wet. The

maximum tension diﬀerence,  ¼ Pc"? /(1–"? ), caused
by the elasto-capillary eﬀect during water wicking was
estimated as  ¼ 9.58 kPa. We found that lightweight
materials such as paper towels will almost always
experience a transition from tension to capillarityinduced compression. Figure 9 shows the tensile stress
b, the pressure distribution in the liquid column c and
the tension on the ﬁbers d when the liquid column
reached s ¼ 0.3 L. The wet part of the sample experiences a transition from tension to compression, while
the dry part of the sample remained stretched
continuously.

Conclusions
In this paper, we have discussed the elasto-capillary
eﬀects in ﬁbrous materials and analyzed the stresses
in the Bernoulli problem of a freely hanging fabric
when one end is brought into contact with a wetting
liquid. We have analyzed in detail the evolution of tensile force acting on the ﬁbers upon fabric wetting. We
have determined that the elasto-capillary eﬀect can be
distinguished from other deformation eﬀects, because
of the stress distribution in partially wet ﬁbrous materials has a peculiar form with a jump at the wetting
front. The Bernoulli problem of a freely sagged fabric
appears to be instructive and helpful for understanding

Downloaded from trj.sagepub.com at CLEMSON UNIV on June 5, 2013

XML Template (2013)
[30.5.2013–2:39pm]
//blrnas3/cenpro/ApplicationFiles/Journals/SAGE/3B2/TRJJ/Vol00000/130091/APPFile/SG-TRJJ130091.3d

(TRJ)

[1–12]
[INVALID Stage]

Monaenkova et al.

11

the tension distribution in a two-dimensional selfreconﬁgurable material. We conﬁrmed that the elastocapillary eﬀect in paper towels and similar ﬂexible lightweight materials is signiﬁcant.
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Appendix 1
In our experiment, a ﬁbrous sample (Mardi-Gras
White, 709-2 Ply sheets, 22.3 cm 27.9 cm, GeorgiaPaciﬁc Consumer Products) was suspended between
two posts of equal height (see Figure 1(a)). The ends
of the sample were held between two glass slides. The
right end of the sample is extended from under the slide
and is immersed in the Petri dish ﬁlled with a wetting
liquid (water). A grid in the form of an array of marked
lines with the 1 cm spacing was drawn on the material
surface. The wet and dry parts of the sample had different optical contrast with a darker wet part. In order
to observe the front position, a mirror was installed
above the material in such a way that the camera
(Diagnostic Instruments Inc., MI) was capable of
simultaneous recording of the sample proﬁle and the
wetting front position as shown in Figure A1.
The ruler was placed in front of the sample at the left
post and it was used as a reference. The fabric edge
nearest to the camera and the ruler were sitting in the
same plane. Therefore, the camera was focused on the
nearest fabric edge and it traced the edge deﬂection
simultaneously recording the front position from the
mirrored image. The latter helped us to specify the
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Figure A1. Side and top views of the freely-suspended suspended sample and its reflection in the mirror from the top of
the sample. The wet part appears darker.

front position. The center of coordinate was placed at
the visible lowest point on the left post of each image.
The position of this point did not change during the
experiment.

s
a  , aþ
  , þ


Notations
L
D
H
h
w
k

g
Rp

"?
"jj
F  , Fþ
F
? , ?þ

length of the sample between suspension points
distance between two posts
height of the posts
sample thickness
width of the sample
sample permeability
liquid surface tension
acceleration due to gravity
pore radius in the material
stress jump between dry and wet
parts
trans-plane porosity of the material
in-plane porosity of the material
in-plane tensile forces in the sample
dimensionless force normalized by
the weight of dry sample
in-plane stress acting over the
sample edge



x
min , Ymin þ a



ðyðsÞ, xðsÞÞ


x , y



smin

si

 y,
 s
x,

average normal tension experienced
by each fiber
dimensionless tension of dry band,
normalized by the weight of the dry
sample
dimensionless tension of wet band,
normalized by the weight of the wet
sample
horizontal force components
vertical force components
force at point (xi , yi )
area of the trans-plane cross-section
total area of pores in the transplane cross-section
trans-plane stress acting at the
sample surface
average trans-plane tension experienced by each fiber
in-plane area of the sample
total in-plane area of the pores
pressure in the liquid
capillary pressure in the liquid
arclength along the sample profile,
counted from the suspension point
front position counted from the
suspension point
catenary shape factor
linear density of the dry/wet
material
coordinates of the catenary
minimum
Cartesian coordinates corresponding to arclength s
set of coordinates, describing the
wet/dry band
arclength, measured along the
sample from the suspension point
to the profile minimum
arclength, measured along the
sample from the suspension point
to point (xi , yi )
dimensionless lengths, normalized
by the total length L of the sample

Superscripts

+
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dry part of the sample
refers to the wet part of the sample

