
SC I ENCE ADVANCES | R E S EARCH ART I C L E
ENG INEER ING
1Department of Mechanical and Aerospace Engineering, Seoul National Universi-
ty, Seoul 08826, Korea. 2Department of Extreme Thermal Systems, Korea Institute
of Machinery and Materials, Daejeon 34103, Korea.
*Corresponding author: hyk@snu.ac.kr

Ha et al., Sci. Adv. 2018;4 : eaao7051 30 March 2018
Copyright © 2018

The Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

originalU.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).
D

Poro-elasto-capillary wicking of cellulose sponges
Jonghyun Ha,1 Jungchul Kim,2 Yeonsu Jung,1 Giseok Yun,1 Do-Nyun Kim,1 Ho-Young Kim1*

We mundanely observe cellulose (kitchen) sponges swell while absorbing water. Fluid flows in deformable porous
media, such as soils and hydrogels, are classically described on the basis of the theories of Darcy and poroelasticity,
where the expansion ofmedia arises due to increased pore pressure. However, the situation is qualitatively different in
cellulosic porousmaterials like sponges because the pore expansion is driven by wetting of the surrounding cellulose
walls rather than by increase of the internal pore pressure.We address a seemingly so simple but hitherto unanswered
question of how fastwaterwicks into the swelling sponge. Our experiments uncover a power lawof thewicking height
versus time distinct from that for nonswelling materials. The observation using environmental scanning electron
microscopy reveals the coalescence ofmicroscalewall poreswithwetting, which allows us to build amathematical
model for pore size evolution and the consequent wicking dynamics. Our study sheds light on the physics of water
absorption in hygroscopically responsive multiscale porous materials, which have far more implications than
everyday activities (for example, cleaning, writing, and painting) carried out with cellulosic materials (paper
and sponge), including absorbent hygiene products, biomedical cell cultures, building safety, and cooking.
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INTRODUCTION
As a major constituent of plants, cellulose has been used as a source of
energy (1), food (2, 3), buildingmaterials (4, 5), clothing (6), and hygiene
products (7) throughout human history. In particular, transfer and pres-
ervation of information has relied on wetting of cellulosic materials for
millennia, beginning with papyrus in 3000 BCE. Porous materials made
of cellulose still abound around us as paper and sponges, among many
others (8, 9). When we bring a dry paper or sponge into contact with
water or ink, it absorbs the liquidwhile swelling simultaneously. Cellulose
is a polymer whose chains are linked via a hydrogen bonding, and water
molecules participate in the binding sites, causing the polymer volume to
increase. Such physicochemical interaction of water and porous structure
is called hygroscopic expansion, amundane process observed in cleaning
(10), painting (11), and writing (12).

Capillary imbibition of liquid in porous media (12–15) is described
by Darcy’s law, which gives the flow rate, q, as a function of the perme-
ability k and gradient of driving pressure ∇p: q = −(k/m)∇p, where m is
the liquid viscosity. Because the permeability and the driving capillary
pressure are respectively scaled as the cross-sectional area of the fluid
conduit and the meniscus curvature at the wetting front, both of them
are determined by the pore size.When the porous structure deforms due
to liquid infiltration, the poroelastic theory gives the pore size and the flow
rate in general. The theory is built upon the basic assumption that the
pore pressure increases with the water content, the amount of liquid
inside the void, which in turn causes the pore to swell (16). It has success-
fully described the behavior of liquids inmany porousmedia, such as soil
(17), sandstone (18), and hydrogel (19). However, the present problem
of wicking and hygroexpansion defies such classical theoretical under-
standing for the following reason.Aswater progressivelywets the cellulose
materials, the macroscale pores at the spreading front expand due to
swelling of the surrounding walls or scaffolds, not by increased pore
pressure. The pore pressure should rather decrease because of volume
expansion. This disobeys the fundamental framework of poroelastic
theory, and thus, a completely different approach should be devised to
understand the hygroscopic expansion of cellulosic porous materials
containing macro voids.
RESULTS
Characteristics of cellulose sponges
As a model system to study this problem, we bring a commercial cellu-
lose sponge (VWR) into contact with water or various liquids (table S1)
and observe the liquid front rise against gravity (Fig. 1A). When using
aqueous liquids, the sponge swells while being wetted. Plotting the rise
height h versus time t (Fig. 1B) reveals that the power laws of h versus
t differ in the early (filled symbols) and late (empty symbols) stages.
Here, the heights are scaled by hJ, Jurin’s height (20), a characteristic rise
height at which the gravitational and capillary forces for a macropore
are balanced: hJ = g/(rgR), with g, r, and g being the liquid-air surface
tension coefficient, the liquid density, and the gravitational acceleration,
respectively. Figure 1C shows that the transition height at which the
power law changes from h ~ t1/2 (filled symbols) to h ~ t1/5 (empty
symbols) corresponds to Jurin’s height of macro voids. Rationalizing
these power laws allows us to understand the fundamental wicking
dynamics of the hygroexpansive, heterogeneous porous materials.

We begin with characterizing the pore structure of the cellulose
sponge. As shown in the scanning electron microscopy (SEM) images
(Fig. 2, A to C), it consists of numerous cellulose sheets with two-
dimensionalmicroscale pores surroundingmacro voids (13). The sheets
approximately 10 nm in thickness are randomly stacked with nano-
metric spacings. Measuring the size distribution of the pores, we find
the average radii of macro and micro voids to be R = 0.73 mm and
r0 = 4 mm, respectively (fig. S1). Pores finer than the micrometric
voids are hardly found in the sheets.

Capillary flows and volumetric expansion in porous media
Darcy’s law gives the wicking velocity u in a porous medium, which we
now write as u = −(k/m)dp/dz. The driving pressure arises as a con-
sequence of capillary action so that Dp ~ g/l, where ~ signifies “is
scaled as” and l is the radius of curvature of the front meniscus. The
permeability k is scaled as the cross-sectional area of fluid conduit, over
which the viscous stress resisting the fluid flow develops. Noting that
h measures the distance from the free surface of the liquid reservoir
to the wet front, u and ḣ = dh/dt can differ when the media volume
changes. For the isotropically expanding materials like cellulose
sponges as shown in Fig. 3D, the bottom of the sponge descends
by hes, with es being the hygroscopic strain of the saturated sponge,
so that the total wet distanceH≈ h(1 + es). Not all the liquid flowing
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into the sponge contributes to the rise ofH because of the transverse
expansion of the sponge, leading us to writeḢ ≈ u/(1 + es)

2 (section S1).
The hygroscopic strain of the used sponge is atmost 0.23, allowing us to
neglect higher-order terms of es. Because h≈H/(1 + es), we geth

̇ ≈ u/z,
with z ≈ 1 + 3es being the coefficient of volumetric expansion.

When the macro voids are completely filled with infiltrating liquid,
as observed for the early stages of capillary rise (Fig. 3, A and C), l ~ R
and k ~ R2. Then, we getḣ ~ gR/(zmh) so that h ~ [gRt/(zm)]1/2, which is
consistent with Lucas-Washburn’s rule (21, 22) except the fact that the
effect of swelling (z) is included. We plot the rise heights of Fig. 4A
according to our scaling law to find the scattered data to collapse onto
a single straight line inFig. 4B togetherwith thedataof nonaqueous liquids
(es = 0).When plotting h versus gRt/mwithout z in Fig. 4C, we find two
distinct lines depending on whether the sponge swells or not.

Darcy’s law for late stages
Beyond Jurin’s height, macro voids cannot be completely filled because
the capillary pressure based on the void radius cannot withstand the
hydrostatic pressure. Then, the foregoing model fails (13), which is
consistent with the change of the slopes in Fig. 1B. In this regime, the
rise is rather drivenby the capillary pressure provided by themicropores
of characteristic radius r so that l ~ r. However, the liquid does not flow
Ha et al., Sci. Adv. 2018;4 : eaao7051 30 March 2018
only throughmicroporous sheets, but it can alsowet the corners ofmacro
voids in such away that the radius of cornermeniscus d balances capillary
and hydrostatic pressure: g/d ~ rgh. We display the image of the macro
void partially filled with liquid and its schematic in Fig. 3 (A and B). Be-
cause the liquid that advances the wetting front can be supplied from the
wet corners rather than the network of micropores owing to reduced vis-
cous stress (for d >> r) as shown in the box of Fig. 3D, we should take the
permeability k as the cross-sectional area of the wet corner. A simple
geometric consideration allows us to write the area as d2 so that k ~ d2.
Then, Darcy’s law, u ~ d2g/(mrh), gives

u e g3

mðrgÞ2rh3 ð1Þ

Pore growth due to hygroscopic swelling
When the micropore size is invariant as r = r0, we easily get h ~ t1/4,
which was shown to hold for the rise of nonaqueous liquids with-
out causing hygroscopic swelling (13). However, in case of water
wicking, we have discovered drastic shape changes of micropores
in an environmental SEM (ESEM) chamber, where the RH around
a sponge specimen has increased from 10 to 100%. See Fig. 2D and
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Fig. 1. Capillary rise in cellulose sponges. (A) Optical images for wicking of water (main panel) and turpentine (inset) in the initially dry sponge. The sponge swells
when contacting water or aqueous liquids (movie S1). From left to right, t = 0, 1, 10, 100, 1000 s. Scale bar, 10 mm. (B) Experimentally measured rise height of water
(black symbols) and turpentine (red symbols) versus time. In the early stages (filled symbols), the rise height grows like t1/2 (gray line) for both the liquids. In the late
stages (open symbols), the rise height of water follows the t1/5 rule (black line), whereas that of turpentine behaves like t1/4 (red line). (C) The power law of the height
changes when the rise height h reaches Jurin’s height of macropores: hJ = g/(rgR), so the transition occurs at h/hJ ~ 1. The symbols for different liquids are listed in table
S1. All the experimental data for the rise height are the average of three measurements, with the error bars smaller than the size of symbols.
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movie S2 for experimental images and Materials and Methods for
experimental procedure. The expansion process of the porous sheet
can be decomposed into two steps (Fig. 2E). First, the pore size grows
from r0 to r1, allowing us to write r1 ~ r0(1 + e). As the expanded
pores get closer, they merge to form large pores of radius r accompa-
nied by the decrease of the number of pores from N0 to N. Because of
the insignificant change of the total area of pores upon coalescence, we
get N0r1

2 ~ Nr2. Similar growth and coalescence of pores can be easily
observed by stretching a macroscopic perforated polymer film as well
as in microscopic ductile fracture (23) and polymer crack (24). The
ratio N0/N > 1 should increase with e, which we simply estimate as
N0/N ~ 1 + be (section S2 and figs. S1 to S4). The prefactor b is a
function of a distribution of interpore distances, and a detailed dis-
cussion of the estimate is given in section S2. With the measured
values of b ≈ 50 and e ~ es ≈ 0.23 in the cellulose sponges, we obtain
N0/N ~ be, and thus, r ~ (be)1/2r0. When the wet sponges are dried,
a similar size distribution of micropores to the originally dry state is
recovered (section S3 and fig. S5).

Hygroscopic swelling in cellulose sheets
The degree of hygroscopic expansion of a porous sheet as the wetting
front propagates is related to the amount of water absorbed in the sheet.
See fig. S6 (section S4) for the schematic of the porous cellulose sheet
being wetted. The hygroscopic strain e = ah, where a is the hygroscopic
swelling coefficientmeasured to bea≈ 0.33 (section S5 and fig. S7). The
volume fraction of aqueous liquid,h, in the front sheet is given by h=Vl/
Vc, with Vl and Vc being the volume of liquid and of cellulose, respec-
tively. Because a liquid is absorbed into a sheet of thickness s by the dis-
tance ld,Vl ~N0r0lds. The diffusion length ld is scaled as ld ~ (Dt)

1/2, with
t being the characteristic time taken for the rising liquid to pass the
sheet: t ~ s/u. The diffusivity of a dense hygroscopic medium (19), D,
is given by D = 2Gkc(1 − n)/(1 − 2n)/m, where the shear modulus G =
1.62 MPa (section S6 and fig. S8), the permeability kc ~ rc

2/32, with rc
being the typical pore radius (order of 1 nm) of a cellulose sheet (25),
Ha et al., Sci. Adv. 2018;4 : eaao7051 30 March 2018
andPoisson’s ratio n =0.3 (26). The cellulose volumeVc ~N0r0
2s(1− f)/f,

where the porosity f is the ratio of themicropore volume to the total sheet
volume (section S4 and fig. S6).

Although the moisture diffusion at the wetting front determines the
size of newly wetted pores, the diffusion length itself is insignificant as
compared with the overall rise height. Namely, we find that the typical
increment of the diffusion length Dld is much smaller than that of the
rise heightDh, to give Dld/Dh ~ 0.01 for a given duration even in the late
stages.

Dynamics of wicking and swelling in late stages
The foregoing considerations allow us to write e as e ~ a(Ds/u)1/2f/
(1−f)/r0, which leads to

r e abfr0
1� f

� �1=2

ðDsÞ1=4u�1=4 ð2Þ

The relation indicates that the micropore radius at the wet front
increases as the liquid rising velocity (u) decreases, which results in
the decrease in the capillary pressure (~g/r). Combining Eqs. 1 and
2 and recalling h˙ ≈ u/z, we obtain a power law for the rise height in
the late stages, h ~ (Bt)1/5, with B given by

B ¼ 1
z

g3ð1� fÞ1=2
mðrgÞ2ðabfr0Þ1=2ðDsÞ1=4

" #4=3

ð3Þ

We plot the experimental results in the late stages of Fig. 4D
according to scaling law (Eq. 3) in Fig. 4E. We see that the exper-
imental data for various liquids are collapsed onto a single master
curve despite the variations of g, m, r, and D, consistent with our
theory. Figure 4F plots h based on the scaling law suggested for
nonswelling sponges (13): h ~ {g3t/[m(rg)2r0]}

1/4. Although the data
A B C

RH: 10% 95% 100% Pore expansion Coalescence

D E

r0
r1

r

Fig. 2. Microscopic images of the cellulose sponge. SEM images of macropores (A), micropores (B), and cross section of the sheets (C). Scale bars, 300 mm (A) and 10 mm
(B and C). (D) Merging of micropores due to hygroscopic expansion of the cellulose sheet, as imaged by ESEM. The pores start to grow when the relative humidity (RH)
exceeds 90%, and they coalesce with their neighbors. Scale bar, 10 mm. (E) Schematic illustration of micropore expansion and coalescence. The micropores grow from r0 to r1
in radius (pore expansion) and then merge to form large micropores of radius r (coalescence).
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appear to collapse onto a single line, h does not follow h ~ t1/4,
invalidating the nonswelling theory for the current situation. We
show in section S7 (fig. S9) that even with aqueous liquids, the rise
height follows the t1/4 law in the late stages for the sponges that
have been pre-wetted and fully swollen in advance.
Ha et al., Sci. Adv. 2018;4 : eaao7051 30 March 2018
DISCUSSION
We have constructed the theoretical framework to analyze the liquid
flow in hygroexpansive porousmedium, wheremultiscale pore dynam-
ics cannot be adequately accounted for by conventional poroelasticity
theory. In particular, our analysis correctly captures the t1/5 behavior of
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Fig. 4. Wicking dynamics in different stages. (A) Experimentally measured rise height versus time in the early stages. (B) The early-stage data are collapsed onto a single line
when plotted according to our scaling law h ~ [gRt/(zm)]1/2. The law holds for both the aqueous and nonaqueous liquids. (C) Two collapsed lines for aqueous (black line) and
nonaqueous liquids (red line). (D) Experimentally measured rise height of aqueous liquids versus time in the late stages. (E) The late-stage data are collapsed onto a single line
when plotted against our scaling law h ~ (Bt)1/5. (F) The experimental results appear to collapse onto a single line but disobey the t1/4 rule (Eq. 1). The symbols for different liquids
are listed in table S1.
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Fig. 3. The difference of wicking behavior between early and late stages. (A) Optical image of a sponge wetted by water. At small h, or in the early stages, the
macro voids are completely filled with liquid. However, at large h, or in the late stages, they are only partially filled with liquid. A white curved line indicates the
deformation of sponge due to the constraint of the dry upper part (section S1). The blue and red boxes show macro voids completely and partially filled with liquid,
respectively. Scale bar, 10 mm. (B) Schematic of liquid-filling behavior in the late stages. Macro voids are not completely filled with liquid due to gravitational effects,
whereas micropores are fully occupied with liquid. The radius of curvature d of the meniscus in the macro void is determined by the balance between gravitational and
capillary forces: d ~ g/(rgh). (C) Schematic of a macro void of radius R in a microporous sheet in the early stages. Both macro and micro voids are completely filled with
liquid. (D) Simplified model of the sponge whose wetting behavior is mathematically analyzed. Black box shows the liquid path near the wetting front. The liquid
permeates into micropores from the wet corner of macropores.
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the rise height in the late stages by considering the expansion of micro-
pores as a function of the liquid rise speed, which determines the diffu-
sion length within a cellulose sheet. Although the evaporation of water
from the wet sponge occurs in the course of capillary rise, it has been
ignored in our analysis because its rate (q≈ 6 × 10−9 m/s as experimen-
tally measured) is negligibly small compared with the typical wicking
velocity u ~ 10−4 m/s in the late stages. We note that although cellulose
is a major constituent of wood, the porous structure of artificially
manufactured cellulose sponges is distinguished from wood that has
grown in nature. One of those remarkable differences is that wood has
submicrometric pores in a hierarchical order (25), which are invisible
in the cellulose sponges.

Besides cellulose sponges, a variety of mundane and industrial
materials of heterogeneous porosity can benefit from our theory, in-
cluding biomedical devices such as the cytosponge (27), cell cultures
(28), shape-morphing microneedles (29), soft actuators (30, 31), and
plant seeds (32). Paper itself involves only microscale pores (33, 34),
but crumpled or folded paper forms macro voids, wetting of which
should be in line with the current problem. In addition to cellulosic po-
rous materials, hygroexpansive porous bread composed of starch (35)
was found to exhibit micropore coalescence and to follow the t1/5 law in
the late stages of vertical wicking (section S8 and fig. S10). This enables
us to start thinking about applying our theoretical framework to a re-
levant field in the science of cooking. Althoughwe have concentrated on
the power-law behavior of liquid dynamics, hygroscopic deformation
dynamics of the heterogeneous porous solid structure would help
us to fully understand and control the soft materials of ever-growing
importance.
 on M
arch 30, 2018
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MATERIALS AND METHODS
Experimental procedures of ESEM
In the ESEM chamber (XL-30 FEG, Philips), we placed a piece of
cellulose sponge, 5 × 5 × 1 mm3 in volume, on a Peltier plate, which
was kept at 2°C. Water vapor was supplied into the chamber to
increase the RH. The sponge underwent drastic shape change as
the environmental humidity reached approximately 90% by absorbing
water molecules. The deformation of the sponge was insignificant
when RH was below 90%, indicating that water molecules hardly in-
filtrate the sponge until the vapor pressure reaches a critical value. The
imaging results are shown in Fig. 2D.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/3/eaao7051/DC1
section S1. Effects of isotropic volumetric expansion on liquid rise height
section S2. Correlation between hygroscopic strain and pore coalescence
section S3. Recovery of microporous structure of cellulose sponges
section S4. The volume fraction of aqueous liquid in a cellulose sheet
section S5. Effects of water concentration on hygroscopic strain
section S6. Mechanical properties of cellulose sponges
section S7. Capillary rise in pre-swollen sponges
section S8. Scaling laws of water rise within bread made from starch
fig. S1. The measurement data of the cellulose sponge structure.
fig. S2. Macroscopic experiments for pore coalescence.
fig. S3. Numerical analysis of porous sheet deformation.
fig. S4. Moisture flux into cellulose sheet in ESEM chamber.
fig. S5. Microporous structure of cellulose sponges after cycles of wetting and drying with water.
fig. S6. Analysis of the cellulose sheets.
fig. S7. Hygroscopic strain of saturated sponge for different water contents in aqueous glycerin
and ethylene glycol.
Ha et al., Sci. Adv. 2018;4 : eaao7051 30 March 2018
fig. S8. Shear modulus of dry and wet cellulose sponge.
fig. S9. Capillary rise height of water versus time in an initially dry sponge (black) and
pre-swollen sponge (red).
fig. S10. Capillary rise in porous bread.
table S1. List of liquid properties and symbols.
movie S1. Wicking and swelling in the cellulose sponge.
movie S2. The merging of micropores in the cellulose sheets.
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section S1. Effects of isotropic volumetric expansion on liquid rise height 

The cellulose sponge swells isotropically by absorbing water or aqueous solutions, but it 

should match the size of the upper dry region near the wet-dry interface. The region of such 

deformation (white curved line in Fig. 3A of the main text), whose length is approximately 2 

mm, is relatively small compared to the rise height h and Jurin's height hJ, which allows us to 

simplify the model as illustrated in Fig. 3D. 

 

In the vertical direction, the total wet distance H from the bottom of the sponge to the wet 

front is related to the measured rise height h by h = H/(1+εs). The liquid flux that enters the 

initially dry region of the cross-sectional area Ad, uAd, contributes to the transverse expansion 

causing the area to increase from Ad to Aw = Ad(1+εs)
2 as well as to the rise of the wet front Ḣ. 

Hence, we write uAd ≈ ḢAw, which leads to Ḣ ≈ u/(1+εs)
2. 

 

section S2. Correlation between hygroscopic strain and pore coalescence 

We consider a thin perforated sheet with N0 pores, which is stretched isotropically in its 

plane. As demonstrated in movie S2 which actually employs a biaxial extension due to the 

limit of experimental setup, the growing holes approach each other until they merge to form a 

larger pore. We observe similar coalescence process of micropores in the cellulose sheet as it 

becomes wet in Fig. 2D of the main text. The similarity between the stretched perforated 

membrane and hygroscopically expanding porous sheet is discussed below. Our theory 

requires a simple relationship between the hygroscopic strain ε and the change of pore 

numbers via merging, or N0/N = f(ε) with N0 and N being the number of pores before and 

after coalescence. Because the change of pore numbers via coalescence has been seldom 

treated theoretically, we employ an experimental approach to empirically find the functional 

form of f(ε). 

 

As shown in fig. S2A, we start with thin PDMS (polydimethylsiloxane) films 100 μm in 

thickness with dozens of holes of the radius a = 2 mm. We stretch the films in the two 

perpendicular directions using two linear stages (M-IMS300LM, Newport) as shown in fig. 

S2B and C. We count the number of pores as the strain increases to obtain N0/N as a function 

of ε. The results are displayed in fig. S2D, where the number ratio linearly increases with ε 

once the strain reaches the threshold value. The value is different for each perforation 

condition, which also affects the slope of the straight lines. Although the hole radii were 

identical for all the films, their spacings were different. Figure S2E and F show the 

probability of the inter-pore distance d scaled by a for the two extreme cases, films 1 and 5. 

When the inter-pore distance is densely distributed in the range of very small values as in 

film 1, the threshold strain over which N0/N begins to increase is close to zero and the 

increase rate (slope of the line) is large. For films with relatively large inter-pore distances as 

in film 5, the threshold strain is relatively large and the line slope is small. 

 

Our measurement result of inter-pore distance of micropores in the cellulose sheet is 

displayed in fig. S1C. It clearly shows that the pores are rather densely spaced, so that the 

inter-pore distance probability resembles that of film 1 in fig. S2E. Therefore, we assume 



N0/N ≈ 1+ βε for the cellulose sheet. We empirically find β based on the number of pores of a 

cellulose sheet before (N0) and after (N) wetting in the ESEM chamber and the hygroscopic 

strain (ε ≈ 0.23). As a result of three runs, we obtain β ≈ 50±7.7, which further allows us to 

estimate N0/N ≈ βε for βε >> 1. 

 

While physical mechanisms causing stress and strain in stretched membranes and 

hygroscopically expanding sheets are different, the resultant deformation patterns are similar. 

To illustrate the similarity, we perform finite element analysis (FEA) for a circular sheet with 

two and four holes to compare the deformation patterns under tension and hygroscopic pore 

expansion using the commercial FEA program, ADINA version 9.3. Sheet stretching is 

simulated by imposing a radial force uniformly distributed along the outer boundary of the 

sheet (fig. S3A). To model the case of hygroscopic pore expansion, a thin circular layer of 

high moisture content is introduced near the pore boundary. This is a simple model for what 

happens in the actual wicking experiments, where the water that enters a micropore diffuses 

outward from the pore boundary while keeping the water content near the boundary very high. 

In the ESEM experiments, the moisture flux from the ambient humid air is maximized at the 

pore boundary as computed in fig. S4, allowing us to assume a high moisture content near the 

pore boundary. 

 

As seen in fig. S3B, these two different models provide similar deformations. First of all, the 

radius of holes increases but the distance between adjacent pore boundaries decreases, which 

causes necking of the sheet between two pores that would lead to pore coalescence. The 

effective, von Mises stress (often used in failure criteria of materials) is localized near pores, 

particularly at the pore-pore interface, due to stress concentration. Notably, it is dominated by 

the positive (tensile) hoop stress (the stress component defined in the circumferential 

direction of pores) responsible for pore expansion. The rupture or cracking of pores is likely 

to be initiated by these highly tensile stress components particularly in the necking region 

between pores. These results clearly demonstrate that pore deformation characteristics in the 

two situations are similar, suggesting that our biaxial stretching experiment can closely 

emulate the pore coalescence phenomenon in the actual hygroscopic expansion of porous 

sheets. 

 

section S3. Recovery of microporous structure of cellulose sponges 

To test whether microporous structure of cellulose sponges is recovered after repeated cycles 

of wetting and drying, we took scanning electron microscopy (SEM) images of dry cellulose 

sponges that had undergone saturation and drying cycles with water. As shown in fig. S5, the 

microporous structures are similar regardless of the number of cycles of wetting and drying. 

 

section S4. The volume fraction of aqueous liquid in a cellulose sheet 

The volume fraction of an aqueous liquid in a cellulose sheet, η, is given by η = Vl/Vc, where 

Vl and Vc are the volumes of the liquid and the cellulose, respectively. In fig. S6a, we see that 

the cellulose volume Vc = VtVp, where Vt and Vp ~ N0r0
2s are the total volume and micropore 

volume, respectively. Since the porosity of the sheet ϕ =Vp/Vt, we obtain Vc ~ (1ϕ)N0r0
2s/ϕ. 



The image analysis as illustrated in fig. S6b gives ϕ ≈ 0.47. The diffusion length ld ~ (Ds/u)1/2 

~ 0.1 μm is very small compared to the micropore radius r0 ~ 1 μm for the typical wicking 

velocity u ~ 0.1 mm/s in the late stages. Thus, we write Vl ~ N0r0ld, which finally leads to η ~ 

ϕld/(1ϕ)/r0. 

 

section S5. Effects of water concentration on hygroscopic strain 

In our experiments to induce hygroexpansion of sponges, we used not only water but also 

aqueous liquids, i.e. glycerin and ethylene glycol mixed with water at different weight ratios, 

to check the validity of our theory for a wide range of liquid properties, such as density, 

viscosity, and surface tension coefficient. We measured the maximum (or saturated) 

hygroscopic strain, εs of cellulose sponges for various aqueous liquids independently of the 

capillary rise experiments. The results, displayed in fig. S7, show that the values of εs for 

various liquids is nearly identical to the value for pure water when the weight content of 

water is over 20%. Thus, we use εs = 0.23 for all the liquids in this work, which leads to α ≈ 

0.33. 

 

section S6. Mechanical properties of cellulose sponges 

We measured Young’s modulus of the present cellulose sponges by using a tensile testing 

machine (Instron 5543). To obtain Young’s modulus of the solid part except pores, we 

introduce a linearized empirical relationship (36), E = E0(1Φ) where E and E0 are Young’s 

modulus of porous material and solid part, respectively, and Φ is the macroscale bulk 

porosity (Φ ≈ 0.9). We use Poisson’s ratio ν = 0.30 following Ref. (26). The shear modulus is 

given by G = E0/(1+ ν)/2. The elastic modulus decreases as the cellulose sponge absorbs 

water as shown in fig. S8. As the shear modulus of a wet porous medium appearing in the 

expression of diffusivity, we used G = 1.62 MPa. 
 

section S7. Capillary rise in pre-swollen sponges 

To test the effects of hygroscopic swelling on capillary rise dynamics, we measured the rise 

height of water in a sponge which had been swollen by water vapor without its micro and 

macro voids filled with the liquid. Figure S9 shows that the water rise height grows like t1/4 in 

the late stages in pre-swollen sponges, while it grows like t1/5 in unsaturated sponges. This 

result indicates the critical role of the hygroscopic swelling in the capillary rise dynamics in 

the late stages. The inset of fig. S9 shows that the power law of the rise height follows Lucas-

Washburn's rule (t1/2) regardless of liquids in the early stages. 

 

section S8. Scaling laws of water rise within bread made from starch 

Starch, the most common carbohydrate in human diets, is a polymeric carbohydrate that 

swells with absorbing water just as cellulose. To observe water wick against gravity in a 

bread made from starch, we placed an initially dry bread on a water bath as shown in fig. 

S10A. The measurement results of the rise height reveals that h grows like t1/2 in the early 

stages and t1/5 in the late stages, fig. S10C, which agrees with the power laws observed with 

cellulose sponges. Pores of bread were found to coalesce while impregnated with water as 

shown in fig. S10B, the similar behavior seen in the cellulose sponges. 



 
fig. S1. The measurement data of the cellulose sponge structure. (A) Optically measured 

areal density of macropores. (B) Areal density of micropores measured with SEM images. 

The error bars of the data correspond to the standard deviation of the average pore radii of 

three samples. (C) Inter-pore distance distribution of the cellulose sheets. The error bars of 

the data correspond to the standard deviation of the average inter-pore distance of six samples. 

The area of measurement is specified in each plot. 

 

 

 
fig. S2. Macroscopic experiments for pore coalescence. (A) Perforated thin polymer films 

(initial state). The radius of pores, a, is 2 mm. Scale bar, 10 mm. (B) A schematic of 

experimental setup. The left and bottom sides are clamped, and the right and upper sides of 

the film are pulled by the linear stages. (C) Experimental images of the pore coalescence 

(case 1). Scale bar, 10 mm. (D) The number ratio N0/N versus strain ε. The coalescence tends 

to occur quickly when β is high. Dimensionless inter-pore distance (d/a) distribution of case 1 

(E) and case 5 (F). 



 

fig. S3. Numerical analysis of porous sheet deformation. (A) The loading conditions for 

finite element models. Left: external stretching. Right: hygroscopic swelling. (B) Von Mises 

stress and hoop stress distribution of stretching and hygroscopic swelling models. The hoop 

stress is defined by the stress along the θ-θ direction with the origin of cylindrical coordinate 

located at the center of individual pores. The color bar indicates the relative stress. 

 

 

 

 

fig. S4. Moisture flux into cellulose sheet in ESEM chamber. (A) Numerical computation 

results of the moisture concentration (ψ) distribution based on the steady diffusion model, 

2ψ = 0, with the boundary conditions specified in the figure. Black arrows indicate the 

orientation of the flux. (B) Flux magnitude versus distance along the blue line (inset). The 

flux is very high near the boundary between the sheet and the pore at d = 5. 



 

fig. S5. Microporous structure of cellulose sponges after cycles of wetting and drying 

with water. From left to right, SEM images of sponge after 0, 5, and 10 cycles. Similar 

microporous structure is observed although different specimens are used for microscopy due 

to experimental limits. Scale bar, 10 μm. 

 

 

 

 

 

 
fig. S6. Analysis of the cellulose sheets. (A) A schematic of liquid diffusion in a wet 

microporous cellulose sheet. (B) SEM image (left) and post-processing image (right). We 

calculated the area fraction of pores (red area) to measure the porosity of a sheet. Scale bar, 

10 μm. 

 

 

 

 

 
fig. S7. Hygroscopic strain of saturated sponge for different water contents in aqueous 

glycerin and ethylene glycol. The error bars of the data indicate the standard deviation of the 

average hygroscopic strain of four measurements at each weight concentration. 

 



 

 

 

fig. S8. Shear modulus of dry and wet cellulose sponge. The shear modulus calculated 

from the measurement results of Young’s modulus for different water concentration, Δm/m, 

where Δm is the mass of water and m is the mass of initially dry sponge. The error bar is 

smaller than the size of the symbols. 

 

 

 

 

 
fig. S9. Capillary rise height of water versus time in an initially dry sponge (black) and 

pre-swollen sponge (red). In the late stages, the rise height grows like t1/4 in the pre-swollen 

sponge while it follows the t1/5 law in the initially dry sponge. Inset: In the early stages, the 

rise heights of the both saturated and unsaturated sponges follow the t1/2 rule. 

 
 



 

fig. S10. Capillary rise in porous bread. (A) Optical images of water wicking in initially 

dry bread. Scale bar, 5 mm (B) Merging of pores with water impregnation as imaged by an 

optical microscope. Scale bar, 30 μm. (C) The rise height of water versus time. In the early 

stages (filled symbols), the rise height grows like t1/2 (gray line). In the late stages (open 

symbols), the rise height follows the t1/5 rule (black line). 

 

  



table S1. List of liquid properties and symbols. Physical properties of water, aqueous 

glycerin (37), aqueous ethylene glycol (38), turpentine and silicone oils at 23°C, and symbols 

for the liquids. 

 

Liquid 
Symbol Viscosity, 

μ (Pa·s) 

Density, 

ρ (kg/m3) 

Surface tension, 

γ (N/m) 

Diffusivity, 

D (10-11 m2/s) Early Late 

Water ● ○ 0.001 998 0.072 17.72 

Glycerine  

30 wt% 
★ ☆ 0.0022 1071 0.069 8.05 

Glycerine  

60 wt% 
◆ ◇ 0.009 1151 0.068 1.97 

Glycerine  

80 wt% 
▲ △ 0.047 1205 0.065 0.38 

Ethylene 

glycol 30 wt% 
▼ ▽ 0.0017 1033 0.061 10.43 

Ethylene 

glycol 60 wt% 
◀ ◁ 0.0038 1067 0.055 4.66 

Ethylene 

glycol 80 wt% 
▶ ▷ 0.0068 1090 0.050 2.61 

Turpentine ■ □ 0.0014 870 0.027 - 

Ethylene 

glycol 99 wt% 
 - 0.018 1112 0.048 - 

Silicone oil I  - 0.10 970 0.020 - 

Silicone oil II * - 1.00 970 0.020 - 

 

 

 

 

movie S1. Wicking and swelling in the cellulose sponge. The movie plays at 32X real-time 

speed. The cellulose sponge swells while being wetted. 

 

movie S2. The merging of micropores in the cellulose sheets. The movie plays at 64X real-

time speed. As the cellulose sheets absorb the water in the humid ESEM chamber, the pores 

expand, and then merge to form larger pores. 

 


