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Abstract

We present a physically based method to simulate the dynamic ef-
fects of wet cloth on contact surface under different humidity. In
our dynamic calculation model, air pressure difference between t-
wo sides of the cloth is considered, which is influenced by the air
permeability of cloth. We also present a new adsorption model de-
rived from real-world measurements to calculate the friction more
accurately. Contrary to previous methods, we take the effects of
humidity into account, which may influence the calculation of air
permeability and adhesion force. Experimental results show that
our approach can accurately simulate different dynamic effects of
wet cloth with different humidity.

Keywords: air pressure, air permeability, adhesion force, humidi-
ty, cloth simulation

Concepts: •Computing methodologies→ Physical simulation;

1 Introduction

Wet cloth simulation is one of the research focuses in comput-
er graphics in recent years. There are many substantial progress
on wet cloth simulation, mainly on interaction between liquid and
cloth, such as the coupled system of a cloth model in a fluid simu-
lation system [Robinson-Mosher et al. 2008], fluid flowing through
a porous cloth [Lenaerts et al. 2008], and liquid diffusion phe-
nomenon in the fabric [Huber et al. 2011]. While less attention
are paid to the motion of wet cloth on contact surface.

When cloth gets wet, its physical properties are changed. Because
of adhesion force and pressure difference, wet cloth is adsorbed on
contact surface and it becomes difficult to be pulled up. [Yamada
et al. 2013] considered the air pressure difference and simulated the
pulling up wet cloth from a plane, but they assumed that the amoun-
t of the internal air is constant, ignoring air exchanging during the
pulling process. On the other hand, the friction variation is also ne-
glected when the cloth becomes wetter. [Chen et al. 2012] studied
how to simulate a garment in contact with human skin, and they
considered the friction model by obtaining the data from fabric ex-
periments. However, their approach did not refer to the relation be-
tween adhesion force and friction, and they also ignored the effect
of pressure difference. In addition, the influence of the humidity to
the force model has not been involved in these studies, while in real
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scenes a same cloth under different humidity shows very different
dynamic effects.

In this paper, we present a physical based method to simulate the
dynamic effects of wet cloth on contact surface under different hu-
midity. We consider the variation of air pressure during the process
of pulling up wet cloth from contact surface in our method. Cloth
humidity is introduced to calculate air permeability which deter-
mines the air pressure difference between the two sides of the wet
cloth. We bring out a new adhesion force model including pressure
difference between the atmosphere and the liquid bridge, which
presents the adsorption phenomenon of wet cloth on contact sur-
face. The adhesion force model is also used to calculate friction.
Besides, humidity is considered here to influence the magnitude of
adhesion force, so we can get different dynamic effects under dif-
ferent humidity.

The main contributions in this paper include:
1. An air pressure model considering air exchanging is presented
in accordance with real physical phenomena. In comparison to the
models without air updating, our approach obtains more realistic
simulating results.
2. An adhesion force model considering pressure difference and
surface tension is brought out. This model is based on previous-
ly reported, real-world measurements, it has already been validated
that these measurement results show a reasonably good match with
the theoretical prediction.
3. We introduce cloth humidity to influence the calculation of air
permeability and adhesion force in the above two models respec-
tively. Thus, we can get different cloth behaviors under different
humidity.

We evaluate our method by comparing our simulation results with
existing methods and real scenes such as pulling up the cloth at one
point from different directions, dragging the cloth at one corner,
covering the cloth on a ball and so on, with different humidity. The
results show that our approach can well simulate different dynamic
effects of wet cloth under different humidity.

2 Related work

Modeling and simulating of cloth is a popular research topic in
computer graphics. Based on physical simulation, [Terzopoulos
et al. 1987] first used continuum models for cloth representation,
then [Breen et al. 1994] used particle system and [Provot 1995]
proposed mass-spring model which has been widely used. Recent
years, even yarn-level simulation has been realized [Kaldor et al.
2008] [Cirio et al. 2014] [Cirio et al. 2015]. There are also many
studies made cloth simulation more stable and robust [Baraff and
Witkin 1998] [Choi and Ko 2005] [Bridson et al. 2002]. We focus
our review on three topics, wet cloth simulation, adsorption simu-
lation, and friction in cloth simulation.

2.1 Wet cloth simulation

[Robinson-Mosher et al. 2008] studied the surface interaction of
fluid and cloth considering the two-way coupling of solid-liquid in-
terface. [Lenaerts et al. 2008] introduced Darcy’s law to simulate
the fluid flow in the porous permeable objects. [Huber et al. 2011]
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simulated the liquid saturation process by using Fick’s law to com-
pute the diffusion. [Ozgen et al. 2010] introduced the fractional
equation to simulate underwater cloth without concerning the fluid
simulation system. These studies do not focus on the interactions
between wet cloth and contact surfaces.

[Chen et al. 2012] considered the contact between the wet cloth and
skin, they proposed a simplified saturation model, a nonlinear fric-
tion model derived from fabric experimental measurements, and a
wrinkle model based on imperfection sensitivity theory. [Yamada
et al. 2013] simulated the behavior of wet cloth taking the atmo-
spheric pressure into account. However, recent studies about wet
cloth do not refer to the cloth humidity which is an important at-
tribute in our method, while in real world different humidity may
greatly affect the behaviors of the cloth.

2.2 Adsorption simulation

Adsorption phenomena may appear when wet cloth or viscous ob-
jects contacting with other surfaces. Adhesive contacts can be mod-
eled by adding adhesive constraints [Gascón et al. 2010], adhesive
springs [Huber et al. 2011], or adhesive force [Rungjiratananon
et al. 2012], which make the cloth or other object continue stick
to the touching position.

[Lou et al. 2015] designed device and method to measure the pro-
cedure of a round completely wet cloth being pulled up from the
liquid. They evaluated the adhesion force of different fabric and
the results showed a reasonably good match with the theoretical
prediction which contains pressure difference and surface tension
effects. Our approach is based on this measurement and theoretical
model to calculate adhesion force, and we extend it considering the
humidity effect.

To reproduce the sticking of wet cloth, [Yamada et al. 2013] sim-
ulated wet cloth pulling behavior taking the atmospheric pressure
into account, but they assumed that air does not pass through wet
cloth. While [Chen et al. 2013] derived the air pressure from a
time-varying air mass field, which is updated due to air transfer and
propagation. We are inspired by their thoughts and consider the air
change between the cloth and its contact surface to compute the air
pressure effect, and we also consider the humidity effect to influ-
ence the air permeability.

2.3 Friction in cloth simulation

Friction is a significant force for two objects which have mutual
contact and relative motion, especially for wet cloth moving on
contact surface. [Bridson et al. 2002] used the classical Coulomb’s
model for friction, both static and kinetic, they changed the velocity
to present the friction performance, this approach has been widely
used in following studies because of its simplicity and efficiency.
When considering the anisotropy of cloth, [Pabst et al. 2009] pro-
posed an anisotropic friction model. They took the friction stress
tensor into account which is decided by the rotation matrix.

[Chen et al. 2013] also used a nonlinear, anisotropic friction model
to simulate the friction between cloth and deformable bodies. Per-
forming some experimental friction tests, they got the relationship
curve of pressure and friction force. [Chen et al. 2012] combined
the friction modeling with the fabric experimental results too, and
derived a nonlinear friction model by curve fitting.

(a) structural springs (b) shear springs

(c) bending springs

Figure 1: three different massless springs.

3 Physical model

3.1 Cloth model

We use the mass-spring model proposed by [Provot 1995] to rep-
resent the cloth and for the internal cloth dynamics, Figure 1
shows three different massless springs we used to model the in-
ternal forces between cloth particles. Springs linking particles
P (i, j) and P (i± 1, j), and particles P (i, j) and P (i, j ± 1),
called structural springs; springs linking particles P (i, j) and
P (i± 1, j ± 1), and particles P (i± 1, j) and P (i, j ± 1), called
shear springs; springs linking particles P (i, j) and particles
P (i± 2, j), P (i, j ± 2), and P (i± 2, j ± 2), called bending
springs. According to Hooke’s law, and we introduce the damping
term to eliminate unrealistic in-plane oscillations like [Choi and Ko
2005] did, the internal force of particle i is formulated as formula
(1):

Fspring (Pi) =
∑

(i,j)εS

(
lij
|lij |

)
·
(
Ks ·

(
lij − l0ij

)
+ (−Kd · (vi − vj))) ,

(1)

where S is the set of particles (i, j) in which Pi and Pj are linked
by a spring, lij and l0ij are current length and natural length of the
spring connecting particle i and particle j,Ks andKd are the spring
constant and damping constant, and vi and vj are the velocity of
particle i and particle j separately.

In order to avoid the super elastic deformation, we simply use the
method proposed by [Provot 1995] to reduce the length of the over-
elongated springs by adjusting the positions of their ends, while
inspired by [Dochev and Vassilev 2003], we use adaptive orders
to adjust springs according to different simulated scenes. For each
scene, the springs which connect the earlier moving particles will
be sooner adjusted. So the number of invocation of the correction
procedure can be reduced and we can get better forms of movement
than a fixed order.

3.2 Air permeation relevant to humidity

When an external pulling force acts on a point of a wet cloth, the
form of the parts being pulled up is different from that of a dry cloth.
They have raised parts and flattened surfaces. During this pulling
up period, the air pressure between the cloth and its contact object is
lower than the external atmosphere pressure, so the pressure differ-
ence presses the area being pulled up and makes the concave-down
shape and resistance force as we feel. [Yamada et al. 2013] simu-
lated the behavior of the wet cloth taking the atmospheric pressure
into account, but they assumed that the air does not pass through the
wet cloth, the air between the cloth and its contact object is isolated.
Actually, the production of the tent shape is due to the permeation
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(a) real, humidity=0% (b) real, humidity=50% (c) real, humidity=70% (d) real, humidity=100%

(e) simulation, humidity=0% (f) simulation, humidity=50% (e) simulation, humidity=70% (f) simulation, humidity=100%

Figure 2: Obliquely pull the midpoint of a cloth under different humidity using the same force. The top row from (a)-(d) show real cloth
motion, and the bottom row from (e)-(h) show our simulated results. Our method simulates the physical phenomenon correctly that it becomes
harder pulling the cloth up as the humidity increases.

of air from outside atmosphere, air molecules permeate through the
pores on the wet cloth even though high humidity may decrease the
permeability [Hes and Loghin 2009]. So the air pressure difference
keeps varying during the pulling process until the air pressure bal-
ance. In our method, we consider the air permeation in different
humidity.

For the air between the cloth and its contact surface, we can get
the formula according to the ideal gas law, PV = nRT , in which
P is the air pressure, V is the air volume, n is the amount of air
molecules, R is a gas constant, and T is the temperature. In our
simulation, we assume the temperature is constant while the amount
of air may change. We treat nRT as an air mass Q like [Chen et al.
2013] did, if Q is constant, then the pressure of the inside air will
become lower and lower as the air volume increases. We use Ai to
represent the area of cloth particle i and di to represent the distance
from cloth particle i to the contact surface, then Vi = Aidi is the
air volume between cloth particle i and the contact surface. Let Pin
be the pressure of total inside air and we can calculate it as formula
(2):

Pin =
Q

Vsum
, (2)

where Vsum =
∑
Vi is the total inside air volume. Let Patoms be

the atmospheric pressure, then we can get the air pressure force at
cloth particle i as formula (3):

Fair = − (Patoms − Pin) ·Ai ·
Ni
|Ni|

, (3)

where Ni is the normal at cloth particle i.

Considering the air mass Q is not constant as we have discussed
before, we should update Q every time step. Taking air permeation
into account, we define air permeability coefficient δ as the volume
of air passing through cloth under the atmospheric pressure per unit
area per second. And the change rate of air is also related to the air
pressure difference, so we formulate the changing of inner air mass
Q caused by air permeation as formula (4):

∂Q

∂t
= δ · (Patoms − Pin) ·Asum , (4)

where Asum is the total area of the pulled up parts of the wet cloth.
We update the Q each time step if the volume of inside air between
two time steps is larger than a threshold, this condition indicates
that the pulled up area of the cloth become larger and the air may
continue pass through the cloth, so Q should be changed accord-
ingly.

Different humidity indicates that different amount of water is in the
cloth interstitial and in the gap between the cloth and its contact
surface. The water in wet fabric structure creates a partially contin-
uous film, so the permeation rate of air is limited. [Hes and Loghin
2009] measured and analyzed heat, moisture and air transfer prop-
erties of wet woven fabrics. Their measurement results showed that
with fabric humidity increasing, the air flow through wet fabrics de-
creases. They drew the relational graph of the fabric moisture and
air permeability for different materials of fabrics. From their stud-
ies, we can get a linear relationship between the humidity and the
air permeability, so we formulate the relationship as formula (5):

δ = −Kδ · ω +Dδ , (5)

where ω is the humidity of cloth,Kδ andDδ are coefficients related
to the material.

Figure 3: geometrical model of wet cloth adhesion. Wet cloth and
contact surface are touching by a liquid bridge.
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3.3 Adsorption relevant to humidity

In real world, when a wet cloth is laid flat on the table, it will stick to
the table and hard to be moved or pulled up. As already mentioned
above, when the cloth gets wet, water in wet fabric structure may
create a film and take up the fabric gap. Besides, as [Lou et al.
2015] pointed out, for two pieces of smooth materials, like wet cloth
and its contact surface, a certain amount of liquid between them
forms a liquid bridge which tends to hold them tightly together. We
believe that the humidity is not only related to the amount of water
in wet fabric structure but also related to the amount of the liquid
bridge between wet cloth and its contact surface. When the cloth is
touching the contact surface, the adsorption effect is more related
to the influence caused by the liquid bridge.

The adhesion force makes the wet cloth stick to the contact surface
as we discussed, [Lou et al. 2015] gave their theoretical model of
the calculation of adhesion force: for two pieces of materials touch-
ing each other by a liquid bridge, the adhesion force is caused by
two parts, one is the pressure difference between the atmosphere
and the liquid bridge, Figure 3 shows geometrical model of wet
cloth adhesion, wet cloth and contact surface are touching by a liq-
uid bridge. According to Young-Laplace equation, the pressure d-
ifference is expressed as formula (6):

∆P = γ

(
1

R1
+

1

R2

)
, (6)

where γ is the surface tension of liquid. From the geometric rela-
tionships in Figure 3, we can get formula (7):

R1 =
h

cos θa + cos θb
R2 = − Ra

sin θa
(h > 0) , (7)

where θa and θb are the contact angles of liquid to upper and lower
surfaces, the wet cloth in the experiment in [Lou et al. 2015] is a
round fabric, then Ra is the radius of the wet cloth, and h is the
height of liquid bridge. So the pressure difference can be expressed
as formula (8):

∆P = γ

(
cos θa + cos θb

h
+

sin θa
Ra

)
. (8)

Another part causing the adhesion force is the surface tension Fγ
of the side wall of the liquid bridge at the liquid-vapor-solid border,
which is calculated as formula (9):

Fγ = l · γ · sin θa , (9)

where l is the perimeter of the wet cloth border. Finally, the total
adhesion force Fn on the wet cloth caused by the liquid bridge can
be expressed as formula (10):

Fn = ∆P · πR2
a + Fγ

=
γπR2

a

h
(cos θa + cos θb) + γπRa sin θa .

(10)

We find that in formula (10), πR2
a is the area of the fabric, and πRa

is the half of the circumference. So for a square fabric, let Snow be
the current area of the cloth touching the contact surface, and we
calculate it by Snow = Sall − Sup, which means wiping out the
pulled up area from the total area of the cloth. And we calculate the
half circumference according to formula (11):(

l

2

)
now

= 2a = 2
√
Snow , (11)

where a is side length of the square, and we simply treat the current
part of the cloth touching the contact surface as a square all the
time. So we modify the total adhesion force as formula (12).

Fn = γ ·
(
Snow
h

(cos θa + cos θb) + 2
√
Snow sin θa

)
. (12)

For different liquid, the surface tension γ may be different, we
choose the surface tension of ordinary water at room temperature
in our calculation. For different materials of cloth, the contact an-
gles θa and θb may also be different, in our simulation, we fine-
tuned them to get better results. The adhesion force is applied on
the cloth particles if their positions are lower than a threshold. The
threshold represents the maximum height of the liquid bridge. In
this case we assume that there is always a liquid bridge between the
cloth and the contact surface. While the positions of these particles
are higher than this threshold, we apply the air pressure force as we
described in the above section.

(a) real, humidity=30% (d) simulation, humidity=30%

(b) real, humidity=70% (e) simulation, humidity=70%

(c) real, humidity=100% (f) simulation, humidity=100%

Figure 4: Straightly pull the midpoint of a cloth under different hu-
midity using the same force. The left column from (a)-(c) show real
cloth motion, and the right column from (d)-(f) show our simulated
results.

We also consider the influence of different humidity. In theory,
the amount and form of the liquid bridge will change in different
humidity, and so the pressure difference between the atmosphere
and the liquid bridge will be different. Higher humidity leads to
bigger adhesion force. In our simulation, we treat this relationship
as linearity, so the adhesion force Fn with humidity influence is
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(a) real, humidity=0% (b) real, humidity=30% (c) real, humidity=70% (d) real, humidity=100%

(e) simulation, humidity=0% (f) simulation, humidity=30% (g) simulation, humidity=70% (h) simulation, humidity=100%

Figure 5: Pull one corner of a cloth under different humidity using the same force. The top row shows real cloth motion, and the bottom row
shows our simulated results. As the humidity increases the wet cloth shows more obvious wrinkles, and it becomes harder and harder to pull
all parts up.

expressed as formula (13):

Fn = ω · γ ·
(
Snow
h

(cos θa + cos θb) + 2
√
Snow sin θa

)
,

(13)
where ω is valued range from 0 to 1 corresponding the humidity
from 0% to 100%.

3.4 Friction calculating

We use Coulomb’s model for friction, Ff = µFn, µ is the friction
parameter, and we use the adhesion force calculated in section 3.3
as the normal force Fn here. As [Bridson et al. 2002] described, the
friction force is opposite to the direction of the pre-friction relative
tangential velocity vpreT , and its magnitude is at most µFn. We can
calculate a velocity vf in the direction of friction according to mo-
mentum theorem, vf = Ff · ∆t

m
. The velocity represents the effect

of friction. In fact that friction should not change the direction of a
moving object. If |vf | is larger than |vpreT |, either a slipping cloth
particle stopped moving, or a stationary cloth particle can not be
moved. That means in any case the new relative tangential velocity
should be zero. Then the magnitude of new relative tangential ve-
locity is max (|vpreT | − |vf | , 0), and its direction does not change,
i.e. the final new relative tangential velocity is formula (14):

vT = max (|vpreT | − |vf | , 0) · v
pre
T

|vpreT |
. (14)

3.5 Self-collision of cloth

Because of mass-spring cloth model, we handle self-collision spe-
cific to cloth particles. For two particles i and j, if their current
distance |dij | is less than a threshold dt, then a spring based repul-
sion force is modeled with an elastic coefficient kt. The same as

(a) simulation, humidity=0% (b) simulation, humidity=30%

(c) simulation, humidity=70% (d) simulation, humidity=100%

Figure 6: Cover a ball from above down with a wet cloth under dif-
ferent humidity. From (a)-(d) show our simulated results under the
humidity from 0% to 100%. Because of the air pressure difference,
the wet cloth shows different degrees of contraction and wrinkles.

spring force applied in mass-spring model, the repulsion force of
particle i and particle j can be calculated as formula (15):

Frepulsion (Pi) = kt (dt − |dij |)
dij
|dij |

= −Frepulsion (Pj) .

(15)

And considering the friction phenomenon when self-collision hap-
pens, we also apply a virtual force opposite to the direction of the
velocity v of the collided particle as −kfv, and kf is a velocity
coefficient.
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(a)

(b)

Figure 7: Curve graphs. (a) shows the relationship between height-
s of the pulled up parts and humidity, the blue one is real cloth
curve, and the red one is simulated curve. (b) shows the relation-
ship between diagonal lengths of the bottom parts and humidity, the
blue one is real cloth curve, and the red one is simulated curve.

4 Results and verification

We realize our simulation method with programming in C++ on
OpenGL, and our experiments were conducted on a 3.5GHz Intel
Core i7 desktop computer with 8GB RAM. All of our cloth models
contains 2601 particles in a 51*51 mesh grid, and average compu-
tation time is about 9 frames per second for each scene.

In order to demonstrate the capabilities of our model, we did sever-
al physical experiments using a real cloth sample with 30cm*30cm
size. We choose a polyester fiber cloth as our experimental mate-
rial, because we find that this kind of cloth can present clear forms
in wet state. For the purpose of getting real dynamic effects of wet
cloth under different humidity, we used a dryer and a high preci-
sion electronic scale. First we weighed the dry cloth sample and
got a weight as w0, then the cloth sample was completed wetted
and weighed a weight as w100, so the weight of water contained in
the cloth sample under 100% humidity was calculated asw100−w0.
After that the dryer was used to dry the cloth sample from its full
wet state in equal time intervals, and also with the help of the elec-
tronic scale, we got different states of the cloth sample and their
weights under different humidity. On each state of cloth, the same
external force was applied, and we recorded all of these motions.

Figure 2 shows the real and simulated results of obliquely pulling
the midpoint of a cloth under different humidity. In our real exper-
iments, we apply the same force with the help of a dynamometer
under different humidity, and in the simulation we also use a same

(a) real (Yamada et al. 2013) (b) real (ours)

(c) simulation (Yamada et al. 2013) (d) simulation (ours)

Figure 8: Comparison of simulated results. (a) and (b) are the real
cloth forms shot by [Yamada et al. 2013] and us, and (c) and (d)
are the simulated results of Yamada’s and ours respectively. Our
simulation shows more gentler slope which is closer to the physical
truth.

force for our four simulated results. Because of the changes of in-
side air, our method can simulate the phenomenon that it becomes
harder to pull the cloth up as the humidity increases.

Similarly, we straightly pull the midpoint of a cloth under differ-
ent humidity using the same force in both real and simulated en-
vironments. Figure 4 shows these results, and our simulation can
simulate the flattened surfaces especially under high humidity.

Figure 5 shows the real scenes and simulated results of pulling one
corner of a cloth under different humidity using the same force.
Our simulation demonstrates that higher humidity leads to bigger
friction and larger pressure difference, so it becomes harder to pull
all cloth parts up and wetter cloth shows more obvious wrinkles.

Figure 6 illustrates our simulated results of covering a wet cloth on
a ball. These four pictures show the results of different humidity at
the same time in the frame sequences. Because of the air pressure
difference, the wetter cloth has more contraction and more wrinkles
like real phenomenon.

For the scene of straightly pulling the midpoint under different hu-
midity using the same force, we measured the heights of the pulled
up parts and the diagonal lengths of the bottom parts in real exper-
iments under different humidity, and these data were used to draw
a curve graph. Then we also measured these corresponding data
in our simulated results and drew another curve graph. As Figure
7 shows, the blue one is real cloth curve, and the red one is sim-
ulated curve. Comparing the changes of these two curves, we can
find that they have a similar tendency, which demonstrates that our
model can well simulate the pulling up behavior on a wet cloth un-
der different humidity. In our experiment, we found that when the
humidity was less than about 30%, the cloth could be easily pulled

94



up even if we applied a smaller force. So we do not draw the curve
under 30% humidity.

As previously mentioned, [Yamada et al. 2013] simulated the pulled
up wet cloth taking air pressure into account. Figure 8 compares
our results with Yamada’s, we can both simulate the forms of wet
cloth being pulled up at one point, while our simulation shows more
gentler slope like the real results, because the amount of air inside
changes during the motion in our simulation, which is closer to
the physical truth. On the other hand, Yamada did not consider
the influence of the humidity which is an important factor in our
simulation.

5 Conclusion

We have proposed a physical model to simulate dynamic effects of
wet cloth on contact surface taking the influence of different hu-
midity into account. In our physical model, air pressure difference
between two sides of the cloth is considered, which is influenced
by the air permeability of wet cloth in different humidity. For the
cloth parts contacting with the surface, we apply adhesion force
which is derived from the theoretical model and measurement, and
our friction is calculated from the adhesion force with a humidity
term. Compared with real-world experiments, our simulated results
show that this model can properly simulate the motions of wet cloth
under different humidity.
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