
한국컴퓨터그래픽스학회
Korea Computer Graphics Society Vol. 25, No. 1, P. 1~11

*corresponding author: Hae Won Byun/Sungshin Women’s University(hyewon@sungshin.ac.kr)

Received : 2018.12.28./ Review completed : 1st 2019.01.22. / Accepted : 2019.01.25. 
DOI : 10.15701/kcgs.2019.25.1.1
ISSN : 1975-7883(Print)/2383-529X(Online)

- 1 -

정점기반접착력모델을활용한젖은옷감애니메이션

박민주◦ 변혜원∗

◦고려대학교, ∗성신여자대학교
◦yusu218@korea.ac.kr, ∗hyewon@sungshin.ac.kr

Wet cloth animation with vertex based adhesion force model

Min Ju Park◦ Hae Won Byun∗

◦Korea University, ∗Sungshin Women’s University

요약

책상 위에놓인 젖은옷감을움직이기위해서는마른옷감을움직일때와비교하여더많은 힘이필요하게되는데,그
이유는젖은옷감과책상의표면사이의위치한유체가접착력을만들어내기때문이다.본논문은젖은옷감이물체의
표면에달라붙는현상에집중하여젖은옷감을표현한다.접착력을계산하기위해서우리는섬유관련연구분야에서
실제실험을기반으로모델링한접착력모델을활용하였고,기존연구와다르게젖은옷감이물체와닿아있는부분에
서도자연스럽게주름이만들어지는모습을표현한다.젖은옷감이물체에달라붙는현상과더불어젖은옷감끼리도
서로에게달라붙는현상을표현함으로써보다실제의젖은옷감과유사한결과를보인다.

Abstract

More force must be applied when dragging a wet compared with a dry cloth lying on the table. Increased force is needed because
the fluid between the cloth and the surface of the table produces an adhesion force. In this paper, we study the adhesion force
between a wet cloth and the surface of an object. To compute the adhesion force, we used the adhesion force model used in
textile research based on real-world experiments and also considered the effect of wrinkles, which, to our knowledge, has not
been investigated in previous work. Furthermore, we studied the phenomenon in which a wet cloth adheres to the surface of an
object and that in which a wet cloth adheres to itself when undergoing self-collision.

키워드: 옷감시뮬레이션,젖은옷감애니메이션,접착력모델
Keywords: Cloth simulation, Wet cloth animation, Adhesion force model

1. Introduction

In computer graphics research, cloth simulation has been studied
for a long time. There were many topics about cloth simulations
like the motions of cloth, collision detection with other objects or
acceleration of a simulation. However, most cloth simulations have
studied dry cloth. The study of wet cloth was less studied than a
study of dry cloth.

The wet cloth has various characteristics than a dry cloth. When
a dry cloth gets wet, it adheres to the body and makes more wrin-
kles. Many studies have investigated simulations of wet cloth that

has different characteristics than dry cloth. Most wet cloth simu-
lations have used the fluid-cloth two-way coupling method con-
sidering both fluid and cloth simulations. The first two-way cou-
pling method proposed did not consider the diffusion of the fluid
throughout the cloth [5]. Afterwards, one study [6] proposed the
two-way coupling method of a porous object and cloth, and an-
other [7] proposed a method in relation to how fluid diffuses in
cloth. Until recently, research on wet cloth has proposed a two-
way coupling method considering both fluid and cloth simulations
[8]. These studies have proposed a method of diffusion focusing
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on fluid simulation; however, they have not discussed the motion
of wet cloth on the surface of an object.

Unlike previous researches, several studies have proposed vari-
ous methods to simulate wet cloth without considering fluid par-
ticles. By using the feature that many wrinkles are created when
cloth gets wet, [10] proposed a novel buckling method that pro-
duced numerous wrinkles in the cloth of a virtual avatar that looked
similar to those in wet cloth. They simulated the wet cloth without
considering the additional force of fluid, but considered a simpli-
fied mass saturation model that computes the mass of the cloth
when it gets wet and a skin-to-cloth friction model based on real-
world experiments. [12] aslo simulated the wet cloth without con-
sidering fluid particle and showed the varying motions of wet cloth
under different humidity environments by using the adhesion force
model based on real-world experiments in textile research.

Similar to the presented works, we simulate the wet cloth with-
out considering fluid simulation. If we consider both fluid and cloth
simulations, the simulation will be complex and time-consuming
because we need to compute some values about not only cloth
vertices but also fluid particles and consider exchanging physical
quantities between fluid particles and cloth vertices. Because one
of our purpose is that showing more realistic result than previous
works through easier method, we do not consider fluid particles
simulation in our experiments. As we do not consider fluid parti-
cles, we must compute the force that fluid gives to cloth. Thus, we
use the adhesion force that has been modeled in textile research
based on real-world experiments and show the phenomenon that
wet cloth sticks to a surface of an object. In previous work [12],
they used this adhesion force model to express the wet cloth and
computed the force based on the area of the cloth contacting the
surface of an object. They could express the adhesive phenomenon
of wet cloth by using adhesion force model, but there were some ar-
tifacts that part of the wet cloth contacting the surface of an object
totally adhered to the floor because the contacting area had same
adhesion force. Differing from their work, we compute the adhe-
sion force based on the vertex of the cloth, so each cloth vertex can
have different adhesion force values. Through this, we produce nat-
ural wrinkles in the part of the cloth contacting the surface of an
object. Furthermore, by expressing object-cloth adhesion effects
and cloth-cloth adhesion effects that occur when the cloth collides
with itself, we show more realistic results of the collisions of a wet
cloth.

2. Related work

2.1 Cloth simulation

Cloth simulation has been studied for a long time in computer
graphics research. Based on the elastic theory, [1] primally ex-
pressed time-varying cloth dynamics. In addition, [2] proposed a
mass-spring cloth model that is widely used as the basic structure
of cloth. They modeled the cloth structure as vertices that have
a mass and spring that join two vertices, controlled the tension
and the damping of the springs by an internal force, and limited
the length of the springs to be shorter and longer than a certain
length using a distance constraint. To resolve the problem in pre-
vious works that used a small time step to ensure the numerical
stability of simulation, [3] used an implicit integration method that
allowed them to use a large time step and maintain simulation sta-
bility. [4] resolved the post-buckling problem that was not resolved
by the implicit method by using the semi-implicit method.

We use the mass-spring model previously introduced for mod-
elling the basic structure and dynamics of cloth and compute the
position and the velocity of vertices in the next time step by the
semi-implicit Euler integration method.

2.2 Wet cloth simulation

Studies of wet cloth simulation only began relatively recently. Wet-
ting cloth by fluid is the same as the cloth interacting with fluid, so
most studies with simulations of the wet cloth consider both fluid
and cloth simulations. [5] proposed a two-way coupling method for
interactions between fluid and a shell using a smoothed particle hy-
drodynamics (SPH) method that formulates the fluid dynamics, but
there was a limit in that the fluid could not pass through the shell.
Unlike previous works, [6] proposed the porous object-fluid inter-
action method using Darcy’s law and showed how a fluid flows out
of a porous object such as cloth using fluid simulation. [7] extended
the previous two-way coupling method by using the fluid diffusion
model obtained from Fick’s laws of diffusion and proposed a novel
two-way coupling method focusing on how a fluid diffuses in a
cloth. Similar to these works, wet cloth simulation that considers
both fluid and cloth simulation has been recently studied [8]; how-
ever, because that study focused on the interaction between fluid
and cloth, the motion of the wet cloth when lying on the surface of
the object was not investigated.

Some studies proposing a method to simulate the collisions of
wet cloth have not considered the fluid particle used in fluid simu-
lation. [9] used fractional derivatives to study the collisions of cloth
underwater without considering fluid simulation. Using the feature
that cloth gains more wrinkles when wet, [10] proposed a novel
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on fluid simulation; however, they have not discussed the motion
of wet cloth on the surface of an object.

Unlike previous researches, several studies have proposed vari-
ous methods to simulate wet cloth without considering fluid par-
ticles. By using the feature that many wrinkles are created when
cloth gets wet, [10] proposed a novel buckling method that pro-
duced numerous wrinkles in the cloth of a virtual avatar that looked
similar to those in wet cloth. They simulated the wet cloth without
considering the additional force of fluid, but considered a simpli-
fied mass saturation model that computes the mass of the cloth
when it gets wet and a skin-to-cloth friction model based on real-
world experiments. [12] aslo simulated the wet cloth without con-
sidering fluid particle and showed the varying motions of wet cloth
under different humidity environments by using the adhesion force
model based on real-world experiments in textile research.

Similar to the presented works, we simulate the wet cloth with-
out considering fluid simulation. If we consider both fluid and cloth
simulations, the simulation will be complex and time-consuming
because we need to compute some values about not only cloth
vertices but also fluid particles and consider exchanging physical
quantities between fluid particles and cloth vertices. Because one
of our purpose is that showing more realistic result than previous
works through easier method, we do not consider fluid particles
simulation in our experiments. As we do not consider fluid parti-
cles, we must compute the force that fluid gives to cloth. Thus, we
use the adhesion force that has been modeled in textile research
based on real-world experiments and show the phenomenon that
wet cloth sticks to a surface of an object. In previous work [12],
they used this adhesion force model to express the wet cloth and
computed the force based on the area of the cloth contacting the
surface of an object. They could express the adhesive phenomenon
of wet cloth by using adhesion force model, but there were some ar-
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totally adhered to the floor because the contacting area had same
adhesion force. Differing from their work, we compute the adhe-
sion force based on the vertex of the cloth, so each cloth vertex can
have different adhesion force values. Through this, we produce nat-
ural wrinkles in the part of the cloth contacting the surface of an
object. Furthermore, by expressing object-cloth adhesion effects
and cloth-cloth adhesion effects that occur when the cloth collides
with itself, we show more realistic results of the collisions of a wet
cloth.

2. Related work

2.1 Cloth simulation

Cloth simulation has been studied for a long time in computer
graphics research. Based on the elastic theory, [1] primally ex-
pressed time-varying cloth dynamics. In addition, [2] proposed a
mass-spring cloth model that is widely used as the basic structure
of cloth. They modeled the cloth structure as vertices that have
a mass and spring that join two vertices, controlled the tension
and the damping of the springs by an internal force, and limited
the length of the springs to be shorter and longer than a certain
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vious works that used a small time step to ensure the numerical
stability of simulation, [3] used an implicit integration method that
allowed them to use a large time step and maintain simulation sta-
bility. [4] resolved the post-buckling problem that was not resolved
by the implicit method by using the semi-implicit method.

We use the mass-spring model previously introduced for mod-
elling the basic structure and dynamics of cloth and compute the
position and the velocity of vertices in the next time step by the
semi-implicit Euler integration method.

2.2 Wet cloth simulation

Studies of wet cloth simulation only began relatively recently. Wet-
ting cloth by fluid is the same as the cloth interacting with fluid, so
most studies with simulations of the wet cloth consider both fluid
and cloth simulations. [5] proposed a two-way coupling method for
interactions between fluid and a shell using a smoothed particle hy-
drodynamics (SPH) method that formulates the fluid dynamics, but
there was a limit in that the fluid could not pass through the shell.
Unlike previous works, [6] proposed the porous object-fluid inter-
action method using Darcy’s law and showed how a fluid flows out
of a porous object such as cloth using fluid simulation. [7] extended
the previous two-way coupling method by using the fluid diffusion
model obtained from Fick’s laws of diffusion and proposed a novel
two-way coupling method focusing on how a fluid diffuses in a
cloth. Similar to these works, wet cloth simulation that considers
both fluid and cloth simulation has been recently studied [8]; how-
ever, because that study focused on the interaction between fluid
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lation. [9] used fractional derivatives to study the collisions of cloth
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that cloth gains more wrinkles when wet, [10] proposed a novel

buckling method that added many wrinkles to show that wet cloth
appears with wrinkles in a similar manner as real-world wet cloth.
However, when cloth gets wet in the real-world, it tends to adhere
to the surfaces of objects because of the fluid between the cloth
and the surface of the object it contacts. They did not consider this
feature and simply expressed that the wet cloth had more wrin-
kles, so they could not express the adhesive phenomenon that the
cloth adheres to the surface of objects. [11] thought that a cause of
the adhesive phenomenon is the difference in pressure between the
closed space by wet cloth and the atmosphere, so they attempted to
show that the adhesive phenomenon causes the wet cloth to stick to
the surface of the object. However, the result of applying this dif-
ference in pressure showed a sharp and concave tent-shape when
pulling up the center of the cloth on the table rather than the adhe-
sive phenomenon of wet cloth. [12] considered using the adhesion
force model based on real-world experiments in textile research to
express wet cloth adhering to the surface of an object and showed
various motions of the wet cloth according to different humidity
environments. They showed the adhesive phenomenon of the wet
cloth sticking to the surface of the object, but part of the cloth that
was sticking to the surface of the object adhered to the floor en-
tirely. In addition, [13] introduced a method by using rendering
without any additional force to make the cloth appear wet.

Similar to these previous works, we express wet cloth without
a fluid simulation. To do so, we use the adhesion force model that
is theoretically modeled in textile research based on real-world ex-
periments. Although previous work[12] has also used this adhesion
force model, our study differs in terms of the application of the ad-
hesion force and the production of natural wrinkles in the part of
the cloth sticking to the surface of the object. Moreover, we show
the phenomena where the wet cloth adheres to the surface of an
object, and to itself when undergoing self-collision.

3. Algorithm

3.1 Basic algorithm of the wet cloth

Mass-spring model We use the mass-spring model of the cloth
proposed by [2] to express the basic dynamics of the cloth. We
make the structure of the cloth by composing m×n vertices that
have mass and massless springs that join two adjacent vertices.
Springs connecting P (i, j) and P (i+1, j), P (i−1, j), P (i, j+1),
or P (i, j − 1) are called structural springs, springs connecting
P (i, j) and P (i + 1, j + 1), P (i + 1, j − 1), P (i − 1, j + 1),
or P (i + 1, j − 1)) are called shear springs, and springs connect-
ing P (i, j) and P (i+2, j), P (i− 2, j), P (i, j +2), or P (i, j − 2)

are called flexion springs, see [Figure 1]. Structural springs express

the expanding and contracting of the cloth, shear springs express
the shear stress of the cloth, and flexion springs express the bend-
ing stress of the cloth. The internal force of the springs consists of
tension and damping terms, so the force is computed as Eq. (1).

Finternal(Pi) =
∑
j

(kstiffness·(lij−l0ij)+kdamping·vij)
lij

‖lij‖
,

(1)
where j is an index of vertices that are linked with Pi by

a spring. kstiffness and kdmaping are constants of stiffness and
spring damping, lij is a position difference vector between two ver-
tices, Pi and Pj , i.e., lij = Pj − Pi, lij , and l0ij are the current and
initial lengths of two linked vertices, and vij is the velocity differ-
ence between two linked vertices.

Figure 1: Basic structure of the mass-spring cloth model.

Friction force We use the friction model based on Coulomb’s
friction model about both static and kinetic friction proposed by
[15]. He proposed the velocity control method to express the fric-
tion model, and because the friction force acts to oppose the direc-
tion of motion of an object and is parallel to the contacting surface,
they only controlled the tangential velocity, vT , of the cloth. The
friction force is in the opposite direction as the pre-friction tan-
gential velocity, vpre

T . If the friction velocity vf is larger than vpreT ,
then the cloth maintains its static state because of the static fric-
tion force or will stop because of the kinetic friction force. In other
words, the tangential velocity vT will be 0 in this state. We can
obtain the final tangential velocity as follows.

vT = max(|vpreT | − |vf |, 0) · vpre
T (2)

Mass saturation model When a cloth is wet due to fluid, its
whole mass increases. To show this feature, we apply the mass sat-
uration model based on real-world experiments proposed by [16],
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Figure 2: (a) Cross-section of the theoretically modeled liquid bridge to compute the adhesion force proposed by [14]. (b) The liquid bridge. The
adhesion force is computed based on this model.

which derives the equation of the amount of fluid absorbed by the
cloth over time.

A = B(1− e−
t
c ), (3)

where A(g) is the amount of fluid absorbed by the cloth at time
t(min), B is weight constant in the saturated state per 1 g, and c is
the hygroscopicity constant depending on the cloth material. This
equation calculates the amount of the fluid absorbed by the cloth
at time t. The variation in the amount of the fluid absorbed by the
cloth in a time step also needs to be calculated, so we compute this
variation and apply it to the mass of the cloth in the next time step.

dA

dt
=

B

c
· e− t

c , (4)

where B and c use values obtained from real-world experiments.

Table 1: The weight constant (B) and the hygroscopicity constant (c)
obtained from real experiments in [16].

3.2 Vertex-based adhesion force model

3.2.1 Adhesion force

The wet cloth tends to adhere to the surface of the object when
the cloth contacts with the object because having fluid between the
cloth and the object produces an adhesion force. When the cloth
gets wet, the fluid makes a liquid bridge and an adhesion force.
The force from the pressure difference between the liquid bridge

and the atmosphere and that from the surface tension of the liq-
uid bridge include the adhesion force that allows the wet cloth to
adhere to the surface of the object.

[14] modeled the liquid bridge (see [Figrue 2]) and proposed a
theoretical adhesion force model based on two causes of adhesion
force. We express the adhesive phenomenon between the cloth and
the surface of the object using this adhesion force model to obtain
the adhesion force as follows.

Fadhesion = πr2 · γ · (cos θa + cos θb
h

− sin θa
r

)+2πr · γ · sin θa,
(5)

where γ is the surface tension constant of the fluid that makes
the liquid bridge, r is the radius of the circle that supposes that the
contact surface between the cloth and the liquid bridge is a circle, h
is the height of the liquid bridge, θa and θb are contact angles where
the liquid bridge meets the cloth and contact surface, and R1 and
R2 are the principal radii of curvature of the liquid bridge and the
atmosphere. One of the causes of adhesion force is by a pressure
difference between the air (atmosphere) and the fluid which makes
the liquid bridge and the other is by a surface tension of the fluid.
First term of the right side of Eq. (5) means the force made by a
pressure difference between the air and the fluid which is computed
according to Young-Laplace equation, and second term means the
force made by the surface tension of the fluid.

We use a surface tension constant of water as γ to express the
wet cloth by water. If the positions of the vertices of the cloth
model used in the experiments are regular, we suppose that r is
half of the interval of two vertices. For example, if the interval of
two vertices is 1 cm, then we compute the adhesion force with r as
0.5 cm. A liquid bridge has a non-zero small height when the cloth
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Figure 2: (a) Cross-section of the theoretically modeled liquid bridge to compute the adhesion force proposed by [14]. (b) The liquid bridge. The
adhesion force is computed based on this model.

which derives the equation of the amount of fluid absorbed by the
cloth over time.

A = B(1− e−
t
c ), (3)

where A(g) is the amount of fluid absorbed by the cloth at time
t(min), B is weight constant in the saturated state per 1 g, and c is
the hygroscopicity constant depending on the cloth material. This
equation calculates the amount of the fluid absorbed by the cloth
at time t. The variation in the amount of the fluid absorbed by the
cloth in a time step also needs to be calculated, so we compute this
variation and apply it to the mass of the cloth in the next time step.

dA

dt
=

B

c
· e− t

c , (4)

where B and c use values obtained from real-world experiments.

Table 1: The weight constant (B) and the hygroscopicity constant (c)
obtained from real experiments in [16].

3.2 Vertex-based adhesion force model

3.2.1 Adhesion force

The wet cloth tends to adhere to the surface of the object when
the cloth contacts with the object because having fluid between the
cloth and the object produces an adhesion force. When the cloth
gets wet, the fluid makes a liquid bridge and an adhesion force.
The force from the pressure difference between the liquid bridge

and the atmosphere and that from the surface tension of the liq-
uid bridge include the adhesion force that allows the wet cloth to
adhere to the surface of the object.

[14] modeled the liquid bridge (see [Figrue 2]) and proposed a
theoretical adhesion force model based on two causes of adhesion
force. We express the adhesive phenomenon between the cloth and
the surface of the object using this adhesion force model to obtain
the adhesion force as follows.

Fadhesion = πr2 · γ · (cos θa + cos θb
h

− sin θa
r

)+2πr · γ · sin θa,
(5)

where γ is the surface tension constant of the fluid that makes
the liquid bridge, r is the radius of the circle that supposes that the
contact surface between the cloth and the liquid bridge is a circle, h
is the height of the liquid bridge, θa and θb are contact angles where
the liquid bridge meets the cloth and contact surface, and R1 and
R2 are the principal radii of curvature of the liquid bridge and the
atmosphere. One of the causes of adhesion force is by a pressure
difference between the air (atmosphere) and the fluid which makes
the liquid bridge and the other is by a surface tension of the fluid.
First term of the right side of Eq. (5) means the force made by a
pressure difference between the air and the fluid which is computed
according to Young-Laplace equation, and second term means the
force made by the surface tension of the fluid.

We use a surface tension constant of water as γ to express the
wet cloth by water. If the positions of the vertices of the cloth
model used in the experiments are regular, we suppose that r is
half of the interval of two vertices. For example, if the interval of
two vertices is 1 cm, then we compute the adhesion force with r as
0.5 cm. A liquid bridge has a non-zero small height when the cloth

Figure 3: The process of finding the vertices that will have the adhesion force. (a) Among the whole vertices of the cloth, (b) find the vertices that
contact the object and switch the type of these vertices to the contact vertex(blue). (c) If the height from the object to the vertex is longer than the
predefined maximum height, then switch the type of the vertex to the non-contact vertex(black). (d) Then, compute the adhesion force based on the
contact vertices(blue).

totally adhered to the contact surface and is destroyed when the dis-
tance between the cloth and the contact surface is longer than the
maximum height of the liquid bridge we defined. As the height of
the liquid bridge increases, the principal radii of curvature R1 and
R2 will also be increased, thereby increasing the contact angles, θa
and θb. So we defined the values of contact angles as 90 when the
liquid bridge has its maximum height and as non-zero small value
like 0.001 when the cloth totally adhere to the contact surface.

The adhesion force appears not on the whole part of the cloth,
but rather on the part of the cloth that contacts the object. Consid-
ering this feature, previous work [12] modified the adhesion force
model and computed the force based on the area where the wet
cloth contacts the object. They compute the area where the cloth
adheres to the contact surface, then compute the adhesion force
using this area, so the area is computed only once in a time step.
If the adhesion force is computed only once in a time step and is
applied to the whole cloth, it is contrary to the definition of adhe-
sion force because the adhesion force appears when part of the wet
cloth contacts the object. Even if the adhesion force is applied to
only the contacting area part, the wet cloth cannot make natural
wrinkles because the contacting part has the same adhesion force
distributed throughout its surface.

To solve this problem, we compute the adhesion force based on
each vertex rather than the area of the cloth that contacts the ob-
ject. First, we find the vertices that contact with the object and de-
fine them to the type of contact vertex(blue vertices in [Figure 3]).
Among these contact vertices, if there are vertices where the dis-
tance from the vertex to the surface of the object contacted by the
vertex is longer than the predefined maximum distance (height)
of the liquid bridge, then we switch the type of these vertices to
non-contact vertex(black vertices in [Figure 3]). Lastly, we sup-
posed that the vertices where the distance from the vertex to the

surface of the object that the vertex contacted is longer than the
predefined maximum distance (height) of the liquid bridge have
a liquid bridge, and the adhesion forces about these vertices were
calculated. Through our method, each contact vertex can have dif-
ferent height of the liquid bridge, and, unlike previous work, each
part of the area of the cloth that contacts the object can have dif-
ferent values of adhesion force. As a result, we can create natural
wrinkles in the area of the cloth contacts the object or the floor.

3.2.2 Self-adhesion effect

In the real world, similar to the adhesion force between the cloth
and the surface of the object that appears when the cloth and object
collide, the adhesion force also appears when the cloth collides
with itself. When the cloth collides with itself, i.e., self-collision
occurs, a liquid bridge is made between the cloth and the cloth; this
bridge makes the adhesion force. [10] proposed a buckling method
that makes many wrinkles in the wet cloth appear similar to wrin-
kles of real-world wet cloth. Because this work did not consider the
force that the fluid imposes onto the cloth, they did not show the
adhesive phenomenon of the wet cloth. Thus, neither the adhesive
phenomenon of the cloth adhering to the skin of the virtual avatar
nor the adhesive phenomenon of the cloth adhering to itself (called
self-adhesion effect) were expressed.

[12] introduced the concept of humidity, which was not men-
tioned in previous studies, and based on this, showed various mo-
tions of the wet cloth. In this work, they used the adhesion force to
express the phenomenon of the cloth adhering to the surface of the
object, but they did not address the self-adhesion effect. Instead,
they simply constrained the distance between two vertices so that
they would not get too close.

We used the adhesion force model that is theoretically modeled
to express the adhesive phenomenon between the cloth and the sur-
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Figure 4: Comparison between with and without the self-adhesion force.
(a) If two parts of the cloth is closed to each other, (b) the self-collision is
occurred. (c) Without self-adhesion force, unlike the real-world wet cloth,
the cloth does not adhere to itself after self-collision and returns to its
original position, as shown in the results of the dry cloth. (d) With self-
adhesion force, like the real-world wet cloth, the cloths adhere to itself.

face of the object. In the same manner, we applied the adhesion
force between the cloth and itself, which demonstrated a force that
is observed to affect wet cloth in the real world. If there is only the
cloth-object adhesion force, the wet cloth progresses to the flat po-
sition because of gravity, which acts similar to the dry cloth. How-
ever, if there is a self-adhesion force, the result of the wet cloth
is different from the result of dry cloth and is more similar to the
experimental results observed for wet cloth. See [Figure 4].

We proposed a method of computing the adhesion force based
on vertices. A previous study [12] also used the adhesion force
model and determined the adhesion force due to the cloth adher-
ing to the surface of the object. However, they computed the ad-
hesion force based on the area where the cloth contacts the object
and computed the adhesion force only once in a time step. Con-
sequently, all vertices in the area of the wet cloth contacting the
surface of the object had the same values of adhesion force, and as
a result, part of the wet cloth is adhered to the surface of an object
without wrinkles.

We search the vertices that contact the object and define these
vertices as the type of contact vertex, and then we compute the ad-
hesion force supposing that each vertex has a liquid bridge. There-
fore, the contact vertices can have differing liquid bridge heights
and contact angles, so they also can have differing adhesion force
values. By computing the adhesion force based on the vertices, we
can model the natural wrinkles in the wet cloth at the contacting
area that were not expressed in previous studies.

4. Experiment

4.1 Experiment environment

We experimented with an Intel Core i7 7700 K desktop computer
with 16 GB RAM and simulated the wet cloth interactions through
C++ programming using the OpenGL library. We conducted var-
ious experiments to express the features of the wet cloth inter-
actions. In the adhesion force used to express the adhesive phe-
nomenon, the maximum height of the liquid bridge was defined as
0.1 cm. If the cloth model had the regular spacing of all vertices,
we defined the spacing of two vertices as 1 cm and the radius of
the liquid bridge r as 0.5 cm, or half of the spacing of two vertices.

We defined the contact angles θa and θb as non-zero small values
when the liquid bridge had the maximum height and as 90 when it
had the minimum height. To simulate cloth wetted by water, we
defined the surface tension constant γ of water for computing ad-
hesion force as 75.75, and to simulate cotton cloth, we defined the
weight constant B as 0.84 and the hygroscopicity constant c as
8.884 for computing variations in the mass of the cloth.

Table 2: Experimental environments and parameters by each result. In
the case of [Figure 6], we did not define the resolution of the cloth model
because it is not regular.

4.2 Experimental result

We used the theoretical adhesion force model based on real exper-
iments in textile research. Differing from the previous work that
computed the adhesion force based on area, we computed the ad-
hesion force based on the vertex so that the vertices contacting the
object had different adhesion force values. [Figure 5] shows the
result of a wet cloth dropping on a static ball. In previous work,
the adhesion force was computed only once per time step, so all
vertices in the area of the cloth contacting the object had the same
adhesion force. As a result, this area was completely adhered to
the floor. We then computed the adhesion force based on the vertex.
The results show that the vertices in the area of the cloth contacting
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Figure 4: Comparison between with and without the self-adhesion force.
(a) If two parts of the cloth is closed to each other, (b) the self-collision is
occurred. (c) Without self-adhesion force, unlike the real-world wet cloth,
the cloth does not adhere to itself after self-collision and returns to its
original position, as shown in the results of the dry cloth. (d) With self-
adhesion force, like the real-world wet cloth, the cloths adhere to itself.

face of the object. In the same manner, we applied the adhesion
force between the cloth and itself, which demonstrated a force that
is observed to affect wet cloth in the real world. If there is only the
cloth-object adhesion force, the wet cloth progresses to the flat po-
sition because of gravity, which acts similar to the dry cloth. How-
ever, if there is a self-adhesion force, the result of the wet cloth
is different from the result of dry cloth and is more similar to the
experimental results observed for wet cloth. See [Figure 4].

We proposed a method of computing the adhesion force based
on vertices. A previous study [12] also used the adhesion force
model and determined the adhesion force due to the cloth adher-
ing to the surface of the object. However, they computed the ad-
hesion force based on the area where the cloth contacts the object
and computed the adhesion force only once in a time step. Con-
sequently, all vertices in the area of the wet cloth contacting the
surface of the object had the same values of adhesion force, and as
a result, part of the wet cloth is adhered to the surface of an object
without wrinkles.

We search the vertices that contact the object and define these
vertices as the type of contact vertex, and then we compute the ad-
hesion force supposing that each vertex has a liquid bridge. There-
fore, the contact vertices can have differing liquid bridge heights
and contact angles, so they also can have differing adhesion force
values. By computing the adhesion force based on the vertices, we
can model the natural wrinkles in the wet cloth at the contacting
area that were not expressed in previous studies.

4. Experiment

4.1 Experiment environment

We experimented with an Intel Core i7 7700 K desktop computer
with 16 GB RAM and simulated the wet cloth interactions through
C++ programming using the OpenGL library. We conducted var-
ious experiments to express the features of the wet cloth inter-
actions. In the adhesion force used to express the adhesive phe-
nomenon, the maximum height of the liquid bridge was defined as
0.1 cm. If the cloth model had the regular spacing of all vertices,
we defined the spacing of two vertices as 1 cm and the radius of
the liquid bridge r as 0.5 cm, or half of the spacing of two vertices.

We defined the contact angles θa and θb as non-zero small values
when the liquid bridge had the maximum height and as 90 when it
had the minimum height. To simulate cloth wetted by water, we
defined the surface tension constant γ of water for computing ad-
hesion force as 75.75, and to simulate cotton cloth, we defined the
weight constant B as 0.84 and the hygroscopicity constant c as
8.884 for computing variations in the mass of the cloth.

Table 2: Experimental environments and parameters by each result. In
the case of [Figure 6], we did not define the resolution of the cloth model
because it is not regular.

4.2 Experimental result

We used the theoretical adhesion force model based on real exper-
iments in textile research. Differing from the previous work that
computed the adhesion force based on area, we computed the ad-
hesion force based on the vertex so that the vertices contacting the
object had different adhesion force values. [Figure 5] shows the
result of a wet cloth dropping on a static ball. In previous work,
the adhesion force was computed only once per time step, so all
vertices in the area of the cloth contacting the object had the same
adhesion force. As a result, this area was completely adhered to
the floor. We then computed the adhesion force based on the vertex.
The results show that the vertices in the area of the cloth contacting

Figure 5: After the wet cloth drops to the static ball on the floor. In previous work, the area of the cloth contacting the floor adhered to the floor
unnaturally, while there are the natural wrinkles in the area using our method.

the object have different liquid bridge heights and adhesion forces.
Through this method, we could express the realistic wrinkles that
were not expressed in the previous work in the area where the cloth
contacts the floor.

Previous work [10] has proposed a novel buckling method to the
wet cloth that explains why many wrinkles are made when moving.
However, their whole method did not consider the force from the
fluid, so the wet cloth in the result having the same motion as the
dry cloth. [Figure 6] is the result of starting and stopping the wind
of with same size and same direction as the dressed avatar. Dry
cloth returns to the position before the wind blows because there is
no force to adhere it to the avatar, but wet cloth adheres to the skin
of the avatar just like the real-world wet cloth, even after the wind
stops, because of the adhesion force.

The wet cloth is heavier than the dry cloth because the wet cloth
contains fluid. Thus, when dropping the cloth on a ball, the wet
cloth sagged more than the same cloth when it was dry; see [Figure
7(a)]. The adhesion force of the wet cloth exists in the areas of
contact with the floor and ball, so when the ball is rotated, the wet
cloth tends to adhere more to the ball than to the dry cloth. When
these balls are rotated at the same time, the wet cloth has more
wrinkles than the dry cloth because of the increased adhesion force
between the wet cloth and both the ball and the floor [Figure 7(b)].

More force was needed when moving the wet compared with the
dry cloth. This is because the wet cloth tends to adhere to the floor
as a result of the liquid bridge between the cloth and the floor that
makes the adhesion force. [Figure 8] shows the result of applying
the same 4000 N vertical force to the dry and wet cloths. When
pulling up on the center of both cloths with the same force, the
height of the wet cloth was lower than that of the dry cloth because
of the adhesion force.

[Figure 9] is the result of performing the simulation with and
without self-adhesion force in the same frame. Because a liquid
bridge is made between the cloth and the object when they collide,
and is also made between the cloth and the cloth when it collides
with itself, the cloth adheres to itself. If there is no self-adhesion
force, after self-collision, the cloth does not adhere to itself, as
demonstrated by the dry cloth, although the cloth-object adhesion
force and the mass saturation model are applied. However, there is
an adhesion force between the cloth and the cloth in the real world,
so we express this phenomenon by applying the self-adhesion force
to the existing wet cloth simulation.

4.3 Discussion

We expressed the adhesive phenomenon between the wet cloth and
the object using a theoretically modeled adhesion force model and
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Figure 6: The result of starting and stopping the wind with the same size and direction in the dressed avatar. We expressed the phenomenon that the
wet cloth adheres to the skin or an object when it is wetted. Therefore, when the cloth comes into contact with the avatar, the wet cloth adheres to the
avatar, even if the wind blows, causing adhesion between the cloth and the avatar. Previous work [10] made the cloth look like a wet cloth by making
many wrinkles in it, but it behaves the same as a dry cloth because the previous work did not consider any force given by the fluid.

expressed the adhesive phenomenon after the cloth is collided with
itself, the self-adhesion effect, for more realistic results. Differing
from previous work that computed the adhesion force based on
area, we computed the adhesion force based on the vertex, sup-
posing that each contact vertex has a liquid bridge. Through this
method, we can make natural wrinkles that were not expressed in
previous work.

We used the mass saturation model to express the increased total
mass of the cloth when it is wetted. Because we applied this model
to each contact vertex, the cloth model with many vertices was
heavy. Thus, we should have adjusted the adhesion force in the
model.

5. Conclusion

We have proposed a method that computes the adhesion force
based on the vertex. To compute the adhesion force, we used the
theoretically-based model of the liquid bridge proposed by [14].
Unlike previous work, in which the adhesion force was computed
based on the area and had the same adhesion force for all contact-

ing parts of the cloth, we computed the adhesion force based on the
vertex and made different adhesion forces possible for each vertex.
Through our method, we can express natural wrinkles at the con-
tact area that were not expressed in previous work. By expressing
both the cloth-object and the self-adhesive phenomena, we could
achieve a more realistic result.

In fact, wet cloth can show more wrinkles as the object moves.
Here we have shown results with simple movements such as ball
rotation, but later, we would like to express more realistic wrin-
kles through interactions with complex moving objects or avatars.
In addition, the rendering issue is also important in wet cloth sim-
ulation, so we plan to complement the visual results through the
method introduced by [13].



- 9 -

Figure 6: The result of starting and stopping the wind with the same size and direction in the dressed avatar. We expressed the phenomenon that the
wet cloth adheres to the skin or an object when it is wetted. Therefore, when the cloth comes into contact with the avatar, the wet cloth adheres to the
avatar, even if the wind blows, causing adhesion between the cloth and the avatar. Previous work [10] made the cloth look like a wet cloth by making
many wrinkles in it, but it behaves the same as a dry cloth because the previous work did not consider any force given by the fluid.

expressed the adhesive phenomenon after the cloth is collided with
itself, the self-adhesion effect, for more realistic results. Differing
from previous work that computed the adhesion force based on
area, we computed the adhesion force based on the vertex, sup-
posing that each contact vertex has a liquid bridge. Through this
method, we can make natural wrinkles that were not expressed in
previous work.

We used the mass saturation model to express the increased total
mass of the cloth when it is wetted. Because we applied this model
to each contact vertex, the cloth model with many vertices was
heavy. Thus, we should have adjusted the adhesion force in the
model.

5. Conclusion

We have proposed a method that computes the adhesion force
based on the vertex. To compute the adhesion force, we used the
theoretically-based model of the liquid bridge proposed by [14].
Unlike previous work, in which the adhesion force was computed
based on the area and had the same adhesion force for all contact-

ing parts of the cloth, we computed the adhesion force based on the
vertex and made different adhesion forces possible for each vertex.
Through our method, we can express natural wrinkles at the con-
tact area that were not expressed in previous work. By expressing
both the cloth-object and the self-adhesive phenomena, we could
achieve a more realistic result.

In fact, wet cloth can show more wrinkles as the object moves.
Here we have shown results with simple movements such as ball
rotation, but later, we would like to express more realistic wrin-
kles through interactions with complex moving objects or avatars.
In addition, the rendering issue is also important in wet cloth sim-
ulation, so we plan to complement the visual results through the
method introduced by [13].

Figure 7: (a) When dry and wet cloths are dropped on the ball, you can check the mass difference between the two cloths. (b) When two balls are
rotated, the wet cloth adheres to the ball and the floor, so more wrinkles are created because the wet cloth tends to maintain its original state more than
the dry cloth.

Figure 8: The result of applying the same 4000 N vertical force to dry and wet cloths. The same force is applied to both cloths, but because of the
adhesion force, the height of the wet cloth is lower than that of the dry cloth.
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Figure 9: The results of the simulations with and without the self-adhesion force. (a) If there is a cloth-object adhesion force only, the cloth becomes
flat like a dry cloth even though it is wet, but (b) if there is a self-adhesion force, the cloth adheres to itself after a self-collision.
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Figure 9: The results of the simulations with and without the self-adhesion force. (a) If there is a cloth-object adhesion force only, the cloth becomes
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