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ABSTRACT
Simulation of complex cloth-like visco-elastic materials is a hot topic today as more and more
fields of application are discovered in research and industry. Theoretical foundations are
needed to describe the non-linear physical properties of a material and to introduce its
simulation with the desired accuracy and runtime characteristics. Particle based mass-spring
models and semi-implicit integration methods are widely introduced today because of their
stability and efficiency. In this paper this approach is chosen to model a physically correct and
efficient program for cloth simulation.
Keywords
Clothes simulation, particle model, Kawabata energy approximation, semi-implicit integration,
explicit integration
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1. Introduction
Appealing and functionally optimized fabrics are not only enhancing our wellbeing, but are also
getting recognized in the industry as a versatile engineering material (e.g. in carbon fiber
reinforced plastic parts, protection gears and many more). As the outcome of these affords
depend on understanding the physical structure of clothes and its correct behavior calculation,
optimization and prediction, cloth modeling and simulation became a part in today’s
engineering sciences and is matter of high interest to many business [1].
In parallel to the developments of the theoretical foundations from the engineering point of
view on this subject, the ambition for realistic clothes representation in computer graphics was
another driving force in developing new directions in algorithmic and computational structures
for clothes simulation (particularized at the SIGGRAPH ’86 conference for the first time). One
has to be aware that both approaches differ in expectations on accuracy and physical
correctness but can cross - fertilize each other. Following the computer graphics dictum “if it
looks right it is right” might not be enough from the engineering perspective. Therefore it’s
advisable to decide upon a set of basic considerations including choosing the right geometric
and structural abstraction level, simulation accuracy (versus speed) and the desired runtime
behavior. It is clear that this is to be considered very carefully if the clothes simulation extends a
given dynamic system simulation (e.g. physics engine) or any predefined workflow, where a
significant runtime alteration is undesired.
From the theoretical point of view, clothes are flexible objects (soft bodies in contrast to rigid
bodies) being shaped by inner and outer forces. This means that the relative position of any
point on the body can change, thus resulting in a more complex equation of motion, (self-)
collision detection and friction modeling. The outer forces are either impulses applied in case of
object-object interactions or additional constraint equations in other cases (e.g. gravity),
whereas the inner forces are liable to one of the two fundamentally different paradigms to
represent soft bodies in general: particle models (energy based models) versus elasticity based
models (continuum models). Using the particle model, sheets of clothes are represented as sets
of discrete vertices (particles), aligned to form the cloth surfaces at the yarn intersections. Their
position and motion is determined by a mass-spring system, generally a set of stress-strain
constraints and equations, modeling bending, torsion, tension and compression of the physical
yarn. The solution to this system is reached when the particles reach the minimal strain energy
configuration, the energy equilibrium. Because of the fact that this approach hides the physical
yarn structure, no special cases need to be taken care of. The particle model is the widely used
approach for clothes modeling today, for example having its application also in the
Alias/Wavefront’s Maya animation system.
Elasticity models for clothes simulations are based on equations describing the general
displacement at discrete points on the cloth surface. As opposed to the particle model, an energy
equilibrium is enforced globally, at a macroscopic level. Although the continuum models are
considered to have a broader field of application and yield higher versatility trough the finite
element discretization and its flexible mesh refinement, its relatively sensitive convergence
characteristics (which assumes small displacements and strains), makes this approach difficult
to use. Interestingly John Hearle, leading textile mechanics expert at the University of
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Manchester, states that “they offer little help in studying fabric buckling, and (their) terminology
and methodology are not easily applicable.” Colier et al. proposed a variation theorem of solid
mechanics to address this later [2].
The objective of this paper is to present a particle model based method for modeling clothes in
dynamic system simulations for engineering purposes and to give a practical insight into its
implementation. Therefore it’s necessary to make assumptions on the desired functionality, the
fabric and external world characteristics (fabric, weave plan, patterns, inner and outer forces),
implement the cloth model and investigates its runtime behavior (algorithmic complexity),
precision (versus speed) and finally validate the results by defined criteria. This paper consists
of three parts. The first part covers the theoretical background of the particle model. The second
part covers an implementation of the clothes modeling functionality and finally we analyze the
runtime behavior and results.

2. Previous Work
Peirce [3] is considered being the pioneer in cloth modeling research. Based on the geometric
layout of cloth and its yarn crossing section he was able to derive a set of equations describing
relations between elementary geometric yarn properties in 1930.
Energy-force models were first introduced in 1964 by Olofsson [4] based on deformation
behavior of bending rod. He modeled the geometry of the cloth structure as a function of force
acting on a yarn segment. Although this approach is also based on yarn cross-intersections, it’s
fundamentally different to the particle model introduced by Breen [5] in 1994. More advanced
minimal strain energy models (mass-spring particle models) were introduced in the 1970s by
De Jong and Postle [6].
Feynman [7] developed a general simulation model for a wide range of deformable objects
based on a continuum approximation found in the theory of elastic shells in the late 1980s. His
work is based on the assumption that cloth is continuous flexible with energy functions based
on inter-particle distance and bending curvature. It turned out that this approach is not suited
for certain cloth behavior where small distances between points needed to be maintained small.
Afterwards affords were taken to use multigrid methods on Feynman’s formulations to increase
simulation speed on low-end PCs [8]. Later Terzopolous [9] generalized Feyman’s elastic
models creating a fundamental basis for physically-based modeling for computer graphics
animation today. A part of the research affords are addressing the stiffness problem of this
formulation, which arises as the stretching forces are significantly higher than other invoked
forces. This creates instabilities which can be solves using implicit integration methods at the
cost of linearization and solving a system of equations [10].
In 1994 Breen [5] introduced a different approach to the elastic shells theory, an interacting
particle model. As in this model forces are derived from the stretching, bending and shearing
energies between each yarn crossing, he was able to describe the hysteretic behavior of cloth
and become independent from the cloth structure itself. Breen’s approach is covered in this
paper.
Parallel to the developments driven by the computer graphics community contributions were
made by the textile community. Hearle, Lloyd, Shanahan and Konopasek [11] did extensive
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research on elastic shell theory and finite element solvers from the engineering perspective and
were able to derive more generalized equations for stretch, bending and twisting. Later on this
approach was refined and additional solver frameworks based on FEM were introduced.
Today elastic shell theories and particle models are widely utilized. Affords are taken to reduce
the cost to solve the linear system of equations through semi-implicit integration schemes and
modified conjugate gradient methods. As this approach is spread throughout many today’s
papers on this subject, an implicit integration scheme is presented in Chapter 3.5.

3. Theory
A practical approach to cloth simulation consists of three stages: formulating the demands on
the model including desired garment characteristics, accuracy and runtime behavior, defining
an appropriate mathematical model and embedding the model into an existing simulation
environment.
As for considerations on accuracy and runtime behavior, the reader must be aware of the
suitable mathematical models (focusing primarily on discrete models in this paper), we will
introduce them first. Each of these models consist of set of fundamentals, a linear formulation of
the particle displacement as a function of force, a solver for linear equations and a collision
detection model. This is being covered in this chapter.
For this purpose we assume that the cloth has non-linear (non constant Young’s modulus),
hysteretic, isotropic dynamic properties and is knitted. A sufficient parameterization will be
introduced later to simulate different garments, air resistance and dumping. Destructible as well
as woven fabric will not be covered in this paper due to its more complex mechanical behavior
although we admit a significant importance in fashion and industry (for example because of its
insulation properties and comfort of woven fabric). The physical modeling is based on the
Kawabata Evaluation System since many textile manufacturers use KES to design their fabrics
potentially allowing us to use and validate against the manufacturer’s data. In this elaboration
chaotic cloth draping will not be modeled (e.g. using stochastic simulation). Figure 1 shows a
bending energy plot taken from a specific fabric sample using the KES. One can easily see the
asymmetry in warp and weft directions (hysteresis).
Since a high level of physical correctness without the cost of complex formulation and
computation was desired, the particle model was chosen as it permits an easy parameterization
of the stretching, bending, and shearing energies and as these values can be obtained from real
cloth measurements. In more general cases of deformable object simulation, where for example
these energies cannot be measured (e.g. for modeling organic materials) high level elasticity
based models are more appropriate and we strongly advice their usage. Refer to [9] on more
information on that.
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Figure 1. Probe taken from a KES.

3.1

The Particle Model

The particle representation is based on the physical structure of woven fabric, where every
particle corresponds to a yarn crossing point with a local position defined by a set of basic strain
energy functions accounting for stretching, compression, bending and shearing forces. These
forces model the geometric properties between particles. We can define the particle energy U
for a particle i as
𝑈𝑖 = 𝑈𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛

𝑖

+ 𝑈𝑠𝑡𝑟𝑒𝑡𝑐  𝑖 + 𝑈𝑏𝑒𝑛𝑑 𝑖 + 𝑈𝑡𝑟𝑒𝑙𝑙𝑖𝑠

𝑖

(1)
with
𝑈𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛

𝑖

=

𝑅 𝑟𝑖𝑗
𝑗≠𝑖

(2)
𝑈𝑠𝑡𝑟𝑒𝑡𝑐  𝑖 =

𝑆 𝑟𝑖𝑗
𝑗 ∈𝑁𝑖

(3)
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𝑈𝑏𝑒𝑛𝑑
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=

𝑖

𝐵 𝜃𝑖𝑗
𝑗 ∈ 𝑀𝑖

(4)
𝑈𝑡𝑟𝑒𝑙𝑙𝑖𝑠

𝑖

=

𝑇 𝜑𝑖𝑗
𝑗 ∈ 𝐾𝑖

(5)
where 𝑈𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛

𝑖

and 𝑈𝑠𝑡𝑟𝑒𝑡𝑐

 𝑖 are

summations over all neighboring particles j depending on

the local particle distance r to the neighboring particles 𝑁𝑖 and where 𝑈𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛

𝑖

is the

repulsion energy introduced to prevent self-collision and collapsing and accounts for
compression (opposed to the stretching energy 𝑈𝑠𝑡𝑟𝑒𝑡𝑐  𝑖 ). 𝑈𝑏𝑒𝑛𝑑 𝑖 represents the bending
energy and is defined along three particles in both the weft and warp directions. In each
direction the three particles enclose three angles, which are the arguments for B. Shearing
occurs in a cloth segment in plane, such that the angle enclosed by the weft and warp yarns
differs from the assumed equilibrium crossing angle of 90°. The bending energy is therefore the
sum of B over 𝑀𝑖 and 𝑀𝑖 being the set of 6 angles (3 in each direction), the shear energy is the
sum of T over 𝐾𝑖 and 𝐾𝑖 being the set of 4 angles also in both directions, both depicted in Figure
2.

𝜃𝑖1

𝜃𝑖3
𝜃𝑖2

𝜑𝑖2
𝜑𝑖1

Figure 2. Geometric bending and shearing model.
The energy functions R, S, B and T must be formulated in respect to computational stability
insuring correct places for minima and maxima and should roughly reflect real behavior. At this
stage let’s assume that clothes do not tear nor stretch or compress much under its own weight
and follow the approach proposed by D. Breen et al. [5 ] by defining R and S such, that a steep
energy well acts as the particles exceed the nominal distance σ. We define R and S therefore as:
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𝑅 𝑟𝑖𝑗 = 𝐶𝑜
0

5

𝜍 − 𝑟𝑖𝑗
𝑟𝑖𝑗

𝑟𝑖𝑗 ≤ 𝜍
𝑟𝑖𝑗 > 𝜍,
(6)

0
𝑆 𝑟𝑖𝑗 =

𝐶𝑜

𝑟𝑖𝑗 − 𝜍
𝜍

5

𝑟𝑖𝑗 ≤ 𝜍
𝑟𝑖𝑗 > 𝜍,
(7)

with B and T as
𝐵 𝜃𝑖𝑗 = 𝐶1 tan

𝜋 − 𝜃𝑖𝑗
,
2

(8)

𝑇 𝜑𝑖𝑗 = 𝐶2 tan 𝜑𝑖𝑗 ,
(9)
where 𝐶𝑜, 𝐶1 and 𝐶2 are scale parameters and it can be easily seen that B and T have their
minima at 𝜃 = π (the cloth is completely flat) and 𝜑 = 0 (yarns are perpendicular) and their
maxima at 𝜃 = 0 (the cloth is folded) and 𝜑 = π /2 (yarns run parallel). The derivations of these
functions can be found in [5].
Even with this simple formulation we can obtain quite convincing drapes. But as they are not
bound to any physical units, no mechanical information can be extracted and is mostly
unsuitable for scientific usage. Therefore a formulation is needed which approximates energy
curves based on empiric data measured on special purpose devices.

3.2

Energy and Force Equations

The approximation of the empiric energy curves in order to calculate and deliver physically
correct data consists of three steps: finding explicit formulations of force as functions of
displacement, bending and shearing angles, scaling them to match the empiric data and
assigning them to underlying mesh geometry. We will derive the explicit formulations in the
following.
The magnitude of the separation force is obtained by differentiating Equations 6 and 7 in
respect to 𝑟𝑖𝑗 as
𝜕 𝑅 𝑟 +𝑆 𝑟
𝐹𝑠 𝑟 =
𝜕𝑟

=

−𝐶𝑜

4𝑟 + 𝜍)(𝑟 − 𝜍
𝜍2
𝑟 −𝜍
5𝐶𝑜
𝜍5

4
4

𝑟𝑖𝑗 ≤ 𝜍
𝑟𝑖𝑗 > 𝜍,
(10)
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Since Equation 8 and 9 express the bending and shearing energy as functions of curvature
defined by a set of angles 𝜃𝑖𝑗 and 𝜑𝑖𝑗 , first we need to apply the theory of elastic beams to
describe these energies to obtain a formulation depending of 𝜃 and 𝜑. Therefore we introduce
the bending energy of an elastic beam in segment dS as
𝑑𝑈 =

𝑀
𝑑𝑆
2𝜌
(11)

where 𝜌 is the inverse of curvature and M (as a function of the curvature) is the bending
moment acting on the segment dS. Since one particle represents a square area of 𝜍 ∗ 𝜍 in size
consisting of 𝜍 virtual elastic beams we can compute the bending energy along one beam by
integrating Equation 11 and sum up all beam contributions along the edge by multiplying it by 𝜍
to obtain
𝜍

𝐵=
0

𝑀
𝑀 2
𝑑𝑆 𝜍 =
𝜍
2𝜌
2𝜌
(12)

1

σ

𝐾

2 cos

where 𝜌, the radius of curvature (𝜌 = ) can be approximated by 𝜌 =

𝜋

𝜃
2

, 0 < 𝜃 ≤ which
2

construction is shown in Figure 3.

𝜍
𝜃/2

Figure 3. Deriving curvature from bending angles.

The shearing energy can be calculated as a sum of the sheer force over the displacement dS as
𝑊 = 𝐹 𝑑𝑆. If we assume, that the point of force application moves along a circular arc, the
force component in the direction of motion is 𝐹 cos
(𝜑) as shown in Figure 4, where 𝜍 is the
particle distance. So the shearing energy W can be defined as
𝑊=

𝐹 𝑐𝑜𝑠 𝜑 𝜍 𝑑𝜑

12
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𝐹
𝜑
𝜍

Figure 4. Deriving shearing energy from geometry.

We can substitute

1
𝜌

by K in Equation 12 and calculate the magnitude of the bending moment by

differentiating the bending energy from Equation 12 in respect to θ, resulting in
1
𝜕𝑀
𝜕𝐾
𝐹𝑏 = 𝜍 2
+𝑀
.
2
𝜕𝐾
𝜕𝜃
As 𝐾 =

1
𝜌

and

𝜕𝐾
𝜕𝜃

1

𝜃

𝜍

2

= − sin

the bending moment for a particle is defined as
1 𝜕𝑀
𝜃
𝐹𝑏 𝜃 = − 𝜍
+ 𝑀 sin .
2
𝜕𝐾
2
(14)

The shearing moment for every quadrant formed by each of the four neighboring particles to
the central particle is calculated by differentiating Equation 13 in respect to 𝜑 and dividing by
four (as for every skewed edge, equilibrium adjusting force is computed at both end points two
times to approximate the Kawabata force curve more precise.) to obtain:
𝐹𝑡 (𝜑) =

𝐹 𝑐𝑜𝑠 𝜑 𝜍
4
(15)

The elementary forces 𝐹𝑠 𝑟 , 𝐹𝑏 𝜃 and 𝐹𝑡 (𝜑) act as springs between yarn crossing and are
opposed to the separation spring 𝐾𝑠 and the torsion springs 𝐾𝑏 and 𝐾𝑡 . A geometric
representation is shown in Figure 5.
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𝐹𝑠

𝐾𝑠
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−𝐹𝑠
𝐹𝑡
𝐾𝑡

𝜍
a) separation spring force

𝐹𝑏

−𝐹𝑡

−𝐹𝑏
𝐾𝑏

b) shearing spring force

c) bending spring force
Figure 5. Spring forces in geometry.

3.3

Garment specific Energy Accommodation

In order to compute correct values in standard physical units the equations 𝐹𝑠 𝑟 , 𝐹𝑏 𝜃 and
𝐹𝑡 (𝜑) need to be scaled such, that empiric data (especially the bending moment and the
shearing force) can be used from measurements on real cloth samples. Generally these
measurements are taken from special purpose devices, such as the Kawabata Evaluation
System, using a standardized cloth sample (in this case sized 20 cm x 5 cm) to measure bending,
shearing and tensile properties of the fabric in both, the weft and warp directions. Figure 6
shows the bending and shearing moments on various material samples obtained from the
Kawabata Evaluation System. For this purpose a load is applied, released and applied again in
the opposite direction. One can clearly see the hysteretic effect being considered later in more
detail.
As the bending moments

𝜕𝑀
𝜕𝐾

and 𝑀 are given in 𝑔𝑓 𝑐𝑚/𝑐𝑚, the curvature K in 𝑐𝑚 −1and 𝜍 in cm,

scaling Equation 14 by 0.0097880 will yield bending moments in 𝑁 𝑐𝑚/𝑐𝑚 and is defined as
1 𝜕𝑀
𝜃
𝐹𝑏 (𝜃) = −0.0097880 𝜍
+ 𝑀 sin
2 𝜕𝐾
2
(16)
Shearing moments are given in 𝑔𝑓/𝑐𝑚 and a shearing angle in degrees. As the given moment is
measured on a 20 cm x 5 cm cloth, we get a proper scaling by multiplying the value by 20 and
dividing it by the area this value accounts for, namely 100, thus resulting in

14
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𝐹𝑡 (𝜑) = 0.0019576

𝐹 𝑐𝑜𝑠 𝜑 𝜍 3
4
(17)

The separation force between particles, accounting for the stretching and compression
properties of the fabric are defined in Equation 10.

a) wool

b) blend

Practical clothes modeling and simulation
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c) cotton

Figure 6. Kawabata bending (left column) and shearing
(right column) energy plots for various woven fabrics.

As shown in Figure 6, wool is the softest and most elastic probe in the test as it has the lowest
bending and shearing energy curves and a very tight hysteresis. In general these differences
correspond to specific weave patterns and the beat and yarn structure of the fabric being
studied. An approximation of these curves is presented in Chapter 4.2.

3.4

Geometric Force Model

In the particle model, cloth geometry is defined by each particle’s location. So in order to
simulate dynamics and deformation of the cloth, forces need to be computed (as derivates of the
deformation energies formulated in Chapter 2.1.3) and applied to every particle of the cloth
geometry every simulation step.
For this purpose we define a set of elementary forces: structural forces (the separation, bending,
shearing and damping forces in a fabric, depicted in Figure 5), environmental forces (such as
gravity and air resistance) and (self-)collision induces forces and apply them using a mesh
layout and particle indexing shown in Figure 7.
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𝒑𝑖+2,𝑗

𝒑𝑖+2,𝑗 +1

𝒑𝑖+1,𝑗 +2
𝒑𝑖+1,𝑗

𝒑𝑖+1,𝑗 +1

𝒑𝑖+1,𝑗 −1
𝑛

𝒚𝑖,𝑗

𝑒
𝒗𝑖,𝑗
𝒖𝑖,𝑗

𝒑𝑖,𝑗 +2

𝒑𝑖,𝑗
𝒑𝑖,𝑗 −1

𝒑𝑖,𝑗 +1
𝒙𝑖,𝑗
𝑠

𝑤
𝒑𝑖−1,𝑗

𝒑𝑖−1,𝑗+1

Figure 7. Local mesh geometry.

Common for all forces and based on the mesh layout in Figure 7, the position of a particle 𝑝 is
defined by 𝑖, 𝑗, where 𝑖 is the row index (yarn number in the warp direction), 𝑗 is the column
index (yarn number in the weft direction). Further we define the operator 𝑈(∙), which converts
the given argument into a unit vector and the following vector primitives:
interparticle vectors:
𝑥 𝑖,𝑗 = 𝑝𝑖,𝑗+1 − 𝑝𝑖,𝑗
𝑦𝑖,𝑗 = 𝑝𝑖+1,𝑗 − 𝑝𝑖,𝑗
direction vectors:
𝑢𝑖,𝑗 = 𝑈(𝑥𝑖,𝑗 )
𝑣𝑖,𝑗 = 𝑈(𝑦𝑖,𝑗 )
bending normals:
𝑔𝑖,𝑗 = 𝑈(𝑢𝑖,𝑗−1 × 𝑢𝑖,𝑗 )
 𝑖,𝑗 = 𝑈(𝑣𝑖−1,𝑗 × 𝑣𝑖,𝑗 )
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shearing normals:
𝑚 𝑒𝑖,𝑗 = 𝑈 𝑢𝑖,𝑗 × 𝑣𝑖,𝑗
𝑚 𝑛𝑖,𝑗 = 𝑈(𝑢𝑖,𝑗 −1 × 𝑣𝑖,𝑗 )
𝑚𝑤
𝑖,𝑗 = 𝑈(𝑢 𝑖,𝑗 −1 × 𝑣𝑖−1,𝑗 )
𝑚 𝑠𝑖,𝑗 = 𝑈(𝑢𝑖,𝑗 × 𝑣𝑖−1,𝑗 )
Structural forces:
With these definitions we can compute the separation force vector on particle 𝑖, 𝑗 for the two
neighboring particles to the north and east (as the vectors pointing south and west are equal,
but opposite) as
𝐹𝑠𝑒𝑖 ,𝑗 = 𝐹𝑠

𝑥𝑖,𝑗

𝑢𝑖,𝑗

𝐹𝑠𝑛𝑖,𝑗 = 𝐹𝑠

𝑦𝑖,𝑗

𝑣𝑖,𝑗
(18)

with the same but opposing forces acting on 𝑖, 𝑗.
The bending forces on particle 𝑖, 𝑗 can be derived from the bending moments 𝑚 in both
directions, correspondingly to figure 6a,
𝑔

𝑔

𝑚𝑖,𝑗 = 𝐹𝑏 𝜃𝑖 ,𝑗 𝑔𝑖,𝑗

𝑚𝑖,𝑗 = 𝐹𝑏 𝜃𝑖,𝑗
 𝑖,𝑗

where 𝑔 represents the weft and  the warp direction. So the bending forces (as reverse
leverage effects and therefore divided by 𝜍) on the four neighboring particles along the edge
length 𝜍 can be formulated as
𝑔

𝑔𝑒
𝐹𝑏 𝑖,𝑗

=

𝑚 𝑖,𝑗 × 𝑢𝑖,𝑗−1
𝜍
𝑔

𝑔𝑤
𝐹𝑏 𝑖 ,𝑗

𝐹𝑏𝑛𝑖,𝑗

=
=

𝐹𝑏𝑠𝑖 ,𝑗 =

𝑚𝑖,𝑗 × 𝑢𝑖,𝑗
𝜍
𝑚𝑖,𝑗 × 𝑣𝑖,𝑗
𝜍
𝑚 𝑖,𝑗 × 𝑣𝑖−1,𝑗
𝜍
(19)
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where 𝑔 represents the weft and  the warp direction again and 𝑒 defines the bending force on
the particle east, 𝑤 the particle west, 𝑛 the particle north and 𝑠 the particle south to the particle
𝑖, 𝑗. Again with the same but opposing forces acting on 𝑖, 𝑗.
Shearing torques for the four quadrants surrounding particle 𝑖, 𝑗 are
𝑒
𝑒
𝑡𝑖,𝑗
= 𝑇𝑡 𝜑𝑖,𝑗
𝑚 𝑒𝑖,𝑗
𝑛
𝑛
𝑡𝑖,𝑗
= 𝑇𝑡 𝜑𝑖,𝑗
𝑚 𝑛𝑖,𝑗
𝑤
𝑤
𝑡𝑖,𝑗
= 𝑇𝑡 𝜑𝑖,𝑗
𝑚𝑤
𝑖,𝑗
𝑠
𝑠
𝑡𝑖,𝑗
= 𝑇𝑡 𝜑𝑖,𝑗
𝑚 𝑠𝑖,𝑗

resulting in a shear force on every of the four neighboring particles in equilibrium direction as
𝑔𝑒
𝐹𝑡 𝑖,𝑗

=

𝑔𝑤
𝑖,𝑗

𝐹𝑡

𝑤
𝑛
(𝑡𝑖,𝑗
− 𝑡𝑖,𝑗
) × 𝑢𝑖,𝑗−1

𝜍

=

𝐹𝑡𝑛
𝑖,𝑗 =
𝐹𝑡𝑠𝑖,𝑗

=

𝑠
𝑒
(𝑡𝑖,𝑗
− 𝑡𝑖,𝑗
) × 𝑢𝑖,𝑗

𝜍
𝑒
𝑛
(𝑡𝑖,𝑗
− 𝑡𝑖,𝑗
) × 𝑣𝑖,𝑗

𝜍

𝑠
𝑤
(𝑡𝑖,𝑗
− 𝑡𝑖,𝑗
) × 𝑣𝑖,𝑗−1

𝜍
(20)

with equal but opposing forces applied to 𝑖, 𝑗.
As defined in Equations 15, 𝑡 accounts for a quarter of the shearing energy on every neighboring
particle to 𝑖, 𝑗 therefore torque forces need to be computed four times and summed up. This is
convenient as we compute shearing torques for the connection between two adjacent particles
two times as we iterate over both grid lines. And as the Kawabata energy curves show a
hysteretic effect, much higher garment shearing precision can be achieved by computing the
opening and closing angles to a neighboring particle separately, which gives the other two
quarters of the final shearing torque. This approach is shown in Figure 8. The different angle
line patterns indicate the four bending torques that are being calculated. In a general case the
four angles may differ and therefore computed individually.
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𝑛

𝒑𝑖+1,𝑗

𝑤

𝑒
𝑠

𝜑
𝑛

𝜑
𝑒

𝑤

𝒑𝑖,𝑗

𝑠

Figure 8. Composition of the shearing force

Considering the hysteretic effect of the energy function of specific garment is not only important
for accurate simulation of the bending torques and shearing forces but also accounts for the
damping properties of the fabric avoiding for example infinite oscillation of hanging or
stretched fabric.
Environmental forces:
In many applications the environment causes gravitational and flow induced forces (e.g. air
resistance, hydro- or aerodynamic effects). Gravitation force is computed by 𝐹 = 𝑚𝑔, where 𝑚
is the particle mass and 𝑔 the gravitation constant. The particle mass is given by 𝑚𝑖,𝑗 =
𝑤𝑚 𝑎, with 𝑤𝑚 being a specific weighting factor and 𝑎 the particle surrounding area, where for
inner particles 𝑎 is given by 𝜍 ∗ 𝜍, for edge particles by
𝜍∗𝜍
4

𝜍∗𝜍
2

and the area for corner particles is

.

Air resistance can be computed as
2
𝐹𝐴𝑖𝑟 = 𝐶3 𝜍𝑝𝑟𝑜𝑗
(𝑛 ∙ 𝑈) ∙ 𝑈

(21)
where 𝐶3 is a user-tunable parameter (for modeling various fluids), 𝑈 the difference between
2
the local wind and particle velocity vector, 𝑛 a surface normal and 𝜍𝑝𝑟𝑜𝑗
the area of the surface
projection in the relative wind speed. The surface normals can be computed by averaging and
𝑠
𝑛
normalizing the shearing normals 𝑚𝑒𝑖,𝑗 , 𝑚𝑤
𝑖,𝑗 , 𝑚 𝑖,𝑗 and 𝑚 𝑖,𝑗 .
Collision forces:
As object collisions are frequent in dynamic simulations (often as a desired simulation feature)
particular attention is given to its efficient and realistic modeling. The goal is to provide a stable
model preserving the highly non-linear cloth draping with a wide range of possible parameters
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for material properties and external forces. Several methods have been developed. Moore and
Wilhelms [12] propose an algorithm based on geometric triangularization. Wilson and Larsen
[13] developed a solution based mainly around systematic object distance computation. In
general the computation of the collision forces involves collision detection and collision
response for cloth-cloth (self collision) and cloth-object (object collision) interaction. A well
suited algorithm for the presented particle model predicts possible object interactions through
tracking object distances and speeds (by knowing object dimensions) and distributing
momentums of all involved particles on collision occurrence. Although collision detection and
response is a challenging research topic we cannot dive into more detail at this place as it
exceeds the scope of this paper.

3.5

Dynamic simulation

Once all forces acting on the particles are computed, what is left to be done is calculating the
new particle position by applying an integration scheme of choice to derive a formulation from
the second Newton law given by
𝑑 𝑥
𝑣
=
−1 𝐹 ,
𝑣
𝑚
𝑑𝑡
(22)
where 𝑚 is the particle mass and 𝐹 a generalized force function. As the stretching forces are
significantly higher compared to other structural forces, the stated differential equation turns
out to be numerically disadvantageous, it is relatively stiff. This creates numerical instabilities
for larger time steps causing bad throughput as unnecessary small time steps need to be
computed. There are several ways to address the stiffness problem including implicit
integration schemes (like the implicit Euler, leap frog or Runge-Kutte methods also for higher
order differential equations) or by adjusting the mesh where the inter particle distance 𝜍 is
fixed to a constant value, thus no stretching or compression is allowed. It is clear that the
adequacy of this approach depends on the problem being simulated. As the implicit integration
scheme represent a generic and appropriate method for solving a first order differential
equation, we will introduce it in the following.
An implicit formulation of the velocity of a particle can be expressed by the backward Euler
method defined as
𝑓 𝑥 +  = 𝑓 𝑥 + 𝑦(𝑓 𝑥 +  , 𝑥 + )
where 𝑓 is implicitly given for the next time step  allowing to approximate Equation 22 by
𝑥 0+
𝑣0 + 𝑣0+
=

−1
𝑣0+
𝑚 𝐹(𝑥0+ ,𝑣0+ )
and ∆𝑣, ∆𝑥 and 𝐹 are unknown speed, displacement and force. Renaming gives the following set
of non linear equations

Practical clothes modeling and simulation

21

𝑣0 + ∆𝑣
∆𝑥
=
.
∆𝑣
𝑚 −1 𝐹(𝑥 0 + ∆𝑥, 𝑣0 + ∆𝑣)
(23)
Linearization of 𝐹 can be reached by a first order Taylor expansion 𝐹 𝑥0 + ∆𝑥, 𝑣0 + ∆𝑣 = 𝐹0 +
𝜕𝐹
𝜕𝑥

∆𝑥 +

𝜕𝐹
𝜕𝑣

∆𝑣 thus giving

𝑣0 + ∆𝑣
∆𝑥
𝜕𝐹
𝜕𝐹
=
.
∆𝑣
𝑚−1 𝐹0 +
∆𝑥 +
∆𝑣
𝜕𝑥
𝜕𝑣
Substituting ∆𝑥 by 𝑣0 + ∆𝑣 from the upper row into the bottom row yields in

which results in a formulation of ∆𝑣 as
𝑚−

𝜕𝐹  2 𝜕𝐹
 2 𝜕𝐹
−
∆𝑣 = 𝐹0 +
𝑣
𝜕𝑣
𝜕𝑥
𝜕𝑥 0
(24)

Once ∆𝑣 is computed, resubstituting it back into ∆𝑥 = (𝑣0 + ∆𝑣) delivers the particle
displacement. The linearization of the equation can be done using finite differences and a Gauss
– Seidel solver.
Based on the forward Euler formulation
𝑓 𝑥 +  = 𝑓 𝑥 + 𝑦(𝑓 𝑥 , 𝑥)
the particle velocity can be immediately computed as
𝑣0
𝑥 0+
𝑣0+ =  𝑚−1 𝐹 𝑥 0, 𝑣0 .
(25)
while choosing  appropriately small. Finally the particle displacement is computed similarly to
the implicit method.
The explicit Euler method is often suitable especially for its simplicity and in the case where 𝐹 is
not a function of 𝑥 and 𝑣. This turns out to be convenient for the particle based model where the
force computation is based on the longitudinal and angular displacements of the neighboring
particle. The explicit Euler method produces a local error of  2 as it corresponds to a truncated
Taylor series after the first derivative. For higher order differential equations, the leap frog (2nd)
or Runge-Kutta (4th order) methods are recommended.
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3.6

Parameterization

For practical cloth simulation it is desirable to permit quick model adjusting trough a set of
user-tunable parameters. Exposed parameters need to be chosen such, that they sufficiently
reflect the real world characteristics, including cloth deformation properties and cloth velocity
induced damping forces (air resistance). As the deformation corresponds to the strain, bending
and shearing energies, adjusting the scale parameter 𝐶0, the bending moment 𝑀 and the
shearing force 𝐹 in Equations 10, 16 and 17 will yield the desired effects. The proper values
have to be derived from the material properties or measured using KES-like devices.

4. Implementation
In this chapter a cloth simulation based on the particle model is presented. The simulation code
is implemented in C++ using VTK for visualization. As an explicit integration scheme is used, an
adaptive time stepping has been utilized for efficiency (following the Courant-Friedrichs-Lewy
condition).
The following section gives on overview of the key simulation methods and data types.

Main simulation loop:

void Core::run()
{
perfmon.timeRequest();
while(time < simulation_runtime)
{
//do main calculation
particle_forces();
particle_speeds();
particle_relocate();
//adapt time step to current speeds
timer_update_dT();
//IO
if(writer.printVTK());
// update global time
time += deltaT;
}
perfmon.timeRequest();
}

Practical clothes modeling and simulation
Class diagram:

Important methods:

void Core::particle_forces()
{
for(size_y)
{
for(size_x)
{
computestretchcompressionforce();
computebendingforce();
computeshearingforce();
}
}
}
void Core::particle_speeds()
{
for(size_y)
{
for(size_x)
{
computestretchcompressionspeed();
computebendingspeed();
computeshearingspeed();
}
}
}
void Core:: particle_relocate ()
{
//summing up all speed contributions
//computing particle discplacement
}

23

24

Practical clothes modeling and simulation

4.1

Simulation of Stretching and Compression

Stretching and compression forces raise quickly as the particles leave the equilibrium distance
𝜍. These steep energy wells can be modeled by the exponential equations 6 and 7 presented in
chapter 3.1. They are depicted in Figure 9.

𝑆𝑟 =

𝑟𝑖𝑗 − 𝜍
𝜍

5

𝑅 𝑟 =

𝜍 − 𝑟𝑖𝑗

5

𝑟𝑖𝑗

Figure 9. Bending energy as a function of displacement
As both, the stretch and compression functions are symmetrical, the particle speed must be
reduced by applying a damping function to prohibit infinite oscillation. A realistic oscillation
behavior can be obtained by using the damping function 𝑓 𝑡 = 𝑒 −0,9 𝑡 with 𝑡 being the particle
age. As a particle reaches the maximal displacement, the particle age is set to zero and the
damping is applied again. Figure 10 shows the corresponding function graph used in the
simulation, applied on a harmonic oscillator.
𝑣

𝑣(𝑡) = 𝑒 −𝑐 𝑡 cos 𝑡

cos 𝑡

𝑡

Figure 10. Damping of an periodic oscillator used for the stretch-compression damping

Practical clothes modeling and simulation

25

In the case of non-linear acceleration, the oscillations are not periodic anymore and it takes
more and more time to reach the maximal displacements. This is especially the case where the
acceleration is caused by an exponential, very steep energy function as shown in Figure 9. This
behavior turns out to be advantageous as we can model a user-tunable degree of plasticity of a
real fabric. Figure 11 shows a time series of a deformed piece of clothing with visible damping
and plasticity effects. At first a sinus curve is applied to the geometry causing an in-plane
stretching and where a deformed equilibrium is reached after a few seconds. In this simulation
all other structural and environmental forces are disabled resulting in a non-uniform particle
scattering.

Figure 11. Time series: wave to plane flattening through stretching and compression
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4.2

Simulation of Bending and Shearing

Bending and shearing forces act on particles as they leave the equilibrium angles 𝜃 = 0 and
𝜑 = 90. In order to compute these forces, the Kawabata bending and shearing data (the
respective hysteresis curve) can be approximated by the set of functions 𝑓 𝑥 = 0.2𝑥 − 0.1,
𝑓 𝑥 = 0.2𝑥 + 0.1, 𝑓 𝑥 = 0.4 and 𝑓 𝑥 = −0.4, as shown in Figure 12.

Figure 12. Cotton bending data by Kawabata (left) overlaid with its approximation by a set of linear
functions (right)
In the case of bending, the angle needs to be chosen such, that curvature 𝐾 < 3. Figure 13 plots
the bending angle 𝜃 as a function of curvature and its inverse - the radius, for an exemplary
nominal distance 𝜍 = 1. It can be seen that at 𝐾 = 2 the curvature is maximal and 𝜃 = 0. If the
curvature reaches zero, 𝜃 = 𝜋. This corresponds to the inverse of the radius, which is 𝐾 =
1

where the curvature reaches zero at 𝜌 = .
2

1
𝑟

Practical clothes modeling and simulation

27
𝜃

𝐾
𝜃 𝐾 = 𝜋 − 2 asin( )
2

𝜃(1/𝐾)

𝐾

Figure 13. 𝜃 as a function of curvature and radius at 𝜍 = 1
As the applied forces are asymmetric due to the hysteretic effect of cloth, no additional damping
needs to be applied. For practical computation it turns out that the asymmetric behavior of
bending and shearing can be modeled with only one function, namely 𝑓 𝑥 = 𝑘𝑥 − 𝑑, where 𝑘
affects the magnitude of force and 𝑑 the magnitude of plasticity. It can be easily seen that the
vertical displacement of the linear function defines the deformed equilibrium of waved fabrics
as the function reaches zero at 𝐾 ≠ 0. The asymmetry in this case is enforced such, that force
vectors are inverted if 𝑓 𝑥 < 0 and if the derivate

𝜕𝑀
𝜕𝐾

< 0 in Equation 14. This applies to

shearing modeling equally. Figure 14 shows a wave to plain flattening by applying stretch,
compression, bending and shearing forces on cotton fabrics with 𝑑 = −0.01 and 𝑑 = −0.04
with the same timing as in Figure 11.
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𝑑 = −0.01

𝑑 = −0.04
Figure 14. Time series: wave to plane flattening of cotton fabrics with different elasticity
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Gallery

 The double tray
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 The wave
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Notes on Performance

The high number of particles representing the piece of cloth will cause the CPU caches to fill
quickly. From that moment on the simulation is memory bound and performance depends
mainly on memory bandwidth of the underlying architecture. To improve computation speed,
optimizations need to be done for reducing memory accesses (loop fusions) and insuring data
locality (domain decomposition, blocking). General parallelization strategies can be applied
without big affords. As a significant part of the computation time is spent on vector operations,
this domain is well suited for SIMD architectures, including vector processing units on today’s
graphics cards.

5. Conclusion and Future Work
The particle model delivers a solid foundation for realistic cloth simulation. It is the model of
choice as it reflects the real cloth structure, consisting of yarns and fibers, allowing us to
consider differences in structure, yarn weight and strength, the weave pattern and beat.
Furthermore this structural model exposes a broad range of parameters that can be set and
tuned easily using data gained from measurements on real cloths. Continuum approximations
are well suited for modeling of deformable, soft objects in large scale, but they fail to reflect the
diversity of cloth behavior sufficiently, where changes are applied on microscopic level (for
example the partial loss of internal friction due to humidity). Cloth is a mechanism, not a
continuous material. Even more questions arise: How is the “memory effect” or the hysteretic
behavior of cloths modeled?
Although particle models deliver physical correctness, it happens at the cost of computation
speed. It turns out that modeling internal friction, damping and collision detection with an
appropriate resolution will prohibit real-time or even close real-time simulations. Research is
ongoing to address runtime behavior in cloth simulation, including adaptive mesh refinement or
dynamic, scene dependant model switching during simulation runtime (for close-ups or
complex draping) to balance precision and speed. In the future, developments in the computer
science and the progressing research cloth modeling will broaden the diversity of possible
application of cloth modeling today making it even more exciting and popular.
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