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Abstract
There is considerable recent progress in hair simulations, driven by thehigh demands in computer animated
movies. However, capturing the complex interactions between hair and water is still relatively in its infancy. Such
interactions are best modeled as those between water and an anisotropic permeable medium as water can �ow
into and out of the hair volume biased in hair �ber direction. Modeling the interaction is further challenged when
the hair is allowed to move. In this paper, we introduce a simulation model thatreproduces interactions between
water and hair as a dynamic anisotropic permeable material. We utilize an Eulerian approach for capturing
the microscopic porosity of hair and handle the wetting effects using a Cartesian bounding grid. A Lagrangian
approach is used to simulate every single hair strand including interactions with each other, yielding �ne-detailed
dynamic hair simulation. Our model and simulation generate many interestingeffects of interactions between
�ne-detailed dynamic hair and water, i.e., water absorption and diffusion, cohesion of wet hair strands, water �ow
within the hair volume, water dripping from the wet hair strands and morphological shape transformations of wet
hair.

Categories and Subject Descriptors(according to ACM CCS): I.3.7 [Computer Graphics]: Computer Graphics—
Three-Dimensional Graphics and RealismAnimation

1. Introduction

Wetting of hair is an interesting phenomenon in our everyday
life. When water contacts with hair, the water is absorbed
and diffuses into the hair, making the hair wet. Then, the wet
hair strands stick to surrounding strands and form several
clumps due to cohesive forces caused by water bridges. The
absorbed water also makes the hair strands heavier and tem-
porally alters the protein structure (keratin) of a hair strand,
causing its shape to change. For example, one's straight
hair may turn into wavy hair or vice versa when wet. With
enough water, the hair will be saturated and the excess water
will �ow down the hair strands to the tips. When the water
at the tips grows large enough, it will turn into a water drop
dripping out off the hair.

The permeability (the water absorption and diffusion) of hair
originates in an inner part of each hair strand and a vast
amount of microscopic void spaces among hair strands. Each
hair strand is a permeable material which can absorb water
up to 30%-45% of its mass [L1́1] and the microscopic void
spaces among hair strands form a porous structure similar
to microscopic pores in porous materials such as sponges.

These microscopic void spaces absorb and diffuse water due
to a capillary effect. However, while pores in sponge-like
objects do not move inside the solid material, void spaces in
hair lie in complicated contact regions among hair strands
and drastically change their position together with hair mo-
tion. Furthermore, hair is an anisotropic permeable medium;
water diffuses more in the hair �ber direction than the or-
thogonal direction.

Recently, the coupling simulations between water and per-
meable media including water absorption and diffusion, such
as sand [RSKN08, LD09] and sponge [LAD08], have been
studied. However, these methods did not consider the special
features of hair porosity mentioned above. These methods
sampled permeable media in a macroscopic scale by par-
ticles [RSKN08] or porous particles[LAD08, LD09] with
a diameter comparable to water particles to keep computa-
tional cost low. Note that a drop of water usually has a di-
ameter around 2-5 mm [WMT05] which is fairly large com-
pared to 15-110µm of a hair strand [Rob02]. Smoothed Par-
ticle Hydrodynamics(SPH) [MCG03] is used for the water
simulation in their works. We also follow their approach us-
ing SPH for water simulation and handle hair porosity at a
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Figure 1: A simulation result of 5,000 wavy hair strands
with water showered onto them until completely wet. The
water is absorbed and diffused, making the hair wet and sat-
urated, then the excess water �ows along the hair strands
until dripping out at the tips. The wet hair strands stick to
surrounding strands forming several clumps, while the de-
tail of some wet stray hair forming a clump can be seen as
well.

macroscopic scale. We model the porosity of hair volume us-
ing a Cartesian bounding grid, because it is dif�cult to sam-
ple hair volume that is not continuum by particles. Then, our
model introduces a method to capture the porosity of hair
volume and a method to handle wetting effects of hair on the
grid.

While the wetting effects of hair are handled by an Eu-
lerian approach, we use a Lagrangian approach to simu-
late every single hair strand as an individual entity, yield-
ing the best plausible results of �ne-detailed hair dynam-
ics. There are several models for strand dynamics such as
mass-spring model [SLF08], super-helices [BAC� 06] and
shape matching based model [RKN10]. In this paper, we
use the shape matching based model calledChain Shape
Matching(CSM). The CSM can ef�ciently handle individ-
ual hair strands as well as an easy shape controllability of
hair strands which advantages morphological shape transfor-
mation of wet hair in our model. An interesting interactions
between �ne-detailed hair and water can be handled by our
method as shown in Figure1. Hair is wet by the water ab-
sorption and diffusion. Wet hair strands stick to surrounding
strands as expected and a detail of stray hair between clumps
of wet hair can be seen as well.

Our contribution is a simulation model that reproduces full
interactions between hair and water. We introduce a method
that captures the wetting effects of �ne-detailed dynamic
hair simulation using a Cartesian bounding grid. Hair can be

handled as a dynamics anisotropic permeable material with
our model. The complex porous structure of hair can be cap-
tured even under the motion. Our model recreates many in-
teresting wetting effects of hair, i.e., water absorption and
diffusion, cohesion of wet hair strands, water �ow within
the hair volume, water dripping from the wet hair strands
and morphological shape transformations of wet hair.

2. Related Work

Most of previous work regarding wet hair did not target
simulations but focused on rendering [GMT07] and mod-
eling [Bru00, SBCN10]. Only a few research studies have
been introduced for the dynamics of strand-like objects with
wetting effects. Procedural techniques were proposed for
modeling clumping of wet fur [Bru00, SBCN10]. Ward et
al. [WL04,WGL07] introduced a method for simulating wet
hair whose wetness is supplied by user interactions. Their
method is a clump-based model which sacri�ces detail for
speed. None of these methods is a full simulation between
hair and water. To the best of our knowledge, the method
of Ward et al. [WGL07] is the latest approach in wet hair
simulation model.

Strand dynamics: Rosenblum et al. [RCT91] and Anjyo
et al. [AUK92] are among the �rst groups that introduced
methods for handling the dynamics of individual hair strand
using mass-spring system and projective dynamics, respec-
tively. There are also several works representing a hair strand
as a serial chain of rigid bodies [CCK05, Had06] or elastic
rod [Pai02,BAC� 06,ST07]. Mass-spring system is extended
by Selle et al. [SLF08] to enable torsion and solve numerical
stability problem. McAdams et al. [MSW� 09] introduced a
hybrid Eulerian/Lagrangian method to ef�ciently capture the
interactions among straight hair strands. To speed up simula-
tions, several techniques reduce degrees-of-freedom of hair
using clump based models [DTKT93,BKCN03,Osh07] or a
continuum models [BNC03,VMT06]. Alternatively, Rungji-
ratananon et al. [RKN10] introduced a Chain Shape Match-
ing (CSM) model to simulate each single individual hair
strand. The CSM can directly modify positions of hair par-
ticles; therefore transforming wet hair shape during the sim-
ulation is straightforward. Our Eulerian method for wetting
effects can be applied to any hair simulation models. How-
ever, considering morphological shape transformation of wet
hair, the CSM is our appropriate choice.

Porous media and water simulation: The wetting ef-
fects in porous media and water simulation has been stud-
ied recently. Rungjiratananon et al. [RSKN08] introduced a
particle-based model for sand-water interactions. Lenaerts et
al. [LAD08] integrated porous �ow into SPH framework for
permeable media (rigid and elastic bodies) and water simula-
tion. Later, Lenaerts et al. [LD09] applied their framework to
porous �ow in granular material such as sand. Their meth-
ods sample solid permeable media in a macroscopic scale

c 2012 The Author(s)
c 2012 The Eurographics Association and Blackwell PublishingLtd.



W. Rungjiratananon, Y. Kanamori & T. Nishita / Wetting Effects in Hair Simulation

by particles and handle wetting effects as an interactions be-
tween particles. However, these models do not consider the
dynamic anisotropic porous medium such as hair. Huber et
al. [HPS11] introduced a simulation model for wet cloth in-
cluding water absorption, diffusion and stickiness. However,
their model is limited to wetting effects on a �at surface.

3. Overview

To model wetting effects in coupling simulations of hair and
water, our method introduces a Cartesian grid to implicitly
represent the dynamic capillary system among hair strands
(Section4). Each voxel in this grid de�nes the unit for water
absorption and diffusion. Water travels in the hair volume
both in microscopic (hair strands) and macroscopic scales
(voxels). In the microscopic scale, each hair segment of each
hair strand holds some water inside and around the segment.
The water inside the segment diffuses to adjacent segments
in a hair strand, and the water around the segment �ows
along the hair strand. In the macroscopic scale, each voxel
containing hair absorbs water and the water diffuses among
voxels. The water in each voxel is then distributed to each
segment within the voxel. The water propagation processes
are summarized in the following four stages:

Voxel absorption: When water contacts with voxels, the
water is absorbed to the voxel (Section5.1).

Macroscopic propagation (Inter-voxel diffusion): The
water propagates to the neighboring voxels according to
the difference of capillaries of the voxels (Section5.2).
The change of water in each voxel is then distributed to
segments in the voxel.

Microscopic propagation: Water inside each segment dif-
fuses to its connected segments and the excessive water
around the segment �ows along the hair strand, which
is followed by intra-voxel diffusion that uniformizes seg-
ments' water amount within the voxel (Section5.3).

Water dripping: Water drips out as a droplet from a voxel
if the water mass exceeds its capacity in certain duration.
(Section5.4).

After these processes, the stored water in each segment
causes cohesion forces (Section6) and morphological shape
transformation (Section7) as well as increase of the weight
of hair strands. Algorithm1 shows the pseudocode of our
algorithm.

4. Grid Construction

As introduced in Section1, when water contacts with hair,
the water absorption and diffusion happens due to the per-
meability of hair strands and capillaries. However, the capil-
laries of hair is dif�cult to �gure out due to the complexity of
hair structure. We can do nearest neighbors search for each

Algorithm 1 Pseudocode of our algorithm.
1: GivenV: a set of non-empty voxels.
2: GivenM: hair surface meshes (Section5.4).
3: Givenwi : current water mass in segmenti
4: Givenwv: current water mass in voxelv
5: GivenWv: a set of water capacities in voxelv
6: loop
7: SIMULATE CSMANDSPH()
8: V;wv;Wv  CONSTRUCTGRID() // Section4
9: for all voxel v 2 V do

10: VOXELABSORPTION(wv;Wv) // Section5.1
11: INTERVOXELDIFFUSION(wv;Wv) // Section5.2
12: for all segmenti in voxel v do
13: wi  wi+ INTERPOLATECHANGE()
14: INSIDEHAIRSTRANDDIFFUSION(wi)
15: end for
16: end for
17: for all segmenti do
18: FREEWATERFLOW(wi) // Section5.3
19: end for
20: for all voxel v 2 V do
21: INTRAVOXELDIFFUSION() // Section5.3
22: end for
23: M  CONSTRUCTHAIRSURFACE()
24: DRIPWATER(M) // Section5.4
25: for all segmenti do
26: COMPUTECOHESIONFORCES() // Section6
27: SHAPETRANSFORM() // Section7
28: end for
29: end loop

Hair strands

Water

Absorbed water 
in hair segment

Free flow water

Water 
bridge

Cross-section view

W f
i

W c
i

W s
i

Wmax
i

wi

Hair particle
Hair segment

Figure 2: A brief microscopic illustration of wet hair and
our simulation model of a hair segment. Water permeated
into hair is represented as a water mass of a hair segment.
The total possible amount of water mass is a summation of
absorbed water, water bridge and free-�ow water capacities.

hair segment and examine contact regions among neighbor-
ing hair segments to accurately determine the capillaries, but
it is not an ef�cient way. Therefore, we introduce a grid of
uniform voxels to approximate the capillaries of hair.

Hair volume is divided into voxels. Each voxel contains por-
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tions of hair segments and acts as aporous voxelthat absorbs
and diffuses water. In a porous voxelv, the maximum water
capacityWmax

v that a porous voxelv can hold is considered
as a summation of three capacities of water as follows (see
Figure2).

� Water capacity in hair segmentsWs
v : The water capacity

can be held inside of the hair segments.

� Water capacity in capillaries Wc
v : The water capacity

held by capillaries (the extremely small gaps) between
hair segments. We call the water in the capillarieswater
bridges.

� Water capacity of free �ow W f
v : The capacity of water

around the hair segments that is not absorbed into hair
segments or held as water bridges, but covers the hair seg-
ments due to a cohesion. This capacity is a user-de�ned
value controlling the amount of water considered as an
Eulerian free-�ow water.

Regarding notations, we use capitalizedW for water capac-
ity and smallw for current water amount. Superscriptss, c
and f denote water insegments, capillariesandfree �ow, re-
spectively. Additionally, subscriptsv andi indicate water in
avoxeland asegment, respectively.

The maximum capacity of the voxel is then:Wmax
v = Ws

v +
Wc

v + W f
v . TheWs

v andW f
v can be directly computed from

a function of the total mass of hair in the voxel, while the
capacity of capillariesWc

v is approximated.

To determine the total hair mass in the voxel, we rasterize
each hair segment in the grid using3D Digital Differential
Analyzer(3DDDA). 3DDDA yields a set of voxels that seg-
menti passes through together with its length in each voxel.
Let l iv be a length of segmenti in a voxelv (Figure3), then
the total length of hair segmentsLv and total mass of hair
mhair

v in the voxel can be computed as follows.

Lv = å
i2R (v)

l iv; (1)

mhair
v = r hairpr2Lv; (2)

whereR (v) is a set of segments in the voxelv, r hair is the
density of hair segment andr is a radius of cylindrical hair
segment. Then, we can compute water capacity in portions
of hair segmentsWs

v and free-�ow water capacityW f
v as fol-

lows.

Ws
v = Khair mhair

v ; (3)

W f
v = kf reemhair

v ; (4)

where Khair is a permeability of a hair segment (usually
0:3 � Khair � 0:45, as described in Section1) andkf ree is
a constant controlling the free-�ow water capacity.

To approximateWc
v , we assume that the contact regions of

hair strands are proportional to the total mass of hair inside

the voxel.

Wc
v =

�
0; if jR (v)j = 1
kcapillariesmhair

v ; otherwise
(5)

wherekcapillaries is a constant andjR (v)j is the number of
segments in the voxelv. Our simple assumption is based on
the fact that wet hair segments tend to stick to each other
such that the water bridges totally lie in the clump of hair
strands. The higher the number of hair strands in the clump
is, the larger the water bridges are. However, it might result
in a large error according to complicated con�guration of
dry hair strands. The more accurate method for approximat-
ing topology of contact region inside the voxel is one of our
future work.

In our model, a hair segmenti stores water masswi . The
current amount of water masswv in a voxel can be computed
from a summation of water mass of the portions of segments
in the voxel. We consider that the water mass of a segment is
uniformly distributed in the segment (Figure3), therefore a
water mass of a portion of the segment is linear proportional
to its length.

wv = å
i2R (v)

wi
l iv
l i

; (6)

wherel i is the total length of segment.

Later in this paper, the current amount of water mass in each
capacity is used to handle the wetting effects. We de�ne the
current amount of each kind of water mass as follows.

ws
v= minf wv;W

s
v g; (7)

wc
v= minf maxf 0;wv� Ws

v g;Wc
v g; (8)

wf
v= maxf 0;wv � Ws

v� Wc
v g: (9)

Equations7, 8 and9 represent the current water mass of each
kind in the voxel. We use the same equations for the current
water amount of a segment as well, i.e.,ws

i , wc
i andwf

i .

To handle an anisotropic water diffusion in hair, a represen-
tative tangent vector of hair in each voxel has to be known.
We use an averaged tangent vectordv of each segment in the
voxel as the representative tangent vector.

dv =
1
Lv

å
i2R (v)

ui
l iv
l i

; (10)

whereui is the tangent vector of segmenti.

5. Water Propagation

Water �ows into and drips out of the hair volume in�uenced
by voxel absorption, macroscopic and microscopic water
propagation. In this section, we describe the detail of each
stage.

c 2012 The Author(s)
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Water particles
Hair particle

Hair segment

Porous voxel

l i : length of segment i

l iv : length of 
      segment i in voxel v

wv W f
v

W c
v

W s
v

Water mass capacity of a voxel

dv : reprentative tangent vector

Figure 3: An Eulerian grid of uniform voxels for capturing
hair porosity. Each voxel contains portions of hair segments.

5.1. Voxel Absorption

When a water particlep contacts with a porous voxelv, we
consider the following conditions to check whether the water
particle gets absorbed or not.

� The porous voxel has a capacity left, i.e.,wv < Wmax
v .

� The water particle's velocityvp is toward the porous
voxel, i.e.,vp � npv > 0, wherenpv is the vector from the
water particle to the center of the porous voxel.

When the water particle is absorbed into the porous voxel,
the water mass of the porous voxel is increased by the water
particle's masswv  wv + wSPH, wherewSPH is the water
mass of the water particle (Figure3).

5.2. Macroscopic Propagation

The difference of water in capillaries between the porous
voxels is the main cause of the inter-voxel diffusion. We em-
ploy the Fick's second law for the change of the water in
capillaries over time.

¶wc
v

¶t
= r � (Dvr wc

v); (11)

whereDv is the diffusivity of porous voxel. The diffusivity
of an isotropic porous voxel can be some constant. However,
hair is an anisotropic permeable medium where the water
diffuses more in the hair tangent direction. GivenDk and
D? are diffusivity constants in the hair tangent and orthogo-
nal directions, respectively, we modify the diffusivity for an
anisotropic porous voxel as follows.

Dv = Dk l + D? (1� l ); (12)

l = jdv � uj; (13)

whereu is the unit vector from the voxelv to a neighboring
voxel. The evolution of diffused water mass,Dwv, is then

computed on the grid as follows.

Dwv

Dt
= å

u2G (v)
Dv(Su � Sv)

(wc
u � wc

v)
Dd

; (14)

whereG(v) is a set of six connected neighboring voxels of
voxel v, Dt is a time step,Dd is a size of voxel, andSv is a
saturation of the voxelv. The saturation is a mass fraction of
water in the capillaries of the porous voxel:Sv = wc

v
Wc

v
.

After the absorption and diffusion processes, we update the
change of water mass in each porous voxelDwv to segments
in the voxel. The increase is distributed to each segment
according to the fraction of its portion length in the voxel
(Eq. 15). The longer the portion is, the more change is dis-
tributed to that segment.

Dwincrease
i = å

v2G (i)
Dwv

l iv
Lv

; (15)

whereG(i) is a set of voxels that segmenti passes through.
However, there's possibly a problem in case that the change
of water mass is decreasing and some segments in the voxel
has no water mass. The water mass of those segments will be
updated to a negative value, which is impossible. Therefore,
we use a fraction of water mass that the segment contributes
to the voxelwiv for the change (Eq.16), instead of the frac-
tion of length.

Dwdecrease
i = å

v2G (i)
Dwv

wiv

wv
: (16)

5.3. Microscopic Propagation

In microscopic level, we consider the diffusion of water in-
side a segmentws

i and the �ow of free-�ow waterwf
i . For

each segment, there are also three kinds of water mass ca-
pacity.Ws

i andW f
i are directly computed from the mass of

the hair segment, whileWc
i is derived from the approximated

Wc
v in the voxels (Eq.5) that the segment resides in.

Wc
i = å

v2G (i)
Wc

v
l iv
l i

: (17)

As a result, the current amount of water inside the segment
ws

i and free-�ow water mass of the segmentwf
i can be cal-

culated similarly to Eq.7 and9, respectively.

The current water mass inside the segment diffuses to the
adjacent segments in its strand. We use a simple diffusion
process as follows.

Dwi

Dt
= Ds(w

s
i+ 1 + ws

i� 1 � 2ws
i ); (18)

whereDwi is the variation ofwi andDs is a diffusivity be-
tween hair segments.

The water that �ows within the hair volume is the free-�ow
water of the segment,wf

i . We move this free-�ow water
along a hair strand from segment to segment controlled by a

c 2012 The Author(s)
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�ow rate kf low and the direction of the segment. We deter-
mine the direction of the �ow by checking the dot product of
the unit tangent vector of hair segmentt i and the unit gravity
directionĝ, i.e.,kdir = t i � ĝ.

1. There will be no �ow, if jkdir j is less than a thresholde.

2. If kdir � e, the water will �ow to the next segment,
wi+ 1  wi+ 1 + Dtkf lowjkdir jw

f
i .

3. If kdir � � e, the water will �ow to the previous segment,
wi� 1  wi� 1 + Dtkf lowjkdir jw

f
i .

Each segment transfers an amount of free-�ow water from
voxels to voxels. The update of the water masswv in each
voxel can be computed using Eq.6. The free-�ow water in-
side the voxel diffuses among the segments as well, e.g.,
there might be free-�ow water inside the voxel that has dry
segments. We updatewi of each segment as follows.

Dwi = Dtkf (w
f
v

l iv
Lv

� wf
i

l iv
l i

); (19)

wherekf is a constant. The �rst term on the right hand side
in Eq.19is the probable free-�ow water mass of the segment
when all segments in the voxel are equally wet. The second
term is the current free-�ow water mass that the segment
contributes to the voxel. The equation can be interpreted that
the free-�ow water mass of each segment gradually becomes
equal to each other.

5.4. Water Dripping

Water droplets drips out when the water mass in a voxel ex-
ceedsWmax

v . Water droplets should be created around hair
strands, but voxels are too coarse to specify where hair
strands exist. For this, we create a surface mesh from the
hair volume using distance transform of hair segments and
the marching cubes algorithm [LC87]. We refer to this mesh
as thehair surface mesh. If wv > Wmax

v in voxel v and a hair
surface mesh exists within the voxel, we generate a water
particle and decrease the water mass of the voxel by the wa-
ter particle's mass,wv  wv � wSPH. The decrease of the
water mass is interpolated back to the segments in the voxel
using Eq.16. The position of the generated water particle is
an averaged barycenter of the surface meshes (Figure4). If
there is a water particle within a water particle's radius of
the generated position, we add radius and mass to the water
particle instead of creating a new one.

To guarantee that absorbed water does not turn into water
particles repeatedly or vice versa at the interface between
porous voxels and water particles, we add a time delayg.
Dripping occurs if the voxel has the water mass exceeded
Wmax

v for g time steps. We also add a small velocity to the
generated water particle in the direction of an averaged nor-
mal vector of the surface meshes to avoid the absorption of
generated water particles.

Sticking force

Hair surface mesh (Surface of hair volume)

Water particle generated from dripping

Free-flow water flows 
along hair strand

Intra-voxel diffusion 
of free-flow water

Figure 4: Handling free �ow water and cohesion of wet
hair.

6. Cohesion of Wet Hair

Cohesion of wet hair is in�uenced by the water bridges and
the free-�ow water. We add a sticking force between a pair
of colliding segments according to those water masses of
the segments (Figure4). For collision detection we consider
a hair segment as acapsule(a cylinder with two spheres at
its endpoints). Letr be the cylindrical (and spherical) radius.
The result of the collision detection gives the closest points
xi andx j on the segmentsi and j, respectively. The pair of
segments is a colliding pair when the length of the vector
xi j = xi � x j is less thandi j , wheredi j is a distance taking
into account the cylindrical radiusr and the water amount.

di j = 2r + s(wi + w j ); (20)

wheres is a ratio of increasing water radius. The sticking
force between segmentsi and j is computed whendi j �
jxi j j > 2r:

Fstick
i j =

1
2

kstick(wi + w j )(di j � j xi j j)
xi j

jxi j j
; (21)

wherekstick is a coef�cient of the sticking force. Ifjxi j j < 2r,
the penalty force is computed:

Fpenalty
i j = kp(2r � j xi j j)

xi j

jxi j j
; (22)

wherekp is a coef�cient of the penalty force.

7. Morphological Shape Transformation

The absorbed water inside a hair strand can temporally al-
ter the shape of wet hair due to chemical reactions. In the
CSM model, a user assigns a prede�ned shape of a hair
strand by giving positions of hair particles or tangent vectors
of hair segments (see Figure5). When the hair particles are
moved by external forces, CSM tries to maintain the prede-
�ned shape. Accordingly, we assign two prede�ned shapes
for a dry hair strand and a wet hair strand. When the hair seg-
menti is wet, we �rst calculate a tangent vector that segment
i should transforms into, calledgoal tangenttgoal

i . The goal

c 2012 The Author(s)
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Shape of a dry hair strand Shape of a wet hair strand

Tangent vector of 
dry hair segment

Tangent vector of 
wet hair segment

t dry
i twet

i

Figure 5: Morphological shape transformation of wet hair.
Prede�ned shapes of dry hair and wet hair are assigned by
the user.

Real hair Simulation result

D
r
y 

W
e
t 

Figure 6: Comparison of our simulation results and real
world experiments.

tangent is interpolated between the tangent of dry segment
tdry
i and wet segmenttwet

i using the absorbed water mass in-
side the segmentws

i . The current tangent vectort i is then
updated towardstgoal

i as follows.

tgoal
i = ( 1�

ws
i

Ws
i

)tdry
i +

ws
i

Ws
i

twet
i ; (23)

t i  ktDt(tgoal
i � t i); (24)

wherekt is a constant controlling speed of the chemical re-
actions of hair strand.

8. Results

Our implementation was written in C++ with OpenGL. All
experiments were conducted on a PC with an Intel Core i7
3.20GHz, 6GB RAM and an NVIDIA GeForce GTX 480
GPU. We use theDynamic Packing Grid(DPG) data struc-
ture [BCR09] for a memory-ef�cient grid structure in our
simulation. Our �nal results are rendered using an off-line

Figure 7: Results of morphological shape transformations
in our model. The wet parts of straight hair (left) and curly
hair (right) turn into wavy and straight hair, respectively.

(a) With water repellent (b) Without water repellent

Figure 8: Simulation results of hair with and without water
repellent.

rendering software, POVRay 3.7. Each hair segment is ren-
dered as a semi-transparent cylinder. The color of a hair seg-
ment gets darker according to the amount of absorbed wa-
ter mass. When the amount of free-�ow water around a hair
segment is large enough, the free-�ow water can be seen as
a thin water �lm covering the segment. In our rendering, we
add some virtual water particles (not used for simulation,
only for rendering) along the hair segment with the size ac-
cording to the free-�ow water amount. Then, we employ the
method proposed in [YT10] for constructing the surfaces of
water particles in SPH domain and virtual particles around
hair segments.

Our simulation result compared with the real world is shown
in Figure6. The real hair and our results are shown in the left
and right columns, respectively. The top row shows dry hair
and the bottom row shows wet hair. There are 5,500 hair
strands in the simulation result compared to over 100,000
strands of the real hair and the shape of hair strands are
not exactly the same. Therefore, the overall appearance may
look different. However, our method can reproduce the co-

c 2012 The Author(s)
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hesion of wet hair and the presence of droplet at the tips as
seen in the real hair.

Figure7 shows results of morphological shape transforma-
tions according to the absorbed water. Straight hair tempo-
rally turns into wavy hair in Figure7(left), while the wet
curly hair in Figure7(right) becomes more straight. In the
curly hair, hair strands become straight due to the weight
of the absorbed water and the morphological shape trans-
formations, but largely induced by the shape transforma-
tions. Figure9 shows results of 5,500 straight hair strands
rising from a pool. Hair is completely wet under the water.
The water amount in hair volume is maximum. Therefore, a
great amount of excess water (free-�ow water) �ows along
hair strands until pouring out of the hair volume when hair
is rising into the air. Figure10 shows animation sequences
of 6,500 wavy hair strands interacting with water from a
shower. The water is absorbed and diffuses into the hair. The
wet hair strands form several clumps. The excess water grad-
ually drips at the tips. The breakdown computational time in
each process is shown in Table1. The grid resolution used
in Figures7, 9 and10 is 55� 55� 55.

9. Discussions and Limitations

There are much more underlying physics of water and hair
interactions in the real world, e.g., water repellent, surface
tension between �uid and hair. In the real hair, there is some-
times a water repellent, i.e., water is repelled by the oil com-
ponent or static electric in the hair. We demonstrate a simple
way to handle this in Figure8. We give each hair segment an
a value that indicates the strength of oil component (or static
electric) of the segment. The voxel absorption occurs only
when the summation ofa values in the voxel is less than a
threshold. Unless, thea values of segments in the voxel keep
decreasing when the voxel contacts with water.

Regarding the choice of voxel size, we use the size equal
to or larger than a diameter of water particle, since a water
particle can be totally absorbed into a voxel. Although the
overall water mass in the hair volume remains the same with
a larger voxel size, the water absorption and diffusion pro-
cesses affect more hair segments in a time step. The com-
putational cost of hair voxelization glows linearly together
with the number of voxels.

10. Conclusion and Future Work

We have introduced a model for handling the wetting effects
in coupling simulations of hair and water. Hair is modeled
as an anisotropic dynamics permeable media. We have pro-
posed a method utilizing Eulerian approach for capturing
hair porosity and handling wetting effects on the �ne de-
tailed hair simulation using Lagrangian method. Our method
have enabled many interesting effects of wetting hair. To the

best of our knowledge, our system is the �rst to fully simu-
late the interactions between hair and water both in macro-
scopic and microscopic levels.

For future work, we would like to improve an overall perfor-
mance by GPU implementation. In this paper, the approxi-
mation of capillaries among hair strands is based on a sim-
ple assumption. A more accurate and ef�cient method is re-
quired to capture the exact topology of capillaries among
hair.
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