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ABSTRACT

This paper proposes a 3D visual tool based on physically-based simulation to verify and analyze changes in the volume and length

of hair after treatment with cosmetics or other chemicals. Unlike fur and hair simulations in virtual environments, real hair under-

goes various chemical treatments not only to enhance hair quality but also to increase hair density. Such treatments are important
as they lead to hairstyling, which significantly affects a person’s impression. We propose a novel visual tool that visualizes and
analyzes changes in the length and volume of original strands before and after chemical treatment based on physically-based hair
simulation. The results are applied to various scenarios, including back hair volume, root hair volume, side hair volume, crown

hair volume, and hair sagging, to evaluate its effectiveness.

1 | Introduction

Key elements for a detailed representation of digital humans in
virtual environments include hair modeling, rendering, and sim-
ulation [1-3]. Hairstyles and fur play a crucial role in represent-
ing characters in virtual environments, but also in completing a
person’s styling in the real world. Hair is one of the most dynam-
ically changing features of the human body [4]. However, when
hair strands lose length and volume due to damage, many people
use various chemicals, including cosmetics, to compensate [5].
Most previous studies have been conducted in 2D environments;
this study proposes a 3D visual tool for analyzing strand vol-
ume and length before and after chemical treatment in a 3D
environment.

When performing human application tests on scalp cosmetics for
hair curling durability, root volume, crown volume, overall hair
volume, side hair volume, and back hair volume, digital cam-
eras are commonly used. Hair photographs are taken before and
after application of the product under consistent conditions such
as angle, distance, and lighting. Image analysis programs (e.g.,
ImageJ or Image Pro 10) are then used to analyze hair length,
height, area, width, and angle, and the data are extracted to eval-
uate improvements. However, since the hair images used are 2D,
it is difficult to fully assess the overall hair structure. By inputting
the numerical data obtained from actual hair tests to reconstruct
the 3D geometry of hair before and after product use, it becomes
possible to predict the shape of the hair after cosmetic application
in three dimensions rather than on a 2D plane. This approach
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provides users with three-dimensional information, making it
easier to understand the results of tests conducted before and
after product use.

In this study, the 3D space is represented as a hexahedron, allow-
ing accurate proportional verification of hair changes before
and after testing. This allows for three-dimensional analysis
from various angles and perspectives to match the desired effi-
cacy and effects of hair/scalp cosmetics or hair beauty devices.
From the perspective of product manufacturers, this approach
enhances realism and immersion for consumers, delivering visu-
ally impactful product results. For consumers, it offers the
advantage of previewing the efficacy of hair products in three
dimensions without the need to try them directly. Furthermore,
since the overall appearance and shape of hair, rather than its
individual parts, significantly influence a person’s impression,
three-dimensional visualization is essential. Although 2D images
only provide a view from one side, this study enables the extrac-
tion of 3D hair images from multiple angles, allowing users to
observe various aspects of hair changes. This dynamic and real-
istic 3D imagery can capture consumers’ attention and interest
in marketing, making it a powerful tool to convey product results
effectively.

2 | Related Work

This section examines various techniques for representing hair in
virtual environments.

2.1 | Hair Capture

There have been numerous studies on reconstructing hair from
multiple images. Paris et al. introduced a method to estimate the
3D orientation of hair based on highlights observed under var-
ious lighting conditions and synthesized the full strands accord-
ingly [6]. Wei et al. proposed a technique to compute the 3D orien-
tation of hair from multi-view images by optimizing orientation
consistency across different views [7]. Paris et al. also developed
a system to accurately acquire the positions of hair strands using
projected light beams and a diffusion scheme to interpolate the
orientation field [8]. Jakob et al. demonstrated the potential to
identify focused hair strands in multiple views using a moving
macro lens with shallow depth-of-field [9].

Chai et al. proposed a method for generating 3D strands from
a single image by considering inter-strand occlusions [10]. This
system was extended to generate hair animation from a single
video input, but was limited to relatively simple hairstyles [11].
Beeler et al. presented a multi-view stereo system for recon-
structing short facial hair using strand-level matching [12]. Their
approach included a refinement step to improve strand connec-
tions and eliminate outliers. Herrera et al. proposed a hair cap-
ture system using a thermal imaging device, achieving impressive
results, although it was less suitable for capturing hair far from
the head [13].

Luo et al. introduced a method for reconstructing an approxi-
mated surface-to-hair volume based on a multi-view orientation
field [14, 15]. They also proposed a method for reconstructing

hair from point-cloud data [16]. Hu et al. suggested a method
for hair reconstruction using a database of simulated hair strand
examples [17].

In another study, Hu et al. proposed a framework that synthe-
sizes new hair models by comparing user strokes with a hairstyle
database [18]. Chai et al. introduced a method for generating
high-quality hair models for 3D printing applications [19]. Chai
et al. also proposed a method for creating hair models from a sin-
gle photo, but the hair shape at the back of the head is often han-
dled with strong assumptions, leading to potentially inaccurate
results [20]. Zhang et al. used four-sided hair images to infer hair
modeling [21]. This study required a hair model database that
could individually match and combine images from each side to
generate an approximate hair model.

Recently, Sklyarova et al. proposed a high-quality 3D hair recon-
struction method applicable in real-world environments, restor-
ing human hair at the strand level through a two-stage pro-
cess [22]. The first stage, Coarse Reconstruction, infers rough hair
shape and orientation information from input data such as videos
or multi-camera setups. The second stage, Fine Strand-based
Reconstruction, uses the output from the first stage along with
a learned hair prior to compute a high-resolution 3D model
that includes individual hair strands. While the method enables
robust reconstruction from both single images and multi-view
inputs, it has limitations in representing curly hair. Despite the
use of curvature loss, it struggles to handle complexly twisted
hair structures. Moreover, the computational cost is significant,
requiring approximately three days of processing on an RTX
4090 GPU.

We et al. proposed a method for high-quality 3D hair recon-
struction from a single-camera video input [23]. Their approach
generates results without requiring specific lighting, controlled
environments, or specialized equipment, and it can capture fine
external details of real images even without data priors. Com-
pared to existing methods such as Neural Haircut, it achieves
more than 10X faster sequential performance, improving its prac-
ticality [22]. It enables strand-level reconstruction using only
a monocular camera and supports various hairstyles, includ-
ing curly hair. However, the internal structure still relies on
data priors, so additional data is needed to ensure broader
generalizability.

Zhou et al. proposed a novel pipeline for high-precision strand
reconstruction using multi-view images without relying on
external data priors [24]. Based on a NeRF architecture, their
method infers a high-resolution implicit volume representing
3D orientation information, overcoming the common issue of
over-smoothing and preserving fine directional details. It enables
accurate reconstruction of various hairstyles without depending
on specific datasets and achieves more detailed 3D orientation
field rendering than previous approaches. However, it requires
substantial computational resources and processing time.

2.2 | Hair Simulation

Real-time hair simulation techniques based on Position-Based
Dynamics (PBD) have been extensively studied in recent
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years [25, 26]. PBD has been applied to simulate various
fluid-based materials, including cloth, soft bodies, liquids, smoke,
sand, and hair [25, 27-29]. Han and Harada proposed a real-time
hair simulation method using local and global shape con-
straints [30]. Kim et al. introduced a long-range attachment
constraint to enforce inextensibility in hair simulations using
PBD [31]. Umetani et al. simulated curly hair using PBD by apply-
ing constraints to the Darboux vector [32].

In the broader category of hair simulation, to reduce compu-
tational complexity similar to fluid continuum, hair motion is
often represented as an aggregated medium [33]. A technique
more suitable for generating a strand database is strand-level sim-
ulation based on strand dynamics. In the past, many mechan-
ical strand models have been studied. Selle et al. proposed a
simple mass-spring model for efficient and robust hair simula-
tion [34]. Bergou et al. introduced discrete elastic rods, an effi-
cient simulation framework based on explicit centerline repre-
sentation using reduced coordinates [35]. Bertails et al. utilized
the Cosserat rod model with piecewise helical discretization,
enabling efficient hair simulation with a very small number of
elements [36].

2.3 | Implcit Nueral Representation

Recently, studies have extensively explored representing 3D
geometry in an implicit way due to its simplicity and effi-
ciency [37-40]. For example, Park et al. mapped 3D coordinates
to signed distance functions, representing 3D shapes using an
MLP (Multilayer Perceptron) [39]. Mescheder et al. proposed a
novel network that represents continuous surfaces as 3D occu-
pancy fields, generating high-quality results at infinite resolu-
tion [41]. However, these methods rely on global latent codes to
represent entire 3D shapes, limiting them to simple shapes and
lacking robustness in their algorithms.

To address these limitations, several studies have focused on com-
bining local features to represent 3D shapes instead of directly
encoding the entire shape into a global latent code [42-45]. Saito
et al.’s PIFu (Pixel-aligned Implicit Function) learns per-pixel
implicit representations from global context and pixel-aligned
features, enabling high-fidelity reconstruction while preserving
local details [45]. Similarly, Jiang et al. proposed a local implicit
grid representation for arbitrary objects or scenes, significantly
improving the generalizability of the network [46].

As mentioned earlier, most approaches focus on reconstruct-
ing or simulating virtual hair from a few images, but studies

addressing the characteristics of real hair are relatively scarce.
This study proposes a method to quickly visualize and analyze
changes in hair volume and length caused by chemical treat-
ments using a 3D visual tool.

3 | Proposed Framework

In this section, we model 3D strands to measure and visualize
changes caused by chemical treatments, considering the follow-
ing aspects: (1) strand sagging, (2) changes in root volume, (3)
changes in crown volume, (4) changes in back volume, and (5)
changes in side volume (see Figure 1).

3.1 | Sagging of Hair Before and After Chemical
Treatment

In this section, we propose a method to visualize changes in
hair sagging before and after chemical treatment in 3D. Specif-
ically, we present a strand modeling technique that enables rapid
visualization for straight and curly hair. The input data includes
the actual measured length and texture, and the real-time
visualization is ultimately performed in the form shown in
Figure 2.

The input length data consists of the actual measured values.
However, for 3D visualization, the length ratio o, was used
and the actual length was not included in this process (see

Equation (1)).
daffer
L

Oy = W
where dbe/oreafter represents the actual measured length of the
strand. Since chemical treatment tends to shorten strand length,
o, was designed as described above in this study, but it can be
flexibly modified for the opposite case as well. For straight hair,
the weights for curly hair were adjusted to ensure a natural rep-
resentation of straight hair.

straight
i

The position of each particle constituting straight hair, p ,1s

calculated as shown in Equation (2).

straight

p; " = lerp(p™?, p, w) 2

where lerp represents linear interpolation, w is the weight, and
pro°iiP are the positions of the root and tip particles constitut-
ing the strand. The weight w used in /erp is calculated using the
particle index of the strand as w = S[Zi_l , Where i is the particle
index within the strand, increasing progressively from the root to

FIGURE1l | Changesinactualstrandsobserved from various aspects after chemical treatment. (a) Strand sagging, (b) root volume of hair, (c) crown

volume of hair, (d) side volume of hair, and (e) back volume of hair.
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(a) Before : 24.4cm (b) After: 21.12cm

FIGURE2 | Visualization results of hair sagging before and after
chemical treatment. The reference image for (a) is shown at the bottom of
Figure 1a, while the reference image for (b) appears at the top of Figure 1a.

the tip. Size is the total number of particles in the strand. p™” is
the user-defined position, and the tip position p'? is calculated as
shown in Equation (3).

ptip — (y . dstrand) +pr00t (3)

where y is the up vector, set to (0, —1, 0) in this study, and d*"*
represents the total length of the strand. Since curly hair has a
cylindrical volume, the position of p"* was adjusted, with p™” .x
set as an offset by r where r is the radius parameter for represent-
ing curly hair, which can be modified by the user.

Calculating the particle positions for curly hair is slightly more
complex. To model a spiral strand, the values for the angle («)
and step () must be determined, where f is set to the same value
as w, and « is calculated as shown in Equation (4).

dstrtmd
+o 4

*= (size — 1)r
where ¢ is ajitter added to model the spiral strand more naturally.
In this study, the min/max range for ¢ was set and applied as
follows: ¢ € rand([-0.5,0.03]).

The curl position for representing a spiral strand is calculated
as a combination of cosine and sine functions, as shown in
Equation (5).

P = ((xeos(i - @) + zsin(i - @) —X)r + p") +yip (5

where x and z are the basis vectors in the space where the spiral
strand is to be represented, set as (1,0, 0) and (0, 0, 1), respectively.

(a) size : 100 (b) size: 1

FIGURE 3 | The strand form of the straight hair equivalent.

The final positions of the hair particles are calculated by interpo-
lating the previously computed positions for straight and curly
hair, as shown in Equation (6).

pfz‘mnd — lerp(pfrmigm,pf“”, LU) (6)

In this study, to apply the changes in length after chemical
treatment, the pre-treatment strand length was set as follows:
(d*'rard = 1), and the post-treatment strand length was set as
(d*'rard =1 — ¢,). Furthermore, before treatment, the value of
w used in Equation (6) was set to 0.1. Figure 3 visualizes the
pre-treatment state of straight hair using our method. To achieve
a more natural strand shape rather than maintaining a strictly
linear form, curly strands were appropriately interpolated. As
shown in Figure 3, the method successfully represented a natural
hairstyle regardless of the number of strands. Figure 4 shows the
results of the representation of strands shortened to curly forms
after chemical treatment. Various parameters, such as strand
length, angle, and count, were used to depict curly hairs. The
interpolation of straight and curly strands effectively conveyed a
natural curly-strand appearance.

3.2 | Changesin Root Volume Before and After
Chemical Treatment

In this section, we propose a method for visualizing changes
in root volume before and after chemical treatment in 3D (see
Figure 5). A key aspect is ensuring a seamless and natural transi-
tion between areas where volume increases and those that remain
unchanged. In addition, we present a modeling technique for the
rapid visualization of strands.
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FIGURE4 | The strand form of the curly hair equivalent.

(a) Before : 2.32cm

(b) After : 3.41cm

FIGURES5 | Visualization of the root volume area before and after chemical treatment. The reference image for (a) is shown at the /e /7 of Figure 1b,

while the reference image for (b) appears at the right of Figure 1b.

In this study, we defined root volume as the height from the fore-
head to the top of the head, considering it a key factor before and
after chemical treatment (the rectangular red area in Figure 5). A
hairstyle that clearly exhibits root volume was selected for mod-
eling (see Equation 7).

pftrand - p® + VPUdW<P[ — pea’ h) (7)

where o, is the weight used for hair length changes before and
after chemical treatment, and p® represents the center of mass
in the root volume area (see the rectangular red area in Figure 5).
The gradient Vpis calculated as follows: Vp = p; — pD. Addition-
ally, W is an isotropic kernel, which is computed as shown in
Equation (8) (see Figure 6).

11— o<yr<h
W(r,h)={0 T s ®

otherwise

where 4 is the radius of support. Due to the kernel W, the defor-
mation of the root volume is strongly emphasized in the tar-
geted areas, while strands outside the range of 4 remain unaf-
fected. This ensures a seamless and natural transition in the
deformation.

1.0 1

0.8

0.6

Kernel

0.4 1

0.2

0.0 A

T T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
h

FIGURE 6 | The shape of kernel W inside the support radius 2 = 1.

3.3 | Changesin Crown Volume Before
and After Chemical Treatment

In this section, we propose a method for visualizing crown vol-
ume before and after chemical treatment in 3D. The key aspect
of this process is to ensure a seamless transition between areas
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(a) Before : 7.93cm

(b) After: 4.14cm

FIGURE 7 | Visualization of the crown volume area before and after chemical treatment. The reference image for (a) is shown at the left of

Figure 1c, while the reference image for (b) appears at the right of Figure 1c.

where volume increases and those that remain unchanged. To
achieve this, we present a strand modeling technique for rapid
visualization (see Figure 7).

While root volume was measured by comparing the height from
the forehead to the hair, crown volume is evaluated by compar-
ing hair density before and after chemical treatment, as shown
in Figure 7. Since hair loss is typically more noticeable along
the parting and crown areas, this study adopts the following
method to represent hair thinning. In this scene, a hairstyle that
effectively highlights hair density is selected for modeling (see
Equation (9)).

Y(piom, r) = { Finside.add (p:aat)
Forase 444 (7

)v/(pioat’ I‘) <0
otherwise

©)

where p;  represents the root particle position of each strand,
and r is the range used in I', which is set to 0.2 in this study. y
follows the standard sphere equation, where the radius is r and
the center position is p.,,. The value p,, corresponds to the center
of mass of the hair model, and y is set to the maximum y-position
of the hair particles. Consequently, Y is a function that classifies
root particles as either inside or outside the defined range. The
classified results are selectively stored in each buffer T', and to
represent hair loss through random sampling, I" is shuffled

using the shuf fle function.

inside

Next, based on randomly shuffled root particles, hair loss strands
are selected. The key aspect of this process is to determine how
to represent hair loss using the parameter z, which represents the
number of lost strands: 7 = 6,k ||T;,,5iq. || Where « is a user-defined
weight, set to 0.9 in this study. As a result, a total of 7 strands are
sampled from T',,;,, and stored in I" 4., representing the lost
strands. The buffer that ultimately represents all the lost strands
is 1—‘am‘side'

3.4 | Changesin Back Volume Before and After
Chemical Treatment

In this section, we propose a method for visualizing the back vol-
ume before and after chemical treatment in 3D. The key aspect of

this process is to ensure that the increased volume at the back
of the head is represented naturally. In this study, we use an
anisotropic weighting function designed for long hairstyles to
handle strand deformation and present a method for rapid visu-
alization (see Figure 8).

For back volume, the change was measured using the horizon-
tal length of the strands based on the gray boundary in the actual
image (see Figure 1e). In reality, this length increases after chem-
ical treatment. To visualize this change in 3D, this study uses
Equation (10).

pt = p® + Vpo, W, (p,- -, h) (10)
W,(x, G) = o||G|| P(||G.x]) (11)

where W, is an anisotropic kernel, which differs significantly
from the previously used kernels. Additionally, P is a symmetric
decaying spline with finite support. In this study, an anisotropic
kernel is utilized to compute the deformation weights corre-
sponding to volume changes in long hair [47]. To achieve this,
we first calculate the weighted average covariance of particle C
as shown in Equation (12).

Y, (p, =) (p, =) W (p, =B h)
W(Pj = Di» h)

C. =

1

(12)

where _
- ZijW(Pj _Pi’h)

) 13
l W(Pj —ﬁ,,h) =

Using the Singular Value Decomposition (SVD) of the calcu-
lated C;, the direction and stretch of the adjacent particles are
determined based on eigenvectors and eigenvalues, as shown in
Equation (14).

T 4 T
e; o, e
T
C,=R:R" = o ||e (14)
T T
e; o3| e
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(a) Before : 21.6cm

(b) After : 24.18cm

FIGURE 8 | Visualization of the back volume area before and after chemical treatment. The reference image for (a) is shown at the /e f7 of Figure 1e,

while the reference image for (b) appears at the right of Figure 1e.

(a) Before : 25.89cm

(b) After :32.29cm

FIGURE9 | Visualization of the side volume area before and after chemical treatment. The reference image for (a) is shown at the /e 1 of Figure 1d,

while the reference image for (b) appears at the right of Figure 1d.

where e, and o, represent the principal axes sorted according to
variance and the degree of stretch, respectively. Then, Gi is com-
puted in the form of a symmetric matrix (see Equation (15)).

G, = thz—lRT 15)

1

In Figure 8, the red line indicates the position aligned with the
gray boundary in the actual image (see Figure le). The results
demonstrate that hair deforms naturally according to the hori-
zontal strand length at the boundary.

3.5 | Changes in Side Volume Before and After
Chemical Treatment

In this section, we describe the method for visualizing the side
volume before and after chemical treatment in 3D. Since this pro-
cess requires natural expression of volume-based deformation by
measuring the length change from behind the ear to the back of
the head, experiments are conducted in short hairstyles where
the area behind the ears is more visible. Similarly to back vol-
ume, strand deformation in this case also has directionality, so
an anisotropic weighting function is used to efficiently process

and visualize strand deformation (see Figure 9). In this scene, the
deformation of the strand is applied using Equation (10), except
for the reference position p®, which serves as the deformation
anchor. In this study, p® is set as follows: (0.5, p*¢,0.25).

4 | Implementation

This study was implemented in the following environment: Intel
i7-7700k 4.20 GHz CPU, 32 GB RAM, NVIDIA GeForce GTX 1080
Ti graphics card.

Typically, thin shell materials are used to visualize hair and fur.
However, since this study focuses on analysis rather than visual
special effects (VFX), it prioritizes clearly representing strand vol-
ume and shape over realistic hair rendering techniques. There-
fore, a cylindrical shape was generated from the strand lines to
enhance the volumetric representation of the hair.

The proposed method visualizes 3D hair using measurements
obtained from real hair. In this study, the volume changes were
approximated based on the variation of length, as shown in
Figure 10. Although this approach does not provide a perfectly
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FIGURE 10 | Method for measuring changes in strand volume in real hair.

accurate representation of volume changes, it effectively high-
lights differences before and after chemical treatment. This lim-
itation can be addressed in future work by using precise volume
measurement devices.

5 | Experimental Results

In this section, we describe the composition of each scene and
examine the 3D strand visualization results based on the previ-
ously conducted experiments. This study analyzes the changes
in the hairs before and after chemical treatment in five different
scenes (Figure 11).

Hair Sagging. In this experiment, a digital camera (Canon EOS
750D) and an image analysis program (ImageJ) were used to
assess improvements in hair sagging. To ensure consistent pho-
tography, the position of both the hairpiece and the camera was
fixed, maintaining a constant distance between the test area and
the lens. All hairpieces were photographed with uniform light-
ing and identical positioning using a strobe light by the same test
operator. The image analysis program was then used to measure
the curvature changes in the captured hair images. An increase
in the measured values compared to pre-treatment indicates an
improvement in hair sagging.

Figure 12 visualizes hair sagging before and after chemical treat-
ment using 3D strands. The key aspect of this scene is to clearly
represent the sagging of hair, rather than focusing on the inten-
sity of straight or curly hair forms. In this study, hair sagging is
represented based on user-measured strand lengths, allowing for
a more natural visualization by controlling the balance between
straight and curly hair.

Hair Root Volume. To measure changes in root volume, the
front area of all hair wigs was photographed. The captured
images were analyzed using an image analysis program, measur-
ing changes in hair height based on the center point of the wig.
An increase in the measured values compared to pre-treatment
indicates an improvement in hair root volume.

Figure 13 visualizes root volume before and after chemical treat-
ment using 3D strands. The key aspect of this scene is the length
from the center point to the top point (see Figure 11), which was
used to approximate the changes in volume. In Figure 13a, repre-
senting the pre-treatment state, the area between the red planes
shows a smaller volume, whereas in Figure 13b, after chemical
treatment, a noticeable increase in volume can be observed.

Hair Crown Volume. To measure changes in crown volume,
the top point of all hairpieces was photographed. The captured

images were binarized using an image analysis program based on
Otsu’s thresholding method [48]. The binarized images were ana-
lyzed considering the white areas above the threshold as the visi-
ble scalp area, and the proportion of this area was evaluated rela-
tive to the total surface. A decrease in the measured values com-
pared to pre-treatment indicates an improvement in hair crown
volume.

Figure 14 visualizes crown volume before and after chemical
treatment using 3D strands. In this scene, it is crucial to ensure a
natural representation of the volume changes around the crown
area before and after treatment. Figure 14a shows the 3D repre-
sentation of the hair strands before treatment, while Figure 14b
depicts a modified version with more severe hair loss. Figure 14c
illustrates the post-treatment results, effectively representing the
reduction in hair loss based on the measured values.

Hair Back Volume. To measure changes in hair back volume,
the rear area of all hairpieces was photographed. Using the cap-
tured images, an image analysis program was used to analyze
changes in hair width. The width of the hair was measured as
the horizontal distance from the left ear point to the right ear
point at the back of the hairpiece (see Figure 11). An increase
in the measured values compared to pre-treatment indicates an
improvement in hair back volume.

Figure 15 visualizes the back volume before and after chemi-
cal treatment using 3D strands. The measurement range for the
back volume is represented by the red plane, and the changes in
the back volume were assessed based on the horizontal length
of the corresponding strands, which were then visualized in 3D.
Figure 15a shows the pre-treatment results, while Figure 15b
presents the post-treatment results. As shown in the figure, the
changes in the back volume are effectively visualized based on
the user-measured values.

Hair Side Volume. To measure changes in hair side volume,
the temporal region of all test participants was photographed.
The captured images were analyzed using an image analysis pro-
gram to assess changes in hair width. The width of the hair was
measured on the side ear point to assess variations in side vol-
ume (see Figure 11). An increase in the measured values com-
pared to pre-treatment indicates an improvement in hair side
volume.

Figure 16 visualizes hair side volume before and after chem-
ical treatment using 3D strands. Similar to the previous
results, the post-treatment visualization clearly demonstrates
a more pronounced change in side volume compared to the
pre-treatment state, effectively represented through the 3D strand
model.
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FIGURE 11 | Head points.

FIGURE 12 | Comparison of 3D strand changes in hair sagging (before: 24.4 cm, after: 15.0 cm).

(a) Before : 2.32cm (b) After : 3.0cm

FIGURE 13 | Comparison of 3D strand changes in root volume.
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(a) Before

FIGURE 14 | Comparison of 3D strand changes in crown volume.

(b) Before

(a) Before : 21.6cm

(b) After: 26.18cm

FIGURE 15 | Comparison of 3D strand changes in back volume.

6 | User Study Design

After a brief explanation of the proposed method, the application
testers visualized and analyzed 3D strands in various scenes. They
were then asked to complete a questionnaire (see Table 1) after
using the proposed application. The primary objective was to
assess how the application influenced the perception of volume
changes before and after chemical treatment on 3D strands. To
evaluate the proposed application, a survey was conducted with

24 researchers, aged 20 to 30, who study volume changes before
and after chemical treatment.

Figure 17 presents the results of the survey conducted with 24
testers (Female: 21, Male: 3). Although most of the participants
provided positive feedback, some expressed difficulties navigat-
ing the 3D view volume and observing the 3D strands. In general,
the majority agreed that the 3D strand visualization effectively
demonstrated changes in hair volume.
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(a) Before : 25.89cm

FIGURE 16 | Compare 3D strand results for side volume.

(b) After: 32.29cm

TABLE1 | Questionnaire (Q1~Q8: Satisfied (5), Normal (3), Not Satisfied (0)).

No. Question description
Q1 After using this tool, were you able to easily understand the changes in hair volume before and after
chemical treatment?
Q2 Was the visualization of this tool easy to use?
Q3 Did the visualization of this tool effectively show the changes in hair volume?
Q4 Did the visualization of this tool effectively show the differences before and after chemical treatment?
Q5 Did the visualization of this tool increase your confidence in the effects of the chemical treatment?
Q6 Would you be willing to use this tool again?
Q7 Would you be willing to recommend this tool to others?
7 | Discussion In summary, the system quantitatively measures changes in

This study aims to simulate changes in hair volume after chem-
ical treatment using a 3D visualization tool. It is true, as you
pointed out, that the chemical treatment itself—its type or
ingredients—is not directly used as an input parameter in the
model. Instead, we intentionally designed the system to focus
solely on measuring and visualizing the changes in hair before
and after treatment, regardless of the internal chemical processes
involved. This approach simplifies the overall algorithm while
still capturing the effects of treatment.

The following outlines how the proposed system operates within
this framework.

System Operation:

1. Numerical inputs such as changes in length, volume, and
position—measured through actual pre- and post-chemical
treatment experiments—are provided to the system.

2. Based on these values, the system adjusts strand
parameters—such as length ratio, curvature, and weight—
for both straight and curly forms to generate the
visualization.

3. In other words, the system does not simulate the chemical
treatment itself, but rather visualizes the changes observed
before and after the treatment.

hair length, volume, and curvature before and after chemical
treatment using image analysis tools (e.g., ImageJ), and performs
3D visualization based on these measurements.

The heuristic parameters used in this study are not arbitrarily
adjusted values, but rather ratios or weights derived from actual
measured data. For example, values such as length change ratios,
weights, and anisotropic kernels are set based on experimen-
tal data.

Real-World Applicability of the System

1. Product developers or researchers can visually analyze and
compare the effects of cosmetic treatments.

2. Consumers can intuitively observe the effects of product use
before and after treatment in 3D.

3. It can be used as compelling visual evidence in marketing
or clinical trials.

Currently, the system does not automatically predict the results
of chemical treatments, but it has strong potential as a tool
for presenting experimental outcomes more intuitively through
physics-based 3D visualization. In the future, it could be extended
to incorporate chemical composition data for prediction or
automation.
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FIGURE 17 |

8 | Conclusion

In this study, we proposed a 3D visualization tool based on a
physically-based simulation to effectively observe and analyze
changes in hair volume and length after cosmetic and chemi-
cal treatments. Unlike virtual hair simulations, the proposed tool
reflects the importance of real hair care by visually representing
the effects of various chemical treatments on hair. The exper-
imental results validated the effectiveness of the tool through
performance evaluations in various scenarios, including back vol-
ume, root volume, side volume, crown volume, and hair sagging.
This tool has the potential to be extended to skincare and other
beauty-related fields, contributing to the evaluation of a wider
range of cosmetics and chemical treatments. The findings of this
study provide a new foundation for a scientific approach in the
beauty industry and are expected to make a meaningful contri-
bution to related industries.
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