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FleXeen: Visually Manipulating Perceived Fabric
Bending Stiffness in Spatial Augmented Reality
Parinya Punpongsanon, Member, IEEE, Daisuke Iwai, Member, IEEE, and Kosuke Sato, Member, IEEE
Abstract—The appearance of fabric motion is suggested to affect the human perception of bending stiffness. This study presents a
novel spatial augmented reality, or projection mapping, approach that can visually manipulate the perceived bending stiffness of a
fabric. Particularly, we proposed a flow enhancement method that can change the apparent fabric motion by using a simple optical flow
analysis technique rather than complex physical simulations for interactive applications. Through a psychophysical experiment, we
investigated the relationship between the magnification factor of our flow enhancement and the perceived bending stiffness of a fabric.
Furthermore, we constructed a prototype application system that allows users to control the stiffness of a fabric without changing the
actual physical fabric. By evaluating the prototype, we confirmed that the proposed technique can manipulate the perceived stiffness of
various materials (i.e., cotton, polyester, and mixed cotton and linen) at an average accuracy of 90.3%.
Index Terms—Spatial augmented reality, projection mapping, visual perception, stiffness manipulation, apparent motion.
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I NTRODUCTION

The bending stiffness of a fabric is an important indicator for determining its comfortability, thus influencing a person’s purchase
decisions. In the textile industry, the bending stiffness of garments
is intensively considered to provide customers with appropriate
impressions. When designing a garment product, investigating
the optimum bending stiffness requires many physical samples
with different bending stiffness values. Hence, preparation for this
evaluation is often difficult for a designer. A customer also faces
difficulty when searching for a garment product with the required
stiffness because the available number of products in a retail shop
is only limited.
Researchers have attempted to address this issue, particularly
for the garment industry, by applying augmented reality (AR)
technologies that allow customers to explore different clothing
appearances without requiring the actual fabric. This technology
is called “virtual fitting room” [1], [2], [3]. Systems that can
capture a customer image and display him/her on a computer
monitor with different clothes are synthesized by either computer
simulation or image-based rendering techniques [4]. However,
synthesizing fabrics with physically accurate flexible behaviors
generally requires expensive computational costs. Thus, realizing
an AR system that can manipulate the stiffness parameter of
displayed fabrics in real time is technically challenging. Moreover,
displaying the images on a computer monitor also degrades the
reality of fabrics owing to the limited dynamic range, field of
view, spatial resolution, and parallax representation of computer
monitors.
This study adopted a different approach from the abovementioned video see-through systems. We propose a novel spatial
augmented reality (SAR), or projection mapping, technique, in
which users can directly observe the augmented fabrics with their
eyes, thus minimizing the reality degradation of the fabrics. The
•
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main challenge of this study is evaluating whether the proposed
method that modifies the fabric’s apparent motion with projected
imagery is suitable for manipulating the perceived bending stiffness of a fabric. Considering the optical flow of a fabric motion,
which is significantly important to estimate the fabric stiffness for
the human visual system [5], [6], we generated projection images
by magnifying or reducing the optical flow. We refer this process
as flow enhancement method. We conducted a psychophysical
study to investigate the relationship between the magnification
factor and perceived stiffness to derive a computational model
that can predict the perceived bending stiffness of the fabric
under projection in our flow enhancement method. In addition,
we established a prototype application system called FleXeen
to validate our computational model by using practical fabric
behaviors. The proposed concept is illustrated in Figure 1.
In summary, this study provides the following contributions.
• We introduced a novel SAR approach that manipulates the
perceived bending stiffness of a fabric in real time by using
an optical flow enhancement technique.
• Through a psychophysical study, we investigated the relationship between the magnification factor of our flow enhancement method and the perceived stiffness of a fabric.
• On the basis of the study result, we established a computational model to predict the perceived stiffness under the flow
enhancement projection.
• Subsequently, we developed a prototype system that allows a
user to accurately control the perceived bending stiffness and
confirmed its feasibility via a user study.

2

R ELATED W ORK

Computer vision and computer graphics researchers have estimated the visual appearance and mechanical properties of physical
garments, from a captured image sequence of a cloth simulation
[7], [8] or image-based rendering [9], [10]. Recently, Sigal et al.
demonstrated how each material parameter in computer animation
software affects the perceived stiffness of a synthesized garment
animation [11]. Bi et al. explored the correlation between the
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Fig. 1. Proposed concept: A fashion designer (or customer) can easily
explore a fabric with desired stiffness. The figure illustrates that the
proposed system provides the user with the perceived stiffness of a
cotton on the linen dress.

cloth deformation patterns under external forces and how humans
estimate the mechanical properties of a fabric [6], [12]. Bouman
et al. demonstrated that a regression model that applies fabric
motion features can accurately estimate human perception of
fabric stiffness [5]. Their results suggested a possible connection
between the fabric’s apparent motion and the perceived stiffness.
Motivated by these studies, we believe that manipulating the
perceived stiffness of a physical fabric by modifying its apparent
motion is possible.
Researchers in the AR community proposed video see-through
systems that augment a fabric by estimating its deformation and
mapping various textures to it in real time [13], [14], [15]. Fabric
augmentation was realized in projection-based approach as well
[16], [17], [18]. Essentially, these systems change the surface
appearance (i.e., reflectance property) of augmented fabrics. To
the best of our knowledge, no existing study has attempted to
modify the apparent motion of fabrics to manipulate its perceived
stiffness by using projected imagery.
Apparent motion modification by using SAR approach has
been explored in various application domains. Bermano et al.
proposed to augment an animatronics head [19]. Various simulated
dynamic expressions, which cannot be reproduced physically on
an animatronic head owing to its mechanical limitations, are reproduced visually by projecting missing visual components of the
target expressions, including motion onto the skin of the head. This
research assumes an offline computation of target expressions in
a dark environment. However, we do not share these assumptions.
Thus, the previous technique is not directly applicable in our
research. In our application scenario, the projection visual effects
should be dynamically generated in real time while the projected
fabrics are moving. Moreover, the projection should be performed
in a relatively bright environment (e.g., a retail shop, showroom
or fitting room).
Kawabe et al. proposed to deform physical objects perceptually, such as printed paper, by projecting only the motion flow
information onto the objects [20]. The illusory effect of leveraging
the characteristic of the human visual system that processes texture
and motion information separately worked quite well even under
ambient light condition. Inspired by this concept, we developed
our visual effect to ensure that it works in bright environments.
However, previous research assumed that projection objects are
static, while projecting dynamic patterns. In this study, we inves-
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tigated whether we can modify the apparent motion of a moving
fabric through an SAR technology by magnifying or reducing its
optical flow to manipulate the human perception of its bending
stiffness.
Basic SAR technologies generally fall into two categories (i.e.,
geometric correction and radiometric compensation) (see [21] for
more details). Apparent motion modification is an emerging technology, which can be the third technological category in the SAR
research field. This study can be a pioneering work that shows the
usefulness of such emerging technology in practical application
scenarios. Notably, the motion of a projection target can be modified easily when radiometric compensation works perfectly and the
appearance of the target can be manipulated accurately. However,
we assumed that the system is used under bright conditions where
radiometric compensation techniques do not work appropriately.
In this study, we investigated a nontrivial and challenging issue—
How can we modify the apparent motion to change the human
perception of fabric stiffness without applying the radiometric
compensation techniques in bright environments?

3 V ISUALLY M ANIPULATING THE
B ENDING S TIFFNESS OF FABRICS

P ERCEIVED

In this section, we described the proposed method, which manipulates the perceived bending stiffness of fabrics by changing its
apparent motion by using projected imagery. First, we explained
the detailed information related to the proposed flow enhancement
method and its motivation (Section 3.1). Second, we described
a psychophysical study conducted to investigate the relationship
between the magnification factor of our flow enhancement and
perceived bending stiffness of a fabric (Section 3.2). Finally, we
propose a computational model that computes the magnification
factor to provide a target bending stiffness perception for a human
observer (Section 3.3).
3.1

Flow Enhancement

Previous studies have identified a relationship between the fabric apparent motion and fabric bending stiffness [5], [12]. The
relationship between the fabric motion and the perception of its
bending stiffness has been examined via a psychophysical experiment through a computer graphics simulation [11]. The results
revealed that large motion causes the participants to perceive a
fabric to have less bending stiffness and vice versa. Inspired by
these works, we focused on controlling the perceived bending
stiffness by directly modifying the fabric motion.
We prepared a flow enhancement visual effect for modifying
the apparent motion of fabrics to alter the perceived bending
stiffness. The flow enhancement is generated by applying simple
image-processing technique to a captured image sequence of
fabrics. Thus, it can be performed in real time by using a standard
personal computer (PC). We captured the fabrics by using a near
infrared (NIR) camera to ensure that the measurement is not
disturbed by the projection image. Figure 3 illustrates the proposed
flow enhancement method to modify the apparent motion of a
fabric by applying an optical flow analysis technique. A textile
could be made to appear more flexible by exaggerating the optical
flow patterns.
Previous research applied the optical flow technique to identify
and emphasize the motion of continuing image sequence [23].
Inspired by this work, we applied the optical flow technique to
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Fig. 2. Example of the flow enhancement method projected on a pure white 100% cotton fabric. To visualize the difference between the motion
flow of original motion and the one that superimposed with flow enhancement, we computed the motion flow by using the method described in [22]
between each of the two frames, such as frame sequences 0 and 2. In this example, the hue indicates the orientation and the saturation denotes
the magnitude of motion flows. For the motion representation, please see supplementary video.
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Fig. 3. Illustration of the flow enhancement method to modify the apparent motion of a fabric by applying the optical flow analysis technique.

To achieve our goal, we conducted a psychophysical study to
investigate the relationship between the magnification factor of
our flow enhancement and the perceived bending stiffness of the
fabric. We superimposed the flow enhancement visual effect to
a projection object—a cotton fabric with no texture, which was
periodically moved using two servo motors.
3.2.1

enhance the apparent motion of fabrics. Particularly, the effect is
generated as follows. First, we compute the optical flow of the
captured sequence to acquire the displacement map of each frame
[24]. Second, we multiplied the displacement with the magnification factor kf . Third, we deformed the original captured image
with the enhanced displacement map to generate the projection
imagery. Consequently, the speed of the fabric apparent motion
increases when kf > 1.0 and decreases when kf < 1.0. Figure
2 shows an example sequence of the projected results and their
optical flow visualizations of the one without visual effect and
the other with the proposed method, respectively. In this example,
the hue indicates the orientation and the saturation indicates the
magnitude of the motion flows, thereby demonstrating that the
proposed method can enhance the apparent movement of the
fabric. Note that our technique follows marginal statistics where
the motion field in each time t is independent from one another
(see Bouman et al. [5] for details).

Psychophysical Study

Procedure

The task performed by the participants of the study was a magnitude estimation of the perceived stiffness of the fabric. In each
trial, we showed each participant two videos on an LCD display
side by side: one displaying a moving fabric onto which a flow
enhancement was projected (i.e., target) and the other displaying
the same fabric onto which a uniform gray image was projected
(i.e., reference). Each participant was asked to watch these videos
for 30 s and to rate the perceived bending stiffness of the target.
To calibrate the participant’s perception with regard to magnitude,
we asked the participants to rate the bending stiffness of the target
by comparing the reference with stiffness of 100. If the perceived
bending stiffness of the target was more flexible than the reference,
a score greater than 100 was rated and vice versa.
We prepared three projection conditions by setting various
magnification factors of the flow enhancement kf , i.e., kf = 0.2,
kf = 5.0, and kf = 7.0. These factors were adopted from a preliminary experiment. In each projection condition, we conducted
two trials with different physical movement speeds (i.e., fast and
slow) of the projection object. Thus, three conditions by two trials
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Fig. 4. System configuration: (a) fabric movement controller setup, (b) prototype system for psychophysical study.

We initially explained the experimental environment used for
recording the videos and we then described the psychophysical
study in detail.
An NIR camera (PointGrey Flea3 FL3-U3-I3S2M-CS with an
IR pass filter, 1024 × 768 pixels, 30 fps) was installed 950 mm
in front of the fabric to observe the fabric motion. A projector
(NEC NP-L51WD, 1280 × 800 pixels, 70 Hz, 500 ANSI lumens)
was also installed close to the camera such that it faced the
projection object (Figure 4(b)). Regarding the projection object,
we prepared a 100% cotton fabric (3M superfine cotton, white
color, 500 × 500 mm) hanging on a steel bar. Four strings were
hooked onto the fabric on the left and right sides. Two of them
were pulled by two servo motors (TowerPro Standard SG-5010)
(Figure 4(a)). The servo motors were used to generate physical
movement of the fabric to ensure that it periodically swayed from
left to right. These motors were controlled by a digital circuit
board (Arduino Uno) connected directly to a PC (CPU: Intel Core
i7 950 3.07 GHz, RAM: 14 GB, GPU: NVIDIA GeForce GT720).
The movement speeds applied to the fabric were 1.11 and 0.37
cycles/s as the fast and slow movement conditions, respectively.
Furthermore, we covered part of the sample fabric with a black
color cover set to ensure that the edges of the object were not
visible and the participants focus only on the apparent motion of
the fabric. As explained in Section 3.1, the flow enhancement was
generated from a captured NIR video sequence, which was then
superimposed back onto the fabric. Although the fabric texture
may be not visible in the captured NIR video sequence owing
to the restricted captured wavelength, we found that the wrinkle
of the fabric caused by our IR illumination was evident from the
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is equal to six experimental conditions. In each condition, we
recorded two videos (target and reference). We simultaneously
played these two videos on the LCD monitor side by side. Note
that the LCD has some image quality degradations compared to
projection-based augmentation as discussed in Section 1. The aim
of this study, however, is to develop a computational model that
predicts the perception of the bending stiffness, in which having
no variance in each stimulus is preferable. Thus, we recorded
the projected fabrics and showed the same appearances to all the
participants. Each trial was conducted in randomized order among
the participants.
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Fig. 5. Boxplot result of the subjective magnitudes of the perceived
bending stiffness. The whiskers represent the highest and lowest values
within 1-3 times of the interquartile range.

NIR camera. Therefore, we applied the wrinkle information as
the motion features in the optical flow computation. Subsequently,
we used a consumer-grade video recorder (Sony Handycam HDRCX700V, 1920 × 1080, 60p) to record the projected results. We
recorded the all videos under all eight conditions ((three parameter
values + one reference) × two different movement speeds) in
a normal-light environment (180 lux without projection). The
recorded videos were used for the study without further editing.
Twenty-one unpaid participants (17 males and 4 females, age
between 22 and 27) were recruited from a local university. The
participants had no idea about the purpose of the experiment and
had normal or corrected to normal vision. We used a 23-inch LCD
monitor (resolution: 1280 × 1024 pixels) to display the recorded
videos. The distance between the participants and the monitor is
approximately 400 mm. The experiments were conducted in a dark
environment (4.7 lux without projection and monitor display) to
ensure that the participants will focus only on the experiments.
Note that no specific instructions regarding the viewing position
were given to the participants.
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Figure 5 shows the means and interquartile ranges of the participants’ subjective magnitudes of the proposed flow enhancement method. The two-tailed paired t-test showed no significant
difference between the mean subjective magnitudes of the slow
and fast movement trials. Therefore, we conducted a statistical
analysis without discriminating the estimation results. We applied
the one-way ANalysis Of VAriance (ANOVA) to the experimental
results to determine whether any relation exists among the means
of each parameter value. The analysis showed the main effects
F(5,120) = 9.18, p < 0.01. A post-hoc analysis was performed
using the Bonferroni method for the pairwise comparisons among
the magnitude estimation results of each parameter. The pairwise
comparisons showed significantly different stiffness perceptions
among all kf (p < 0.01).
Therefore, we can manipulate the perceived bending stiffness of the fabric by applying the flow enhancement technique.
Furthermore, the effect monotonically increased the perceived
stiffness according to the parameter increase. Moreover, a simple
parametric function is possible to well approximate the data.
3.3

more stiff

Fig. 6. Example of the application: The curtain system generates a
non-periodic movement of the fabric with either the fan or direct user
interaction with the fabric.
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Computational Model

We created a computational model to calculate the best magnification factor for the flow enhancement to accurately manipulate
the perceived bending stiffness. By using this model, we can
manipulate a user’s bending stiffness perception of a fabric relative
to the target. To achieve this, we performed the regression analysis
to estimate the relationship between the magnification factor kf of
the flow enhancement and the perceived bending stiffness cf . In
addition, we employed a linear regression model that provides the
best fit to the flow enhancement result in our case. Consequently,
we obtained the following equation

cf =

kf + 11.6859
,
0.1447

(1)

where R2 = 0.70 and cf represents the perceived bending
stiffness from the flow enhancement. By inversely using this
model, we can determine the magnification factor kf to achieve
the desired perception of the bending stiffness cf .

Fig. 7. Boxplot of the perceived stiffness. Dashed and straight lines
indicate the original and predicted bending stiffness magnitudes, respectively.

4

A PPLICATION AND E VALUATION

We implemented an application system by considering the practical use of the proposed technique. Subsequently, we evaluated how
accurately the proposed computational model can manipulate the
perceived stiffness of various fabric types by using the application
system.
4.1

Application

We implemented the curtain application by applying the proposed
technique to the fabric hanging on a steel bar (Figure 6). In this
application, we assumed that the fabric moves non-periodically
under the airflow or by a user interacting directly with the fabric.
We believed that the proposed application has the potential to
improve design investigation processes, in which a designer can
freely examine various sample garments with varying bending
stiffness. Moreover, a customer can easily search for a fabric
product that has the desired bending stiffness without changing
the physical fabric.
4.2

Evaluation

We evaluated how accurately the computational model manipulated the perceived bending stiffness of various fabric materials
relative to the target stiffness perception. The fabric materials are
pure cotton (different from that in the psychophysical experiment),
polyester, and mixed of cotton and linen (75% cotton and 25%
linen). The surface color of the fabrics was uniformly pure white.
We prepared two experimental conditions, namely, interaction and
airflow, in which the non-periodic movement was generated by
participant’s hand and airflow was generated by an electronic fan,
respectively.
To compare the applications with the baseline, we recorded
the reference videos in advance for the evaluation. We hung each
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fabric on a cloth hook and attached two strings on the left and right
sides, to which two servo motors were connected, respectively,
similar to the setup described in Section 3.2.2. Each fabric was
moved by the servo motors at the speed of 0.9 cycles/s. This
movement was recorded in a normal light environment (190 lux
without projection). The recorded videos were utilized as the
evaluation baseline without further editing.
The magnification factor of the flow enhancement was determined as follows. Suppose that cf is the target perceived bending
stiffness of each fabric material. We determined cf from the
minimum and maximum values of the perceived bending stiffness
for the proposed method in the psychophysical study (Section
3.2.3). Thus, we assigned cf = 90, cf = 120, and cf = 140
as the target perceived bending stiffness magnitudes. Then, we
calculated the magnification factor kf from cf by using the
computational model (i.e., Equation 1). In summary, the target
perceived bending stiffness values cf are 90, 120, and 140, and
the computed magnification factor kf are 0.97, 5.76, and 8.33,
respectively.
Nine unpaid participants (six males and three females, age
between 24 and 29) were newly recruited from a local university.
The participants had no idea about the purpose of the evaluation
and had normal or corrected to normal vision. Each participant
was asked to watch the video (reference) and freely observe the
fabric setup on the curtain (target). We used a 23-inch LCD
monitor (1280 × 1024 pixels) to display the baseline video. The
distances between the participant and the monitor and between the
participant and the curtain were 400 and 700 mm, respectively.
Thereafter, we asked the participants to rate the perceived bending
stiffness of the target. To calibrate the participants’ perception
regarding the magnitude, we asked the participants to rate the
bending stiffness of the fabric by comparing the reference with
the stiffness of 100. Note that no specific instruction related to the
viewing angle was provided.
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Results

Figure 7 shows the means and interquartile ranges of the perceived
bending stiffness obtained from the participants. We computed
the mean error of the perceived bending stiffness from the target
perceived bending stiffness relative to the magnitude estimation
result for each fabric material.
Based on the experimental results, the errors of the cotton fabric were 9.2% and 5.2%, that of the polyester fabric were 10.7%
and 8.3%, and that of the mixed cotton and linen fabric were
18.2% and 8.7%, for the user interaction and airflow, respectively.
In summary, the average error was 9.7%. Therefore, the proposed
flow enhancement method can manipulate the perceived bending
stiffness of various materials (i.e., cotton, polyester, and mixed
cotton and linen) at an average accuracy of 90.3%.
It seems that the participants consistently indicated that the
material was less stiff when they interacted with it directly. Hence,
we applied a two-way ANOVA to the results in each magnification
factor. The result showed no main effect in the fabric movement
difference (F(1,52) = 10.0, p = 0.09 in the magnification factor
of kf = 0.97; F(1,52) = 11.1, p = 0.06 in kf = 5.76;
and F(1,52) = 13.6, p = 1.14 in kf = 8.33). Therefore,
no statistically significant difference was observed between the
interaction and airflow conditions.

D ISCUSSION

This section discusses the contributions and limitations of the
proposed method.
5.1

Contributions

The evaluation results suggested that we can manipulate the
perceived bending stiffness by using our computational model
with an average accuracy of 90.3% relative to the target perceived
bending stiffness. We believe that the proposed visual effect (i.e.,
flow enhancement) can provide a promising framework for the
perceived bending stiffness manipulation in various application
fields. Particularly, our ideal application can support designers
in designing a garment product with a desired bending stiffness
prior its actual fabrication. One of the advantages of our technique
is that this application can work under normal environmental
lightings.
In summary, this research provides the following main scientific contributions. To the best of our knowledge, this work is
the first attempt to explore the advantage of an SAR approach
to manipulate the bending stiffness perception for specific application scenarios by enhancing the fabric motion appearance.
The proposed approach allows users to observe the augmented
fabrics with their eyes in a physical environment, consequently
minimizing the reality degradation of the fabrics. Our flow enhancement method works based on a simple image-processing
technique, thus enhancing the optical flows. Furthermore, our
approach is applicable to both periodic and non-periodic fabric
motions with a wide movement speed range. We also demonstrated
the usefulness and accuracy of the proposed method to control
the bending stiffness perception through the application of various
fabric behaviors (e.g., airflow and user interaction). Therefore, this
application framework can be used by a designer or customer to
achieve a good fabric impression and to design best fitting clothes.
5.2

4.3

6

Limitations

The proposed method has three primary limitations.
First, our flow enhancement relies on a general-purpose optical
flow detection method [24]. This method requires robust features
of the surface texture to estimate the displacement among successive frames. Although many fabric types have textures that
provide such robust features for optical flow detection, some types
do not exhibit any texture, especially the ones with pure white
color. Thus, accurately estimating the deformation displacement
is difficult. An existing solution for this problem is to paint the
fabric with an invisible marker that can be selectively detected
using an IR camera, and does not distract projected results in
the visible spectra [17]. Users must observe the projected result
without noticing any IR markers. However, the painting of the
fabrics with markers indicates the involvement of additional process, which are not preferable in some application scenarios. In
addition, our method multiplies the motion field with the defined
magnification factor. We mapped the multiplied motion field with
a captured frame and projected it onto the fabric. Consequently, a
shaky image appears when a large movement is detected. In our
experiment, a fabric repeatedly moves from left to right directions,
and a shaky image often appears with the direction change of
the fabric movement. Meanwhile, this limitation can be addressed
by adopting a motion prediction technique such as Kalman filter
and adding a regularization term to our model. However, with
the proposed flow enhancement method, the result showed that
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artifact does not affect the participants perceived stiffness. Apart
from this limitation, our approach might fail in glossy textiles
because the intensity of the reflected light on a glossy textile
abruptly changes with even a slight motion. Furthermore, our
current implementation only considers the 2D optical flow from
perspective of the camera, which would not work in scenarios
with 3D garments, in which the user and camera viewpoints differ
significantly.
Second, from the evaluation results, a mixed cotton and linen
fabric provided lesser accuracy than the other fabrics. Hence, we
regarded this result as one of the limitations of the proposed
technique. Considering the physical properties of the fabric, a
mixed cotton and linen fabric has higher density (i.e., difficult
to bend) than the other materials used in the evaluation. Thus, the
motion of this fabric was less than the other fabric types under
the same parameter value, which was sometimes too small to be
detected by the camera in the experimental system. A possible
solution to this issue is to apply a motion magnification method to
detect the slight apparent motions of the fabric [25], [26], or precalculate an offset parameter value. Such techniques, however, are
computationally expensive in general and would not be applicable
to interactive systems that require real-time computations. We also
considered the limitation of our choice to use only “perceived
bending stiffness” in our system. The “bending stiffness” is an
objective physical property that can be quantified for the materials
at hand. This can be the reason why the prediction of our computational model based on a single material did not work accurately in
various materials. Thus, it is an interesting and worthwhile future
work to employ a more systemic approach as similar to the one
used in previous works [11].
Our spatial AR approach has advantages in design support
applications as described in Section 5.1. However, a significant
limitation of this approach is the color mixing (or crosstalk)
between the projected image and the fabric texture. We intend to
further investigate to address this artifact by applying radiometric
compensation techniques [27] in our future work. SAR systems
have another limitation, that is, latency. A prior investigation
revealed that the latency of more than 6 ms is perceivable by
human observers in interactive SAR systems [28]. A promising
solution is to utilize a high-speed (1,000 Hz), low-latency projector
[29], which is commercially available recently and already used in
several dynamic projection mapping systems [30].

computational model. The results demonstrated that the perceived
bending stiffness of a fabric can be manipulated with an average
accuracy of approximately 90% relative to the target perception.
The experimental results confirmed that our flow enhancement
method can be applied to certain types of fabrics (i.e., cotton,
polyester, and mixed cotton and linen) with a specific magnification factor range from the computational model. Moreover, we
believe that our computational model would work in other types
of fabrics. We will investigate its applicability in our future work.
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S. M. Seitz, “Estimating cloth simulation parameters from video,” in
Proceedings of the 2003 ACM SIGGRAPH/Eurographics Symposium on
Computer Animation, ser. SCA ’03. Eurographics Association, 2003,
pp. 37–51.
C. Aliaga, C. O’Sullivan, D. Gutierrez, and R. Tamstorf, “Sackcloth
or silk?: The impact of appearance vs dynamics on the perception of
animated cloth,” in Proceedings of the ACM SIGGRAPH Symposium on
Applied Perception, ser. SAP ’15. ACM, 2015, pp. 41–46.
H. Wang, J. F. O’Brien, and R. Ramamoorthi, “Data-driven elastic
models for cloth: Modeling and measurement,” ACM Transactions on
Graphics, vol. 30, no. 4, pp. 71:1–71:12, Jul. 2011.
D. Clyde, J. Teran, and R. Tamstorf, “Modeling and data-driven parameter estimation for woven fabrics,” in Proceedings of the ACM
SIGGRAPH / Eurographics Symposium on Computer Animation, ser.
SCA ’17. ACM, 2017, pp. 17:1–17:11.
L. Sigal, M. Mahler, S. Diaz, K. McIntosh, E. Carter, T. Richards, and
J. Hodgins, “A perceptual control space for garment simulation,” ACM
Transactions on Graphics, vol. 34, no. 4, pp. 117:1–117:10, Jul. 2015.
W. Bi and B. Xiao, “Perceptual constancy of mechanical properties of
cloth under variation of external forces,” in Proceedings of the ACM
Symposium on Applied Perception, ser. SAP ’16. ACM, 2016, pp. 19–
23.
J. Pilet, V. Lepetit, and P. Fua, “Fast non-rigid surface detection, registration and realistic augmentation,” International Journal of Computer
Vision, vol. 76, no. 2, pp. 109–122, Feb. 2008.
H. Uchiyama and E. Marchand, “Deformable random dot markers,” in
Proceedings of the 10th IEEE International Symposium on Mixed and
Augmented Reality (ISMAR), Oct 2011, pp. 237–238.
Y. A. Sekhavat, “Privacy preserving cloth try-on using mobile augmented
reality,” IEEE Transactions on Multimedia, vol. 19, no. 5, pp. 1041–1049,
May 2017.
Y. Fujimoto, G. Yamamoto, T. Taketomi, C. Sandor, and H. Kato,
“[poster] pseudo printed fabrics through projection mapping,” in Proceedings of 2015 IEEE International Symposium on Mixed and Augmented Reality (ISMAR), Sept 2015, pp. 174–175.

IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL.XX, NO.X, MONTH 2018

[17] P. Punpongsanon, D. Iwai, and K. Sato, “Projection-based visualization
of tangential deformation of nonrigid surface by deformation estimation
using infrared texture,” Virtual Reality, vol. 19, no. 1, pp. 45–56, Mar.
2015.
[18] G. Narita, Y. Watanabe, and M. Ishikawa, “Dynamic projection mapping
onto deforming non-rigid surface using deformable dot cluster marker,”
IEEE Transactions on Visualization and Computer Graphics, vol. 23,
no. 3, pp. 1235–1248, March 2017.
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