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ABSTRACT 
We present the FuwaFuwa sensor module, a round, hand-
size, wireless device for measuring the shape deformations of 
soft objects such as cushions and plush toys. It can be em-
bedded in typical soft objects in the household without com-
plex installation procedures and without spoiling the softness 
of the object because it requires no physical connection. Six 
LEDs in the module emit IR light in six orthogonal direc-
tions, and six corresponding photosensors measure the re-
flected light energy. One can easily convert almost any soft 
object into a touch-input device that can detect both touch 
position and surface displacement by embedding multiple 
FuwaFuwa sensor modules in the object. A variety of exam-
ple applications illustrate the utility of the FuwaFuwa sensor 
module. An evaluation of the proposed deformation meas-
urement technique confirms its effectiveness.  
ACM Classification: H5.m. Information interfaces and pres-
entation (e.g., HCI): Miscellaneous.

General terms: Design, Measurement
Keywords: Soft User Interface, Density Measurement, 
Photoreflectivity, Tangible User Interface, Multiple Sensors 

INTRODUCTION
While traditional input devices such as buttons and handles 
are made of hard materials, ones made of soft materials are 
now being introduced for use in interactive systems to pro-
vide an emotionally richer user experience [8, 10]. Soft input 
devices are especially suitable for children because they are 
safer than hard ones. However, the sensing techniques used 
for soft input devices typically require the attachment of elec-
tromechanical sensors to soft surfaces to physically measure 
the deformation. This approach unfortunately spoils the soft-
ness of the original material.  
In this paper, we present a FuwaFuwa sensor module for 
detecting shape changes in soft objects. The FuwaFuwa 

module contains six photoreflectors (each comprising a pho-
tosensor and IR light emitter), pointing in six orthogonal 
directions. The measured photoreflectivities are used to de-
termine the density of the padding material in the object (e.g., 
cotton and wool). 
Our experimental results showed that the photoreflectivity of 
such materials is a reliable measure for use in determining 
the density. The user’s interactions with a soft object change 
the shape of the object, resulting in a change in the density of 
the padding material. The sensors in the FuwaFuwa module 
detect the degree of this change. As shown in Figure 1, the 
position of a displacement can be determined by placing sev-
eral FuwaFuwa modules in the object. 
Since it is battery-powered and equipped with wireless 
communication, the FuwaFuwa sensor module can easily be 
placed in typical soft objects (e.g. cushions, sofas, pillows, 
beds) without affecting their softness. This is the main ad-
vantage that the FuwaFuwa sensor module has over typical 
sensors.
The work described in this paper has resulted in four signifi-
cant contributions to shape deformation detection for soft 
objects:

Figure 1: Detecting shape deformation of soft object 
using directional photoreflectivity measurement 
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A method using directional photoreflectivity measure-
ment for detecting pressure changes in soft objects. 
A hand-sized, battery-operated sensor module equipped 
with wireless communication that can easily be embed-
ded in a soft object without affecting its softness. 
A multi-sensor network system that can detect the bary-
center of large soft objects and measure the amount of 
pressure exerted by the user as input. 
Several example application scenarios for the sensor 
system. 

RELATED WORK 
Many researchers have explored different types of sensing 
techniques and applications for soft objects as interfaces in 
today’s world. 

Plush Toy Interfaces 
The transition from infancy to childhood to adolescence is 
characterized by certain behaviors, such as remaining at-
tached to a plush toy [26]. Even adults often display an in-
stinctive desire to touch a plush toy. This has led to the recent 
introduction of interactive plush toys to provide an emotion-
ally richer user experience [8, 10]. Yonezawa et al. made an 
interactive plush toy by equipping it with seven types of sen-
sors (bend sensor, microphone, etc.) [28]. They have also 
created an application to be used with this toy that composes 
music on the basis of the intensity and frequency of interac-
tion. While their approach preserves the soft properties of the 
plush toy, installing the sensors is not a simple operation, 
making its use problematic for typical soft household objects.

Foam Interfaces 
Murakami et al. had developed a device that enabled one to 
intuitively manipulate 3D CG models [12]. A block of non-
conductive urethane foam was cut into a cube, and 90 pieces 
of conductive urethane foam were attached to it. The resis-
tance of the foam pieces changed in accordance with the 
deformation of the cube, and the relationship between the 
resistance and length of the foam pieces was calculated be-
forehand. In accordance with the lengths recorded for 90 
points, the user is able to manipulate the 3D object by de-
forming the cube. 
Smith et al. developed “Digital Foam” (DF) an input device 
with which one is able to manipulate a 3D object in a manner 
similar to the way one manipulates clay [20]. It consists of a 
number of units created using a combination of conductive 
cloth and conductive urethane foam. The resistance of each 
unit changes in accordance with changes in the pressure ap-
plied to it.  The main difference between DF and FuwaFuwa 
is that the goal of DF is to create a soft sensor to detect pres-
sure, whereas the FuwaFuwa is a sensor designed to convert 
existing soft objects into sensing platforms. 

Fur-like and Fabric Interfaces 
Various other types of interfaces have been proposed, such 
as a fur-like interface [2, 4, 13]. Baudisch et al. developed 
Soap, an input device enclosed in elastic fabric that is based 
on an optical sensor used for cursor control [1]. The device 

can be used in various applications, such as for pointing and 
game control. Although its structure is simple, it cannot 
measure pressure because the device is made specifically for 
x-y movement. 

Elastic Material Interfaces 
Elastic material is a commonly used material in human com-
puter interaction [5, 19, 24, 25]. There have been several 
attempts at detecting shape deformation using cameras. Sato 
et al. designed a tabletop system comprising an LCD and an 
overhead camera for use in detecting the orientation and 
power of the force [17]. This approach can work well in a 
limited environment such as a tabletop. However, problems 
such as camera occlusion occur when it is used in a daily life 
environment, which is ever-changing. 
In the field of robotics, elastic material has been used for 
developing a robot surface similar to human skin. There have 
also been several sensors proposed for sensing the touch 
interaction on the robot’s skin [7, 11]. Kadowaki et al. have 
developed a method that uses a sensor attached to a soft body 
to sense and differentiate between interactions (such as push, 
pinch, and rub) with the object [9]. The soft object used was 
a piece of urethane foam, with five phototransistors attached 
at the top and three infrared light-emitting diodes (IR LEDs) 
attached at the bottom. The electric currents flowing through 
the phototransistors change in accordance with deformation 
in the soft body, and these changes are measured and used to 
determine the amount of deformation. Although this method 
is sensitive enough to detect very slight changes in deforma-
tion, the thickness of the soft body must remain fixed, which 
makes the method rather inflexible. 

Air Pressure Interfaces 
Air itself can create a soft tactile impression. Hiramatsu et al. 
developed a soft ball-shaped device that reacts to being 
squeezed, thrown, and shaken [6]. The device has airbag-
filled cushions located in a radial fashion at 19 points, and a 
pneumatic sensor detects the pressure applied. Sponges in the 
device fill the voids. However, the sensor must be attached to 
the surface of the device, thus making this approach difficult 
to apply to many soft objects. Yasumoto et al. proposed a 
balance-ball-shaped interface as a game controller [27]. Eight 
pressure sensors attached to the surface of a soft object en-
able its center of gravity to be measured. As a form of media 
art, Ueki designed “Tabby,” a light that appears to breathe 
due to the use of an air compressor [22]. A pyroelectric IR 
sensor inside the lampshade detects the user’s touch, but 
differences in touch pressure are not detected. 

Our Interface 
Our FuwaFuwa sensor module has three properties in par-
ticular that distinguish it from the sensors described above. 

It is small and wireless, so it can be inserted into simple 
small objects. 
It can continuously measure pressure. 
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A configuration of such modules can determine the po-
sition of touch on a surface. 

DIRECTIONAL PHOTOREFLECTIVITY BASED MATERIAL 
DENSITY MEASUREMENT 
Principle
Soft objects such as stuffed toys and pillows usually consist 
of light materials such as wool, feathers, and cotton as stuff-
ing. The random arrangement and grainy structure of such 
materials cause incident light to be scattered, resulting in a 
diffused energy pattern. When these materials are tightly 
packed (i.e., when the density is increased), they create a 
considerable amount of directed and specular reflected light. 
This phenomenon is illustrated in Figure 2. 
The IR LED in each photoreflector in the FuwaFuwa sensor 
module directs a beam towards the stuffing material, and the 
corresponding photosensor measures the reflected light en-
ergy. This measurement indicates the density of the soft ma-
terial and can be used to detect user interactions with the 
object.

Relationship between Photoreflectivity and Density 
We conducted an experiment to investigate the relationship 
between the change in density and the photoreflective prop-
erties of soft material. A KODENSHI SG-105 photoreflector 
(comprising an IR LED and a photosensor) was positioned at 
the bottom of a clear acrylic box (10.4 x 10.4 x 14.6 cm) 
with a cover that could be set at different heights (Figure 3). 
The box was filled with soft material, the cover height was 
varied from 12 to 5.2 cm in intervals of 2 mm, and the light 
energy reflected on the sensor was measured at each height. 
The experiment was repeated for three soft materials with 
different densities: a polyester cotton called “thubuthubu-
shugei-wata” [21], small feathers, and natural cotton (Figure 
4).
Experiment Procedure 

1. Place 10.0 g of soft material in the box. 
2. Set the cover to be 12 cm from the bottom. 
3. Record the photosensor output at 1 Hz for 10 s, collect-

ing a total of ten records. 
4. Lower the cover by 2 mm. 
5. Repeat steps 3 and 4 until the cover is under the 3.4 cm 

from the bottom.  
6. Raise the cover by 2 mm. 
7. Record the photosensor output at 1 Hz for 10 s, collect-

ing a total of ten records. 

8. Repeat steps 6 and 7 until the cover is again at a height 
of 12 cm from the bottom. 

Experiment Conditions 

Since the density of a cushion is typically about 0.01 [g/cm3],
we used a density range of 0.0078 to 0.0257 [g/cm3] for our 
experiment. The material was weighed using a Tanita KP-
103 electronic scale (maximum weight: 120 g, accuracy: 0.1 
g), and the photosensor measurements were recorded using 
an Atmel ATmega328 microcontroller. To check for the ef-
fect of hysteresis, we made identical measurements after both 
lowering and raising the cover. A phototransistor was in-
cluded in the voltage-divider circuit so that the measured 
output voltage was inversely proportional to the light re-
flected on the sensor. 
Results

Figure 5 shows a plot of the average measured voltage 
against the material density for the polyester cotton. The 
voltage increased with the pressure created by pushing, and it 
decreased as the pressure was reduced by pulling. But we 
can observe certain level of hysteresis. Finally, the voltage is 
saturated at the 0.0257 [g/cm3]. There was a negligible 
change in the average measured voltage in the 0.0077 to 
0.0092 [g/cm3] density range. Therefore, we use polyester 
cotton density higher than 0.0092 [g/cm3].
In the case of the small feathers (Figure 6) and the natural 
cotton, the voltage is mostly saturated in the measured range, 
so it is difficult to measure the density of these materials in a 
cushion using our method.  We found that it is possible to 
measure the density of these materials when the density is 
low as in feather quilt blanket or down jacket (see Figure 7 
and 8). However, we did not use them in our prototype be-
cause the weight of the current sensor module is too heavy 
for such low-density objects. The sensor module might slide 
according to gravity and cannot stably detect the density.
Other Materials 

Figure 2: Directionality of reflected light is lower at low 
density (left) than at high density (right) 

Figure 3: Experimental sensor apparatus 

Figure 4: Soft materials: polyester cotton (left), small 
feathers (center), and natural cotton (right) 
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We checked the feasibility of using urethane sponge and 
polystyrene foam cut at about  2 mm as the stuffing mate-
rial, and found that it was difficult to measure the pressure 
with such materials because the voltage saturated when they 
were used. 

IMPLEMENTATION  
System Overview 
The hardware configuration used for the prototype imple-
mentation is shown in Figure 9. The FuwaFuwa sensor mod-
ule (or modules) to be installed in various types of soft ob-
jects connects wirelessly to a server (MacBook Pro). The 
server sends data to one or more clients through a TCP/IP 
network. The clients process the data and display the results.

FuwaFuwa Sensor Module 
Figure 10 shows a photograph of the FuwaFuwa sensor 
module, and Figure 11 shows the main components. Its six 
orthogonally arranged photoreflectors enable the energy of 
the light reflected from each direction to be independently 
measured. The module requires no physical connection since 
it is equipped with a wireless communication module (XBee 
Series1) and a Li-Po battery (3.7 V, 350 mA). Its diameter is 
64 mm. The cover is made of acrylonitrile butadiene styrene 

(ABS) plastic using a 3D printing machine. It can be easily 
placed in any soft object to create a soft interface.
Data Processing

An Arduino Pro mini microcontroller (based on AT-
mega328) is embedded in each FuwaFuwa sensor module for 
processing the data. It has a 10-bit A/D converter so that 
each photoreflector outputs from the value of 0 to 1023, and 
is connected to the ZigBee module. Since an ID number can 
be assigned to each ZigBee module, multiple sensor modules 
can be used at the same time.  

 Figure 7: Average measured voltage against low-
level density of small feathers 

 Figure 8: Average measured voltage against low-
level density of natural cotton 

 Figure 9: System overview 

Figure 5: Average measured voltage against mate-
rial density polyester cotton 

 Figure 6: Average measured voltage against mate-
rial density small feathers 
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Figure 12 shows the individual sensor readings when Fuwa-
Fuwa is embedded in a spherical soft object and the object is 
pushed along the axis of sensor 1 and 2 (S1 and S2) towards 
S1. According to the graph, S1 has the highest voltage varia-
tions and S2 has the second highest variations due to the 
directionality of the density variation inside the object. 

Proxy Server 
A proxy server connects the FuwaFuwa sensor module with 
the client software using serial communication at 57,600 bps. 

The server processes the received data and sends it to one or 
more clients using the user datagram protocol (Table 1). 

Multiple FuwaFuwa Sensor Modules 
By installing multiple FuwaFuwa sensor modules in a larger 
soft object, collected sensor measurements can be used to 
indentify the point of touch on the surface. This means that 
any soft object can be converted used as a touch-sensitive 
surface. Moreover, it enables the strength of the touch to be 
measured, which is difficult with a hard touch surface. Next 
we explain the method for calibrating the module locations, 
the method for calculating the touch point, and the software 
used for visualizing the sensor data. 
Module Location Calibration 

When multiple sensor modules are placed in an object, their 
locations must be calibrated before they can be used. The 
LED in each module emits IR light in a particular direction. 
An IR camera can detect these high-intensity light beams 
even through the object’s stuffing and covering, as shown in 
Figure 13. When a sensor-embedded object is placed within 
the camera’s field of view, the user can specify the location 
of the embedded sensors by clicking on them in the software.  
Barycenter Calculation 

The touch point is detected by calculating the barycenter of 
the sensor modules using the calibrated sensor locations and 
the photorefractive values. The coordinates on the soft object 
are the same as the coordinates that are calibrated using the 
IR camera. This means that the user’s input will become the 
barycenter of the calibrated coordinate by the module loca-
tion calibration process. The system detects 1) two-

Figure 13: Detecting locations of FuwaFuwa sensor 
modules: image with normal camera (left) and IR 
camera (right) 

Figure 14: Visualized sensor data 

2 Bytes 1 Byte 1 Byte 2 × N Bytes 

START Module ID No. of Photore-
flector in the 

module 

Photoreflector
Value 

Table 1: User datagram protocol for server-client 
connection

Figure 10: Photograph of FuwaFuwa sensor module 
(3 of the 6 photoreflectors are visible) 

Figure 11: Main components of FuwaFuwa sensor 
module

Figure 12: Each sensor values in the module
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dimensional point and 2) pressure level of user’s pressing 
gesture. The formula is:  

M pi
i 1

n

                                     (1) 

x ( pixi
i 1

n

) / M                           (2) 

y ( piyi) / M
i 1

n

                          (3) 

where n is the number of sensor modules. pi is the pressure 
that is the total value of photoreflector values at sensor mod-
ule i. xi and yi represent the x-y coordinates of sensor i. M is 
total value of pressure, and will be used as the pressure level.
Data Visualization 

We designed software for visualizing the sensor data based 
on the pressure widgets developed by Ramos et al. [15]. The 
color and shape of the displayed image change with changes 
in pressure (Figure 14). The image can be viewed from vari-
ous viewpoints such as the top, side and front.

EXAMPLE APPLICATIONS 
To help illustrate the utility of the FuwaFuwa sensor module, 
we present several example domains where the technology 
could be deployed. 

Music Instrument 
We converted a cushion into a music composer using Fuwa-
Fuwa (Figure 15). Two sensors were embedded in the either 
side of the cushion and it can detect the touch position and 
applied pressure. Keys are shown in different colors (pro-
jected) and the pitch of each key can be changed using the 
amount of pressure applied. Multiple cushions can be com-
bined to make a multi-user music composer application.   

Soft Interactive Robot 
Many researchers have been exploring the usage of soft ro-
bots because softness would help to reduce the psychological 
distance between robots and humans [16, 23]. With this in 
mind, we developed a soft pet robot named "sofmo" using 
one FuwaFuwa sensor module. The robot detects user ac-
tions and reacts accordingly. The robot changes its voice in 
accordance with changes in touch pressure (Figure 16) and 
moves its eyes (actuated by servo motors) towards the touch 
position (Figure 17). It can thus support physical interactions 
such as hitting, throwing, and hugging, and can be used as a 
safe robotic toy for children or to provide therapy for elderly 
people. Additionally, robots located remotely can be syn-
chronized to provide a new form of communication media 
[18]. 

Gaming Peripherals 
We installed a FuwaFuwa sensor module in a small spherical 
cushion to create a game controller for a simple game (Figure 
18). The user controls the game character by manipulating 

the surface of the cushion. Different actions such as squeeze, 
hit, push, and rub are used to trigger different actions. 
We also developed an entertainment application—a balanc-
ing game. An ice floe carrying some penguins tips when the 
user shifts his/her center of gravity on the beanbag chair, 
which used as the game controller (Figure 19). The size of 
the beanbag chair is 1 m in diameter, and four sensor mod-
ules in the chair are used to measure the axis of the center of 
gravity of the user. The FuwaFuwa sensor module can also 
be applied to health-related games incorporating body move-
ments [14, 27].  

Domestic Media Controller 
Soft objects are commonly found in home environments. We 
created a media controller application for a living room by 
converting a cushion into a remote controller for a digital 
home theatre system. Three FuwaFuwa sensor modules are 
installed in the cushion, and a media control menu is pro-
jected onto the cushion (Figure 20). The user pushes the 
cushion in the appropriate places to select the desired func-
tions.

Figure 15: Music instrument 

Figure 16: Voice changes with change in touch pres-
sure

Figure 17: Eyes move toward touch position  
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Entertainment Candy Floss 
Candy floss (or cotton candy) has properties very similar to 
those of cotton. We attached a photoreflector to a stick hold-
ing candy floss (Figure 21). The stick (made from acrylic) 
was embedded with a microcontroller, wireless module, and 
a small battery. The stick detects when the user eats the floss 
and responds by playing a sound.
These are but a few examples of possible usages, showing 
how the FuwaFuwa sensor module can be used to enhance 
our daily life in a pleasurable manner. 

Human Activity Sensors 
Because the FuwaFuwa sensor module is small, it can be 
installed in such household objects as sofas, pillows, and 
beds. Moreover, it can detect a person’s behavior and condi-
tion [3]. For example, a module installed in a pillow was 
used to detect a user’s behavior. When the user falls asleep, 
the surrounding lights are automatically dimmed.  

DISCUSSION
Advantages 
The FuwaFuwa sensor module has three important advan-
tages over existing technologies for soft interfaces. Firstly, it 
does not spoil the softness of the object into which it is em-
bedded, mainly because it requires no physical connection 
and is relatively small. Secondly, it can detect a wide range 
of variations in deformation. As shown in the experimental 
results, it can detect gradual changes in polyester cotton den-
sity and thus different deformation levels. Finally, it can be 
easily installed in almost any soft object because no physical 
connections are required. We believe that these features of 
the FuwaFuwa sensor module enable it to be used to create 
powerful and economical ambient sensor environments for 
household applications. 

Accuracy 
Overall, the system recognized the user input (points and 
pressure levels) on the soft object’s surface accurately. In the 
media controller application, which provides four selections 
on the object’s surface, the system recognized every user 
selection with four sensor modules. In the game controller 
application, the user could select various types of shotguns 
by adjusting the pushing time. However, there were cases of 
incorrect operations. In one case, for example, lengthy use 
shifted the orientation of the modules in the object, which 
distorted their calibration. In another case, the cotton stuffing 
clogged up a photoreactor opening.

Limitation and Future Work 
Our FuwaFuwa sensor module is a “proof-of-concept” im-
plementation, so that it has some hardware limitations. The 
Li-Po battery can supply power for only up to 3 hours, after 
which the user has to remove and charge the battery. Because 
the sensor module is installed within a soft object, removing it 
to charge the battery is inconvenient, especially when it is 
located deep in the object such as a beanbag chair. Also, its 
diameter is 64 mm, meaning that it cannot be installed it in 
very small and/or thin objects such as small plush toys, com-
forters, rugs, and clothing. There is thus a trade-off between 
available usage time and module size (current battery, 
350mAh Li-Po battery 36mm vs. smaller 110mAh 28mm). 
The current implementation of FuwaFuwa uses a general-
purpose microcontroller (arduino) and a commercial ZigBee 
module. In a more customized implementation however, we 
can select components with smaller footprint and integrate 
them into a more power-efficient system with smaller form 
factor. For larger objects such as beanbag chairs that are not 
normally moved, an external power supply might be more 
appropriate. Furthermore, we plan to use power-saving 
mechanisms such as activity detection using an accelerometer 
or a single IR sensor, power hopping, and so on. Currently, 
the sensor’s cover is made of hard plastic. In the future, we 
plan to use soft materials such as polyurethane rubber. 
An IR camera is used to calibrate the module locations. 
However, fabrics that are tightly woven or are heavy (such as 
velour and leather) block IR light. Moreover, if the modules 

Figure 18: Game controller 

Figure 20: Media controller 

Figure 19: Balancing game display (left); beanbag 
chair as game controller (right) 

Figure 21: Stick for holding candy floss 
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are installed deep in the soft material, it is hard for the IR 
camera to recognize the IR light. Additionally, having to 
hold the camera over the object to capture the image is in-
convenient, intrusive, and troublesome for the user. A better 
calibration method would be to have the modules detect their 
location automatically simply by having the user touch the 
object a few times. 

CONCLUSION
We have developed a sensor module that enables a user to 
interact directly with soft objects. Our FuwaFuwa sensor 
module can be embedded in typical soft objects in the house-
hold without complex installation procedures and without 
spoiling the softness of the object because it requires no 
physical connection. Using a directional, photoreflectivity-
based shape deformation measurement technique, it can de-
tect a wide range of deformations. A variety of example ap-
plications illustrate the utility of the FuwaFuwa sensor mod-
ule. An evaluation of the proposed deformation measurement 
technique confirmed its effectiveness.   
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