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Abstract Presently, most virtual reality systems use upper body parts to interact with objects in the virtual environ-

ment. This situation is caused by technological limitations of current interface devices. Starting from this viewpoint we

developed a new interface for detecting ankle motions relative to the knee. We believe that hands-free navigation, unlike

the majority of navigation techniques based on hand motions, has the greatest potential for maximizing the interactivity of

virtual environments since navigation modes are more direct motion of the feet. We Therefore, created a simple device to

detect ankle movements with rotary encorder sensors. These sensors rotate according to the amount and direction of the

movement of the foot. The sensors are attached to a sandal and can be used for many purposes for example, virtual games.

Validation of our approach is given by discussion and ilustration of some experimental results.
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1. Introduction

Input devices on virtual environment have had an in-
creasing demand on the research area in virtual real-
ity[1]. The majority of the Virtual Reality input devices
are hand-operated such as keyboard, mouse, joystick,
pen-tablet, etc. However, today’s interactive games re-
quire more active and natural participation on behalf
of the user. For this reason researchers are going to in-
vestigate other new body parts as input devices. This

led us freedom to move in virtual environments.

Fig.1 First foot input device

This paper introduces a new approach to a virtual
reality input devices focusing on the foot. We can use
our feet for basic input operations giving freedom for
other parts of the body.

t Faculty of Science and Engineering,Tokyo Institute of Technology
(2-12-1 Ookayama, Meguro-ku, Tokyo, 152-8552, Japan)

IBIEEB AT + 7225k Vol. 51, No. 10, pp. 1~6 (1997)

This led us to create a simple sensing device for de-
tecting ankle motions [2]. Our first version of foot input
device was rather primitive and was based on detecting
the pressure orientation of the sole, converting it to a
directional signal. This was called “Waraji”. This im-
plementation had pressure sensors on each foot sole as

shown in Figure 1.

Fig.2 Foot input device based on foot motion sensing

We implemented “Waraji” interface to cope with the
flaws in the design. More specifically the first proto-
type suffered from lack of sensitivity in backward weight
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shifts.

After many experimental results we designed a new
version of the foot input device known as the “Waraji
I’ as shown in Figure 2.

“Waraji II” succeeds in providing the user with the
versatility and flexibility that all VR application games
need, while providing them with relative freedom of
movement at the time of playing[3].

“Waraji II” permits users a freedom for changing
motion directions naturally between body and feeling.
Users can input two operations in one time. For ex-
ample, pointing out an object and changing position at
the same time. Users can express where they want to go
or what they want to do trough natural movements[4].
This allows the user to move or walk without any step

or hand movement, freeing other parts of the human
body.

2. Methodology

The Warajii II consists of 2 rotary encoder sensors
which are used for detecting motion as can be seen in
Figure 3.

Fig. 3 Components of Waraji 11

The sensors are mounted on the sides of the sandal
and are attached to a Velcro strap located around the
knee via rubber bands as can be seen in Figure 4.

Rotary Encoders

Fig.4 Rotation according to motions.
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The sensor then collects analog information through
the user’s movements from the legs. The emphasis is
in the processing and collection of motion and position
data that the sensors accumulate.

Rotary encoders serve as measuring sensors for rotary
motion, and for linear motion when used in conjunction
with mechanical measuring standards.

These sensors are made on the basis of magneto-
induction transducers and are used in the control sys-
tem where determination of rotation angles, number of
revolution, and speed or rotation. The sensors mea-
sure the rotary motion of the user’s feet and are part
of Waraji II. Therefore the sensors and the rest of the
system work together as shown on Figure 4.

These sensors rotate according to the amount and the
direction of the foot. The angle of the ankle is detected
and translated to an electrical signal[5], the PC detects
changes in voltage and calculates the direction data and
inputs it into graphic system.

Since the level of the voltage that the interface out-
puts is in an analog form, we need a sampling process to
convert it into a digital signal that our PC can manipu-
late. For that end “Waraji II” is connected to an A/D
conversion board which takes care of the conversion in
a rate that provides the user with high playability and
unnoticeable response times.

The PC detects changes in voltage, calculates and
sends direction data to the graphic system according to
increases or decreases in voltage sending direction data
to the graphic system.

3. Calibration and Data Transformation

In order to use the Waraji IT device, we first need to
calibrate it. This is required for two reasons, first as dif-
ferent users wear the device, and the sensors rotate at
different amounts resulting in a unique coordinate sys-
tem for each user. Second, the amount of movement in
each direction (i.e. front, back, left and right) is depen-
dent on the physical capabilities of each user. The cali-
bration process is very easy from the user’s standpoint;
it only requires that the user calibrates five key direc-
tions: front (F), back (B), left (L), right (R), and the
neutral position (C), similar to (0, 0) in the Cartesian
coordinate system. As the user calibrates these five key
points through their movements, thereafter, the pro-
gram transforms the movements into values and begins
building the users individual’s sensing plane by creat-
ing vectors CR- center-right, CL center-left, CF - center
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front, and CB center-back, as can be seen in Figure 5.
The sensing plane created resembles a Cartesian coor-
dinate system, with the exception, that is off center in
relation to the plane.

Each one of these vectors is then mapped, moved, ro-
tated, sheared and rescaled to coincide with vectors x,
y, -X, -y of the target system. The key point in this
unique coordinate system is that the sensing plane cre-
ated specifically for the user, indicates the maximum
range of motion in each direction. So if the user’s move-
ments are exaggerated and overstrained, the range of
the sensing plane will be larger, and require more en-
ergy on behalf of the user to generate the same amount
of virtual movement, than when compared to a user
who is more cautious in their calibration. This will be
shown later in the results section when comparing four
test subjects.

These points form a region of all the possible sensing
values for each angle of the user’s foot. We call this re-
gion the user’s sensing plane. Vectors from the Center
point to the four other points are used to decompose ar-
bitrary directions to a regular coordinate plane shown

in Figure 5.
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Fig.5 System’s sensing plane

In order to map the system’s sensing plane to a right-
handed coordinate system, we calculate a transforma-
tion matrix. The process of this transformation is han-
dled by the algorithm. The transformation matrix is the
one that makes the vectors collinear to each axis (Sensor
plane/Coordinate Plane) and scales the sensors coordi-
nates in order to normalize the input to one for each
quarter (eg. Front-Center-Left) of the sensing plane us-
ing the following formulas.
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We need to calculate the angle for each quarter, for
every quarter we have two vectors as shown in Figure
5. Where a and S represents (x,y) depending on each
quarter and \/m represents the length.

The algorithm process of this transformation aims in
making the Center Right and the Center left vectors
collinear to xx axis as well as the center front and center
back vector collinear to the yy axis. The transformation
also scales the sensor coordinates in order to normalize
the input to one.

On the other hand, this process takes five points, cen-
ter, right, left, front and back. For every point we start
from zero and rotate if it is right or left in their axes in
order to know if it is perpendicular or not.

Sometimes the calibration fails and the system can
not perform the conversion due to some user errors. In
such case the conversion software will warn the user and
the calibration will be repeated. Optionally the user
can choose to use a logarithmic function to increase the
stability around the center without diminishing the re-

sponsivity of the interface.

The values returned by the sensors simply refer to ro-
tary angles corresponding to distances between points
on the foot and points around the knee. These values
are not very useful when used directly. For this reason,
we used the device to input a user’s positional move-
ment. We made a data transformation algorithm using
two sensor values to calculate X and Y directional ac-
celeration values shown in Figure 6. The basic idea of
the data transformation algorithm is a space transfor-
mation. We use the following method to define the rela-
tionship between the sensor values and the XY values.
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Fig. 6 Calibration Sensors

The algorithm requires 5 points of basic postures
(center, front, back, right and left) in sensor space.
Those points are related respectively to points (0,0),
(0,1), (0,-1), (0,1), (0,-1) in XY space.

The movement, rotation, shear and rescaling has to
be calculated for each one of the four parts of the sen-
sor plane and the results are stored in a transformation

matrix.

The sensor’s input value is multiplied every time with
the correct part of the transformation matrix and then
manipulated in various ways to include a customizable
stability around the neutral point, a measure correction
to make more efficient the corner positions and the ap-
plication of logarithmic functions to improve response

time.

In this application, because we choose a game which
only requires two dimensional input, we use only two
sensor values. However for other cases which require
three dimensional values, the algorithm can be extended
to incorporate vertical, horizontal and rotationary val-

ues.

4. System Architecture

When the users change the movement according to
the motion, the sensors receive the information and di-
rectionality. Since we consider the structure of the hu-
man legs was possible to detect different movements.

We use stereo viewing system for displaying; corre-
spondingly various scanning modes are being investi-
gated, with results in number of systems incompatible
to one another.

We address the problem of the interconnection of

such device through standard conversions by a signal
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processing approach; namely the model of a universal
standard converter is proposed, which is based on a lay-
ered functional architecture. The concept of a virtual
standard is introduced for stereoscopic signals. In the
system when this machine receives direction data, it re-
draws a picture according to the data such as Figure
7. For a more detailed explanation refer to Figure 4 on
page 2. In summary, the system receives direction data
from ”Waraji II” unit, reconstructs the scene picture
and transmits it into the projector.
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Fig.7 Overview of the System Architecture

5. Application Game

In this section, we will show how the proposed ap-
proach can be applied to a VR game application. A
game player first puts on the device and stands in
front of a 100 inch projected screen. Then, by us-
ing “Waraji II” the player runs through a virtual
UKIYOE(Traditional Japanese field) styled field which
has many traditional Japanese objects (trees, a creek, a
gate. Mr. Fuji, etc.), as shown in Figure 8. In the field
there are also many active bombs. The game player
must shoot water balls at (and hit) all of bombs before
they explode. For shooting game player shakes both
hands in a throwing motion (which activates some in-

ertial sensors.

Fig.8 Game screen design

The game rules are very simple and easily understood.
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This game requires that the player use both his/her feet
and hands at the same time as shown in Figure 9. Some
excited game players might use their whole body for in-
put, increasing the exhilaration of the gaming experi-

ence.

Fig.9 Game playing scence

Playing the game, players can see that “Waraji II” is
a very intuitive device and will understand the useful-
ness and fun of using both their hands and feet in a VR

gaming environment.

6. Impact Application Area

“Waraji II” could be used
instead of a mouse as a pointing device, or as second

For desktop computing.

pointing device. When used as the main pointing de-
vice, a user can move a pointer on the screen while
typing a keyboard. In 3D modeling for example, a user
often wants third hand. While the right hand is occu-
pied moving a point, the left hand is also ocupied typing
a shortcut key to change operation mode. The modeler
may also want to simultaneously change the viewpoint,
which he could do using “Waraji IT”.

In Virtual Reality systems, “Waraji II” is very pow-
erful. Concurrent operations using both hands and feet
are natural in the real world. When you move objects
from one point to another point. The process would
be a repeated action of grabbing, walking and drop-
ping. In this case, assigning walking operations to foot-
controlled input is a better solution than using hand
actions for walking.

In another example assume that we want to complete
a more complex task in a VR environment. When a
chief engineer checks a design for complex pipe distri-
bution in a plant, using a VR system such as a CAVE,
and finds a point requiring inspection, he may want
to take a memo with his/her palm PC (which is con-
nected to the VR host computer). His writing is related
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to the point coordinate and/or the bad object inmedi-
ately. The point is that, his/her hand should be ready
for writing when he notices something. Therefore as-
signing movement operations to foot action in the VR

environment is very important.

There is much demand to have hard-to-reach infor-
mation accessible at awkward times: a craftsman may
want to read a blueprint while working, a brain surgeon
may want to watch a visualized CT data while operat-
ing, a engineer may want to read manuals while doing
maintenance, and so on. “Waraji IT” will be a useful
device as these ideas become a reality.

7. Experimental Results

At a time of wearing ”"Waraji 117, sample data was
taken from each of the four users point values for each
direction The data taken was for each direction, front
(F), back (B), left (L), right (R), and the neutral posi-
tion (C). Each sensor is considered a cell that holds a
2-digits value from 00-99. The left sensor is considered
alpha, and the right sensor was given the value of beta,
then the values were taken and analyzed according to
the system, these values are expressed in the following
table.

Usger 1 Uger 2 Uger 3 Usger 4
Center (22, 89) (41, 57) (18, 82) (24, 66)
Front (9,95) (50, 41) (9.76) (35, 59)
Right 25,97) (31, 64) 24, 76) (20, 63)
Left (14, 82) (45, 65) 20, §9) (31, 68)
Baclk (35,77) (37, 49) (27, 89) (17, 69)

However before these values can be of use, the center
position’s values prior to offset were used for every key
point. The absolute values are expressed in the follow-

ing table.
Usger 1 User 2 Uger 3 User 4
Center (0, 0) (0, 0) (0, 0) 0,0)
Front (-13, 6) (18, -18) (-9, -6) (11. -7)
Back (13, -12) {-10, 7) 9.7) (-7,3)
Right (3, 8) (-4, -8) (6, 6) (-4, -3)
Left (-8, -7) 4, 8) 2,7) (7,2)

The values from this table are expressed into the sens-
ing plane for each user, as an example of user 1 and user
3 shown in Figure 10 and Figure 11.

The movement rank was obtained at the time of cal-
ibrating the system for each one of the users.
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This was determined at the time when the user moves
their feet in perspective from anyone of the key points
as the displacement of the feet would be different when

we compare the data from a different key point.
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Fig. 10 Calibration Standard for User one

As we can see in Figure 10 and Figure 11, the cali-
bration standards for User 1 with respect to User 3’s is
different.
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Fig.11 Calibration Standard for User three

In this case User one has a bigger magnitude, than
user three, due to a greater direction of the vector from
the movements of the feet, this would be different for
each one of the four points. We can conclude that as dis-
placement increases the bigger the direction rank would
be.

Area of a Quarter

Sensitivity =

Area of all four Quarters

As measurement results the order of Front (F), Left
(L), Back (B), Right (R) is preserved even though is
distributed and depends on how much the person can

6 (6)

move his foot at the time they wear “Waraji II”.

The direction sensitivity of measurement can be de-
fined by the area of a quarter divided by the area of all
quarters.

SFR

FR sensitivity is
gi ven by =

SFR + SFL + SLB + SBR

As an exanple of Front, Right

According to the relative sensitivity to directions we
conclude that from Forward to Backward there is a big
movement and equal to the sensors range, not as right
and left movement.

Since the system is consistent and relative sensitive
to any direction. As an experimental results we showed
that the sensitivity range between 10 and 50 percent
of the movement at the time user ware the device, this
gave us an acceptable levels of control as shown in Fig-

ure 12.
Vector Front Vector Right
Quadrant 2 50 % Quadrant 1
Vector Left Vector Back
Quadrant 3 Quadrant 4
10% -50%
Acceptable Levels of Control

Fig. 12 Measurement Results

8. Comments

The project presents a multi-modal interface that
provides a natural space, where the user can interact
with a virtual environment via the 3D graphics, audi-

tion and natural movement.

1. Replacing input with a keyboard or mouse, foot
input devices systems are intuitive for current opera-
tions using hands and feet naturally in the real world.
2. The design of this interface opens the way to a new
foot interface based on foot position and motion mea-
surement. These techniques are shown to be simple and

sufficiently accurate. As well, this link technology does
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not disturb the visual interaction and keep enough free-
dom for the user.

9. Conclusions

In this paper we have presented a new VR input de-
vice that can be objectively used in many VR appli-
cations. Compared with the traditional input devices
such as keyboard and mouse, ”Waraji II” opens a new
wearable user interface technology with motion detected
from the foot.

As an advantage of this device we can conclude that
giving freedom to other parts of the body, users can
interact easily in the virtual world, making hands free
from motion operation. Users can input two operations
in one time. Foot operation is very useful for mov-
ing naturally around the virtual world. Working on a
new foot input device has demonstrated the powerful of
body sensing giving freedom to our hands and making

games interactive to users.

The streamlined configuration requires only a few
sensors. The design of this interface also eliminates me-
chanical parts that could wear out. “Waraji II” opens
the way to a new foot interface based on foot position

and motion measurement.
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