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ABSTRACT The lower limbs of the human body actually can perform the multiple-degree-of-freedom
motion, just like the upper limbs. This suggests the possibility for the lower limbs to be used in the operation
of multiple-degree-of-freedom devices, such as a robot arm. With that point in mind, the present paper
focuses on the foot motion and examines its characteristics under the situation in which the posture of the
object is manipulated by the posture change of the foot. First, we investigated how well the foot of the
operator moved in accordance with the intention of the operator in order to clarify the motion characteristics
of the foot experimentally by measuring the foot motion with a motion capture system under the assumption
that the operator manipulates an object in virtual space. The results showed that there are differences between
the intended and actual foot motions, especially when the tilt angle change was accompanied by a rotation
angle change, which might be because of the joints whose axes of motion are nonparallel to the foot
coordinate system, such as the talocalcaneal joint or Chopart joint. Next, an operating system considering the
motion characteristics of the foot was proposed, and an experiment to verify its effectiveness was conducted.
When the proposed conversion formula was used to calculate the intended foot motion based on the actual
foot motion, the operability improved with respect to the required time and path-following accuracy while

manipulating an object to the target posture and with respect to subjective operability.

INDEX TERMS Foot, human motion measurement, manipulation, operability.

I. INTRODUCTION
The upper limbs of the human body can perform motion with
multiple degrees of freedom (DOFs) because of the joints
of the shoulder, elbow, and wrist and changes in position
and posture, which contribute to manipulating devices dex-
terously. As a usage example of such multi-DOF motion,
an operating method for robot arms based on a master-slave
system was proposed, in which a human arm is the master
and a robot arm is the slave [1]-[9]. This method can allow
users to intuitively operate devices, even when the user is
unfamiliar with the device. This technology is expected to be
useful, especially in the fields of living support and welfare,
into which more robotic devices will be introduced [10]—-[14].
The lower limbs are not only used for walking, but also
have multiple DOFs, just like the upper limbs, thanks to
the joints of the hip, knee, and ankle. This suggests that the
lower limbs have the potential to perform the same operations
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as the upper limbs. As a major example of operation by
lower limbs, 1-DOF operation, such as stepping on the accel-
eration or brake pedal of an automobile, is widely used.
Operations involving two or more DOFs include a shoe-
shaped interface for walking in virtual space by moving the
center of gravity of the body [15], PC mice operated by
foot [16]-[18], operation of electric devices by steps dur-
ing jogging [19], and hands-free endoscope operation based
on motion patterns of the foot [20]. Thus, several kinds of
devices that use lower limb motions have been proposed,
but their application to operating actual multi-DOF devices
is limited compared to the upper limbs. In addition, past
studies have not evaluated the characteristics of lower-limb
motion or proposed an operating method considering such
characteristics in the context of three-dimensional operation
using lower-limb motion.

With that point in mind, the present paper focuses on the
posture change of foot as a motion involved in lower limbs.
More specifically, we examine the motion characteristics of
the foot in 3-DOF posture manipulation by investigating how
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well an operator can move his foot according to his intention,
taking the operation of a robot arm as an example. The human
foot consists of many bones and joints, which realize the
inter-segment motions and help the foot to face to an arbitrary
direction, especially in walking [21]. However, the foot has
limited movable range and lower motion accuracy compared
to the hand in general, so that the operational performance
of the foot is considered to be inferior to that of the hand.
Therefore, in order to operate via foot motion, it is necessary
to understand the disadvantages specific to foot and to support
it with the appropriate technology. On the other hand, the need
for such assistive technologies is low in the case of hand
motion because the hands move almost as intended. This is
the difference between hands and feet. It is thought that if the
operation with the foot becomes easy, the choice of the oper-
ation method is broadened, which leads to the improvement
of our daily life and the life of people with a disability in the
upper limb.

In a previous study, we investigated the manipulation of
the 3-DOF position and studied a system to manipulate the
position of an object by the leg, the motion of which is
measured by contactless sensors [22]. The result showed
that unique characteristics occurred in the leg motion during
operation, and that, in some cases, the actual motion of the
leg was different from the intended motion. Furthermore,
we proposed an operating method considering the motion
characteristics and proved that the proposed system could
improve operability compared to the conventional operating
method through experiments. The present paper considers the
posture change of foot in the same approach. We investigate
the fundamental characteristics of foot motion and then con-
struct an operation system considering these characteristics.
In particular, a formula for converting the actual foot motion
into the intended foot motion is proposed, and its effective-
ness is verified experimentally.

Il. EXPERIMENT TO INVESTIGATE THE CHARACTERISTICS
OF FOOT MOTION DURING OPERATION

Some of the present authors have been proved that differences
occur between the intended motions and actual motions when
a device is operated using the motion of the leg, arm, or fin-
ger [3], [4], [22]. The same phenomenon can emerge in foot
motion. This means that when people manipulate an object,
such as a robot arm, by foot motion, the actual foot motion
may vary from what is intended. In this section, an experiment
is carried out in order to clarify the relationship between the
intended and actual foot motions of the operator. We consider
the situation in which operators, i.e., subjects, manipulate the
posture of an object by foot. In an experiment, the subject
views the motion of the object and moves his foot as if to
manipulate an object. By measuring the motion of the foot,
the relation to the motion of the object is discussed.

A. DEFINITION OF TERMS
Next, we define terms related to the motions of the foot and
the object. Note that this study deals with the right foot.
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FIGURE 2. Representation of foot posture using three parameters.

1) LEG COORDINATE SYSTEM

As shown in Fig. 1, the leg coordinate system is a right-
handed orthogonal coordinate system represented by X;. Its
origin is set at the center of the ankle joint P, and its three
orthogonal axes are x;, y;, and z;. The x; axis is parallel to
the rotation axis of the knee joint, and the positive direction
is the direction from the internal side to the external side of
the right leg. The z; axis is on the major axis of the crus,
and the positive direction is the direction from the ankle joint
to the knee joint.

2) FOOT COORDINATE SYSTEM

As shown in Fig. 1, the foot coordinate system is a right-
handed orthogonal coordinate system represented by Xy.
Its origin is set at the center of the ankle joint P, and its
three orthogonal axes are x7, yr, and z¢. The x¢ axis crosses
the foot laterally, and the positive direction is the direction
from the internal malleolus to the external malleolus of the
right leg. The yy axis crosses the foot longitudinally, passing
through the second toe, and the positive direction is the
direction from the heel to the toe.

3) ROTATION ANGLE, ELEVATION ANGLE, AND TILT ANGLE

These angles represent the foot posture. As shown in Fig. 2,
let us consider the situation in which the leg coordinate
system is rotated in the following order. First, ¥; is rotated
around the z; axis by angle ¢, which results in the coordinate
system (P — x]y,z)) [Fig. 2(a)]. Next, %] is rotated around
the x; axis by angle 6, which results in the coordinate system
X/ (P — x;'y/z/) [Fig. 2(b)]. Finally, X/ is rotated around the
y/ axis by angle ¥, which results in the coordinate system
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FIGURE 3. Basic sitting position and standard posture. (a) Leg in the basic
sitting position. (b) Foot in the standard posture.

)" (P—x]"y/"z]") [Fig. 2(c)]. Assuming that X;” agrees with
Yy, the posture of X as observed from X; is represented by
the combination of three angles (¢r, 6, ¥y). In the following
discussion, we represent the foot posture using these angles
and refer to ¢y as the rotation angle, 0 as the elevation angle,
and vy as the tilt angle.

4) BASIC SITTING POSITION

As shown in Fig. 3(a), this is the state in which a person sits
straight with his hip joint and knee joint flexed at 90° on the
sagittal plane. In the experiments, the leg of the subject is
always fixed in this state during operation.

5) STANDARD POSTURE

The standard posture is the state in which X; agrees with X,
ie., (¢r.0r ¥r) = (0,0,0), in the basic sitting position.
Fig. 3(b) shows the foot of the operator in the standard
posture.

6) IMAGINARY OPERATED OBJECT (100)

This is the object that the operator intends to manipulate.
Here, the IOO is assumed to be a robot hand installed at the
end of a robot arm. In the experiments, the IOO is displayed
in virtual space on a computer screen.

7) FOREARM COORDINATE SYSTEM OF THE OBJECT

As shown in Fig. 4, the forearm coordinate system of the
object is a right-handed orthogonal coordinate system fixed
at the forearm of the robot arm and is represented by X,.
Its origin is set at the center of the joint between the arm
and the hand, and its three orthogonal axes are x,, y,, and z,.
The joint between the arm and the hand of the designated
robot arm is regarded as a spherical joint, which allows for
posture changes around the three axes. The y, axis is parallel
to the forearm, and the positive direction is the direction to the
tip of the forearm. The joint on the root side of the forearm
is a rotational joint whose axis is perpendicular to y, axis
and parallel to the x, axis. The forearm coordinate system
of the object corresponds to the leg coordinate system of the
operator.
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FIGURE 4. Forearm coordinate system of an object 4 and hand
coordinate system of an object .

8) HAND COORDINATE SYSTEM OF THE OBJECT

As shown in Fig. 4, the hand coordinate system of the object is
aright-handed orthogonal coordinate system fixed at the hand
of the I0O and is represented by X;,. Its origin is the same as
that of the forearm coordinate system of the object, and its
three orthogonal axes are xj, yp, and z;. The x;, axis crosses
the hand laterally, and the positive direction is the direction
from the right side to the left side of the hand. The y, axis
crosses the hand longitudinally, and the positive direction is
the direction from the root side to the tip side of the hand. The
hand coordinate system of the object corresponds to the foot
coordinate system of the operator. When the foot of the oper-
ator is in the standard posture, the hand coordinate system of
the object agrees with the forearm coordinate system of the
object.

9) YAW ANGLE, PITCH ANGLE, AND ROLL ANGLE

These angles represent the IOO posture. The relation between
the forearm and hand coordinate systems of the object is
the same as the relation between the leg and foot coordinate
systems of the operator. The posture of the hand coordinate
system of the object to the forearm coordinate system of the
object is defined in the same manner as the posture of the
foot coordinate system to the leg coordinate system, which is
defined in terms of the rotation angle ¢y, elevation angle 6y,
and tilt angle v/y. Namely, the angles corresponding to these
angles are set as the yaw angle ¢, pitch angle 6, and roll
angle y, respectively.

B. EXPERIMENTAL METHOD

1) OVERVIEW

As shown in Fig. 5, a subject sits in the basic sitting posi-
tion facing a monitor showing the IOO posture change. The
subject moves his foot in accordance with the IOO motion,
assuming that he is operating the I0O by his foot. In other
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FIGURE 5. Experimental environment.

words, the subject intends to move his foot so that its motion
is the same as that of the IOO. The actual foot motion is mea-
sured under this condition. The IOO motion should reflect
the intended foot motion of the subject. Then, the relation
between the intended and actual foot motions is investigated.
A real-time motion capture system is used for motion mea-
surement. The marker of the motion capture system for the
foot is fixed on the plate-like equipment that is attached to
the subject’s foot by belts to contact with the sole. The posture
of the plate-like equipment is measured and treated as a foot
posture.

2) IMAGINARY OPERATED OBJECT

In the experiment, the virtual space and the IOO shown in
Fig. 6(a) are displayed to the subject. This figure describes
the IOO hand as viewed from the y, axis direction of the
forearm coordinate system of the object. The horizontal and
vertical dashed lines are on the x, and z, axes, respectively.
The triangle ABC represents the I0O. The relation between
the triangle ABC and the hand is shown in Fig. 6(b). Black
spheres are fixed at vertices A and B, which indicate the root
side of the hand, whereas a red sphere is fixed at vertex C,
which represents the tip side of the hand. The joint connecting
the arm and the hand is located at midpoint D between the
two black spheres. From vertex C to side AB, lines are drawn
radially in green on the front side of the hand and in red
on the opposite side. Side AB is parallel to the x;, axis, and
the line passing through vertex C and midpoint D is parallel
to the y, axis. The normal of the triangle ABC is parallel
to the z; axis. In order to facilitate the identification of the
side of the hand, the segment normal to the triangle ABC
passing through point D is drawn only on the front side of
the hand. The depth position is displayed on a flat screen and
so might be difficult to grasp in the virtual space. Therefore,
the diameters of the spheres on the vertices are enlarged on the
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FIGURE 6. (a) Imaginary operated object (100) in virtual space.
(b) Relation between the 100 and the hand. (c) Relation between the 100
and the foot.

near side and shrunk on the far side. For example, Fig. 6(a)
shows the red sphere is on the far side and the right black
sphere is on the near side. The relation between the foot of
the operator and the triangle ABC is shown in Fig. 6(c).

In the experiment, the IOO moves along 21 trajectories,
as shown in Table 1. Fig. 7 shows examples of the 10O
motion on the monitor. Only ¢, 6, and v change in Motions 1
through 5, Motions 6 through 10, and Motions 11 through 15,
respectively. In Motions 16 through 21, two of ¢, 8, and
change at the same time. The IOO makes 10 round trips in
each motion at the rate of one round trip every six seconds.
The values of ¢, 6, and ¥ change sinusoidally.

3) MEASUREMENT METHOD OF FOOT MOTION

a: EXPERIMENT SETUP

As shown in Fig. 5, the operator sits on a seat and moves his
foot intending to operate the IOO on the monitor. The motion
of the foot is measured by a real-time optical motion capture
system (Micron Tracker H3-60, Claron Technology Inc.),
which can acquire the position and posture of the markers as
captured by a camera in real time. The motion of the foot is
calculated from the measurement results for the position and
posture of the markers attached to the foot.
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FIGURE 7. Examples of the 100 motion displayed to the subjects.

b: SUBJECTS

The subjects were ten adult males without disability or injury
in the lower limbs. The average age of the subjects was
24.0 years, and the standard deviation was 1.1 years. This
experiment and the experiment in Section IV were conducted
with the approval of the Ethics Committee, Graduate School
of Engineering, Kyoto University.

¢: INSTRUCTIONS TO THE SUBJECTS

The relations between the hand and the IOO and between the
foot and the 10O are explained to the subject using Fig. 6.
With that in mind, the subject is instructed to move his right
foot intuitively according to the motion of the 100, as if
he would manipulate the IOO by his right foot. In addition,
the subject is required not to change the position of his right
ankle during operation and not to look at his foot, but rather
only at the monitor displaying the IOO motion. The subject
does not have to match the posture of his foot to that of the
100 accurately because the IOO motion is so exaggerated
for ease of visual understanding that the IOO motion might
exceed the movable range of the human foot.
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C. EXPERIMENTAL RESULTS AND DISCUSSIONS
The posture of the foot, i.e., the rotation angle ¢y, the eleva-
tion angle 6¢, and the tilt angle v/, was calculated based on
the measurement data. Fig. 8 shows the measurement results
for one subject. The vertical axis of the graph indicates the
magnitude of each parameter, and the horizontal axis indi-
cates the period shown in Table 1. Although the IOO makes
ten round trips for one motion in the experiment, Fig. 8§ shows
the result for five round trips, from the third to the seventh
round trip, because the motions of the subjects may not
be stable at the beginning or end of the IOO motion, and
these trips are removed from the observations. Comparison
between Fig. 8 and Table 1 for each motion suggests that the
rotation angle ¢y, the elevation angle 6y, and the tilt angle ¢
of the foot change according to the change of the yaw angle ¢,
the pitch angle 6, and the roll angle ¥ of the IOO shown to
the subject. This result supports that the subject moved his
foot intending to make the same motion as that of the 10O,
following the instructions.

On the other hand, a closer look at Fig. 8 shows that,
in some cases, the posture angles of the foot change even
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TABLE 1. Motions of the 100 shown to the subjects.

® Rotation angle M Elevation angle A Tilt angle

‘ . 60° 60° 60°
Period Period 3 3
0 /4 12 3/4 1 0 1/4 12 3/4 1 I ]
¢ 0 45 0 -45 0 ¢ 0 0 0 0 0 0° % 0° 0°
1 0 0 0 0 O 116 0 0 0 0 0 I I
Y 0 0 0 0 0 Y 0 45 0 45 0 i i
d 0 45 0 -45 0 ¢ 15 15 15 15 15 -60° EE— -60° -60°
2 6 15 15 15 15 15 126 0 0 0 0 0 0 1 0 1
Y 0 0 0 0 0 Y 0 45 0 -45 0 Motion 1 Motion 2
¢ 0 45 0 -45 0 ¢ -15 -15 -15 -15 -15 60° 60° 60°
3 6 15 -15 -15 -15 -15 136 0 0 0 0 0 * *
Y 0 0 0 0 0 Y 0 45 0 45 0 I I
¢ 0 45 0 -45 0 ¢ 0 0 0 0 0 0° 0° o 0°
49 0 0 0 0 0 146 15 15 15 15 15 I I F I
Y 15 15 15 15 15 Y 0 45 0 45 0 S s \5" N
6 0 45 0 45 0 6 0 0 0 0 0 -60 o 1'60 o 1'60 o X
566 0 0 0 0 0 1586 -15 -15 -15 -15 -15
Y -15 -15 -15 -15 -15 Y 0 45 0 45 0 Motion 6 Motion 7 Motion 9
¢ 0 0 0 0 O ¢ 0 45 0 -45 0 60° 60° 60°
6 6 0 45 0 45 0 16 6 0 45 0 -45 0 I ) I
Y 0 0 0 0 0 Y 0 0 0 0 0 N
# 0 0 0 0 0 ® 0 45 0 45 0 0° 0° f 0 ”g
7 6 0 45 0 45 0 176 0 -45 0 45 0 - - -
Y 15 15 15 15 15 Y 0 0 0 0 0 600 L 7 P
¢ 0 0 0 0 0 ¢ 0 0 0 0 0 0 1 0 1 0 1
8 6 0 45 0 -45 0 18 8 0 45 0 -45 0 _ . .
Y -15 -15 -15 -15 -I5 Y 0 45 0 45 0 Motion 11 Motion 12 Motion 14
¢ 15 15 15 15 15 ¢ 0 0 0 0 0 60° T 60° 60° -~
9 6 0 45 0 45 0 19 6 0 45 0 -45 0 I I :
Y 0 0 0 0 0 Y 0 -45 0 45 0 0 N o 0
¢ -15 -15 -15 -15 -15 ¢ 0 45 0 45 0 i ¢
108 0 45 0 45 0 2006 0 0 0 0 0 I I
Yy 0 0 0O 0 0 Y 0 45 0 45 0 -60° R -60° R -60° R
¢ 0 45 0 45 O 0 1 0 1 0 1
*The units are degrees (%). 21 i 8 405 g _25 8 Motion 16 Motion 18 Motion 20

when the corresponding angles of the IOO do not change.
Focusing on Motion 1, for example, only the yaw angle ¢
changes in the IOO, whereas the rotation angle ¢y and the
tilt angle vy change along almost the same trajectory in the
measured foot motion. In Motion 16, while the yaw angle ¢
and the pitch angle 6 of the IOO change, the rotation angle ¢y,
the elevation angle 67, and the tilt angle ¥ of the subject
foot appear to change. Some of the other motions, including
motions not shown in Fig. 8 and results for other subjects, are
also accompanied by changes in posture angles that are not
observed in the IOO. Considering that these posture angle
changes have the same periodicity as the IOO motion, they
may arise not relevantly to the intention of the subjects but
naturally according to the foot posture change. This means
that in the situation in which the operator operates an object
by his foot motion, the object may move differently from the
intended motion if the posture change is commanded to the
object closely following the foot motion.

Next, the relation between the foot posture and the unin-
tended motion is examined. In the following discussion,
the motion that arises unintentionally according to the foot
posture change is referred to assubordinate motion. In Fig. 8,
the posture angle change in the subordinate motion appears
to be proportional to the posture angle change in the intended
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FIGURE 8. Examples of measurement results for the foot posture change.

motion. Then, the coefficients of correlation between the
rotation angle ¢, the elevation angle 6, and the tilt angle v,
represented by pgg, Poy, and py ¢, are calculated and shown
in Table 2. The coefficients are calculated for each sub-
ject, and their maximum and minimum values are recorded
in Table 2. Note that we used the sampling data in the range
of —30° < ¢, 0, ¢ < 30°, because a subject may move his
foot by force near the limit of the movable range. The table
shows that the coefficients of correlation take different values
in each subject in most cases, but there are cases of strong
correlation in which the absolute value of the coefficient is
larger than 0.7 among all subjects for some motions. Particu-
larly, in motions in which the yaw angle ¢ changes (Motions
1 through 5, 16, 17, 20, and 21), the coefficient py 4 becomes
larger than 0.7, except in Motions 17 and 21, which means
that there is a strong positive correlation between the rotation
angle ¢y and the tilt angle . Moreover, in Motion 17,
pye > 0.9 is satisfied in nine of ten subjects. Furthermore,
Motion 21 requires the rotation angle ¢y and the tilt angle vy
to be changed to the opposite direction, so that the magnitude
of py 4 becomes necessarily small. Considering these results,
the typical subordinate motion tends to occur between the
changes of the rotation angle ¢, and the tilt angle vy in
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TABLE 2. Coefficients of correlation between the posture angles in the
measurement results for the foot posture change.

Correlation coefficient (max/min)

Pgpo Poy Pyo
1 -0.53/-0.97 -0.40/-0.99 0.99/0.88*
2 0.49/-0.97 0.53/-0.98 0.99/0.92*
3 0.64/-0.81 0.67/-0.88 1.00/0.83*
4 -0.76/-0.96* -0.72/-0.97* 0.99/0.75*
5 0.96/-0.97 0.96/-0.97 0.99/0.91*
6 0.95/-0.92 0.76/-0.79 0.93/0.06
7 0.95/-0.71 0.91/-0.40 0.98/-0.10
8 0.97/-0.96 0.60/-0.88 0.95/-0.04
9 0.89/-0.60 0.28/-0.84 0.90/-0.28
10 0.96/-0.28 0.94/-0.79 0.88/-0.50
11 0.56/-0.72 0.71/-0.80 0.95/0.62
12 0.74/-0.95 0.49/-0.93 0.97/-0.37
13 0.85/-0.37 0.91/-0.61 0.96/0.68
14 0.35/-0.78 0.73/-0.74 0.98/0.46
15 0.65/-0.63 0.78/-0.73 0.96/0.10
16 0.97/0.56 0.94/0.32 0.98/0.88*
17 -0.47/-0.96 -0.75/-0.96* 0.99/0.62
18 0.87/-0.83 0.85/-0.78 0.94/-0.56
19 0.94/-0.86 0.22/-0.96 0.94/-0.24
20 0.43/-0.89 0.47/-0.90 0.99/0.94*
21 -0.11/-0.94 0.13/-0.93 0.99/0.20

Note that * indicates strong correlation among all ten subjects.

the posture change of the human foot. One reason for such
a subordinate motion might be because of the structure of
the foot joint. The joints, such as the talocalcaneal joint
and Chopart joint, which are dominant in the motion of the
rearfoot, have axes of motion that are nonparallel to the x¢, yy,
and zy axes of the foot coordinate system, so that these joints
produce combined motion in posture change [23]. Therefore,
itis assumed that the foot should also move subordinately in a
direction other than the direction in which the subject intends
to move.

In summary, when the posture of an object, such as a robot
hand, is operated by foot motion and a command is made to
the object exactly according to the foot motion, the object can
move differently from the intention of the operator because
of the subordinate motion of the foot, especially for cases
in which the intended motion requires changing the yaw
angle or the roll angle.

Ill. GENERATION FORMULAS FOR POSTURE COMMAND
CONSIDERING THE MOTION CHARACTERISTICS OF THE
HUMAN FOOT

In the previous section, it was revealed that there exist dif-
ferences in the intended and actual foot motions and that the
subordinate motion occurs according to the intended motion.
In this section, formulas to convert the foot motion data into
the motion command of the operated object are developed
based on the result of the experiment carried out in the
previous section.
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In the conventional operating method using body motion,
the operated object moves with the exact same motion as
the motion of a body part of the operator. When this idea is
applied to the posture operation by the foot, the parameters
that represent the posture of the operated object are set to be
the same as the counterparts of the foot posture. We refer
to this as the simple conversion formula. When using the
posture of the operated object (¢,, 6,, ¥,) and the posture
of the operator’s foot (qﬁf, O, ‘ﬂf) the formula is represented
as follows:

Do =¢f
6, = 6 (1)
WO = wf-

In the present study, in contrast, the command generating
method is considered to compensate the subordinate motions
on the rotation angle ¢ and the tilt angle /7, as revealed in
the previous section. With respect to the rotation angle ¢y,
for example, the rotation angle ¢ of the operator’s foot is
thought to depend on both the intended command of the yaw
angle ¢, and the tilt angle /7.

o = & (¢o, Vr) 2
Then, the variation of ¢y is given as follows:
0 0
dey = % o + if dyy 3)

Next, we set d¢y / d¢, = 1 based on the simple conversion
formula and assume that the subordinate motion is linear, i.e.,
kLo / 0y is constant. At this time, the integral of (3) yields

agr Iy
31// Wf@qﬁo—(t’f—aw

When considering the command of the roll angle ¥, in the
same way, the conversion formula results in

¢ =0+ —— v “)

_ %
b0 = P oy —f
6, = b )
Yo = Yy — aif ¢r.

Based on the experimental results in Section III, appropri-
ate values for d¢y /0y and vy /0¢s are derived. Here,
we focus on the motions in which there is a strong correlation
between the rotation angle ¢y and the tilt angle ¥ among
all subjects in Table 2 (Motions 1 through 5, 16, and 20)
and calculate the means of d¢y /9vy and 9y /d¢y. In this
way, the means of all subjects are given as d¢y / oYy =1.14
and 0y /3¢y = 1.63, the standard deviations of which are
0.53 and 0.96, respectively.

On the other hand, when using the proposed conversion
formula in practice, we should take into consideration that
the situation of the measurement experiment in Section II
may differ from the situation in which the operator actually
manipulates the object by foot motion. In the experiment of

VOLUME 7, 2019



M. Komori et al.: Posture Operating Method by Foot Posture Change and Characteristics of Foot Motion

IEEE Access

Section II, the subject moves his foot without seeing it, so that
he cannot correct the motion based on visual feedback, even
when the foot moves in an unintended way. When actually
operating the object, however, the operator can see the object
motion, so that the operator can correct the foot motion spon-
taneously when he notices unintended motion. In this case,
if the conversion formula derived above is used as is, there
is a concern that the term correcting the subordinate motion
affects the object to too great an extent. In other words, there
is a possibility that the operability becomes worse because of
the correcting terms for the motion of the operated object due
to their effects. A previous study, which investigated a method
by which to manipulate the object position using leg motion,
showed that the operability was improved when the effect of
the correcting terms was restrained to a certain degree [22].
Therefore, in the posture change of the foot also, the values
of d¢py /0y and vy /d¢h should be smaller than those cal-
culated from the data of the measurement experiment. Then,
coefficients kg and ky, are introduced to adjust the effects of
the correcting terms, as follows:

3¢f

¢o = ¢ — k¢%‘ﬁf

0, = by ©6)
oY,

Yo =Yr —ky 875];%‘

where 0 < kg, ky < 1.

IV. EVALUATION EXPERIMENT OF THE PROPOSED
OPERATING METHOD

In this section, an evaluation experiment is conducted in
which the operator actually operates the IOO using the con-
version formula considering the motion characteristics of the
human foot proposed in the previous section. The effective-
ness of the proposed formula is verified through a comparison
with the simple conversion formula.

A. EXPERIMENTAL METHOD

1) EXPERIMENTAL DEVICES

The experimental environment is similar to that of the exper-
iment in Section II, but is different in that the subject can
operate the 10O through the monitor by posture changes
of the foot. The 100 is displayed in virtual space on the
screen. The posture of the foot was measured by a real-time
motion capture system, and the IOO was moved to the posture
corresponding to that of the foot. In this way, the subject could
operate the IOO by his foot.

2) EXPERIMENTAL DETAILS

The operation method is evaluated based on a game that
involves manipulating the posture of the IOO. In the game of
this experiment, a target appears with a random posture in the
virtual space, and the operator changes the posture of the IOO
to match the target posture. As shown in Fig. 9(a), the IOO
is described by the triangle with the blue sides, and the target
is described by the triangle with the light blue sides. Each
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FIGURE 9. Imaginary operated object, the previous and next targets, and
the target path in the virtual space.

triangle has spheres on the vertices and the normal segment.
When the postures of the IOO and the target agree with each
other, as shown in Fig. 9(b), the next target appears and the
previous target changes to a triangle with the black sides,
as shown in Fig. 9(c). At the same time, an orange segment
appears, connecting the tips of the previous and present target
triangles. This is the target path that the tip of the IOO triangle
should follow. When the designated number of targets has
been reached, the game ends. The subject attempts to finish
the game as quickly as possible and to operate the IOO so as
to follow the indicated target path as closely as possible.
The operability is evaluated based on time and accuracy.
The operability is considered to improve as the time required
to reach the target posture becomes shorter. Then, the time
used to finish a game is measured and examined. The oper-
ability is also considered to improve as the accuracy of fol-
lowing the target path increases. The accuracy is evaluated
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based on the time mean value of the distance between the tip
of the IOO and the target path. When this distance is smaller,
the path of the tip is closer to the target path, i.e., the error is
smaller, so that the accuracy is evaluated as being higher.

In this experiment, seven targets appear in one game.
Regarding the appearance pattern, two types of games are
prepared. The first type has one DOF, and the target posture
(¢¢, 6, ¥y) is always chosen within the range of —20° <
¢; < 10° and —2° < 6;, ¥, < 2°. In this game, the subject
mainly changes the rotation angle ¢;. The goal is to verify
the fundamental effectiveness of the corrected conversion
formula because the subordinate motions mainly occurred in
motions with a changing yaw angle ¢ in the experimental
results of Section II. In this experiment, ten types of 1-DOF
games are conducted. The other type of game has three DOF.
The appearance range of the target is —20° < ¢, < 10°,
—=30° < 6; < 15° and —15° < 4y < 25° and the
appearing posture is chosen so as to prevent the unevenness
of patterns. The appearance range is decided based on the
experimental results described in Section II, referencing the
ordinary movable range of the foot [23], [24] so as not to
generate unreachable targets. In this experiment, 25 kinds
of 3-DOF games are conducted.

In this experiment, the IOO and target postures are judged
to be in agreement when the relation between the IOO posture
(¢0, 00, ¥o) and the target posture (¢, 0;, ;) satisfy the
following condition for one second continuously:

|po — 1| < 3.5°
6o — 0:] = 5.0° (N
1Yo — ¥l < 4.5°.

This condition is set in order to ignore cases in which the
100 posture unintentionally agrees with the target posture.
The range varies depending on the parameters in (7) because
the movable range of the foot in the direction corresponding
to each parameter is different. In the experiment, in order
to make facilitate the subject in visually recognizing that
the posture of the IOO has agreed with the target posture,
the color of the sides of the IOO triangle change to red, as
shown in Fig. 10(b), when these postures are in agreement,
i.e., when the condition of (7) is satisfied.

The process of the game from the start to finish is as
follows.

1) First, a target (start target) appears at the posture
(¢¢, 6:, ¥r) = (0,0,0) in the virtual space. The time
measurement starts when the subject manipulates the
100 to makes its posture match the start target posture.
At the same time, the first target and the target path
appear, and the start target changes to black.

2) The subject changes the IOO posture so as to follow the
target path as closely as possible. When the posture of
the I0O agrees with that of the first target, the second
target and the next target path appear, and the color of
the first target changes to black. The new target and
target path then appear successively in the same way.

176274

*p < 0.05
H Simple conversion formula
5 Proposed conversion formula

40 =

]

Required time (s)
)
S

10
0
1-DOF 3-DOF
game game
(2
0.20

Path-following error
(=)
)

0.05
0.00
1-DOF 3-DOF
game game
(b)
5

Questionnaire evaluation
w

3-DOF
game

FIGURE 10. Results of the evaluation experiment. (a) Required time.
(b) Path-following error (dimensionless). (c) Questionnaire evaluation
(dimensionless).

3) When the posture of the IOO agrees with that of the
seventh target, the game ends, and time measurement
is stopped.

4) The results are evaluated based on the time required to
complete the game and the accuracy of the target path
following.

3) EXPERIMENTAL PROCEDURE

The subjects are the same ten males who participated in the
experiment described in Section II. Each subject manipulates
the posture of the IOO in the virtual space displayed on a
screen and plays the games. The two conversion formulas,
in (1) and (6), are used. For each formula, 35 of each of
the abovementioned games are played. In other words, each
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subject plays 70 games. The order of the 70 games is random
and differs for each subject. In this experiment, we focus on
the correction of the roll angle v, rather than the yaw angle ¢,
from the view of verifying the fundamental effectiveness of
the proposed conversion formula. This is because the change
of the tlt angle ¥y, corresponding to the roll angle ,,
requires more complicated joint motion than the change of the
rotation angle ¢, corresponding to the yaw angle ¢, [23], and
accurately changing the tilt angle vy is considered to be more
difficult. Therefore, ky = 0 and ky = 0.245 are applied to the
proposed conversion formula, i.e., (6), used in this experiment

The procedure of the game was explained to the subjects.
At the same time, the subjects were instructed to operate the
100 as quickly and as accurately as possible because the
results of the game were evaluated based on the required time
for one game and the accuracy of target path following. On the
other hand, the subjects were not informed of the two types
of conversion formulas, or even that there exist two types of
formulas. Before the experiment, the subject experienced a
practice game so that the subjects could become familiar with
the display of the virtual space. The practice game is basically
the same as the actual game, but its seven targets are arranged
as far from the standard posture as possible so as to confirm
that the movable range of the subject foot is large enough to
complete the games in the experiment. After finishing each
game, each subject was asked whether he could operate the
IOO as intended using a five-grade evaluation, in which one
indicates “poorly” and five indicates “well”.

B. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 10 shows the experimental results. The figure shows
the results for (a) the required time, (b) the path-following
error, and (c) the questionnaire evaluation along with the
means and the 5% confidence intervals of all subjects. The
path-following error is indicated by a dimensionless quantity
when the height of the IOO triangle is set as 1. Compared
to the results of the simple conversion formula, the results
of the proposed conversion formula show that the time is
reduced by approximately 25% for the 1-DOF games and
by approximately 10% for the 3-DOF games. According to
the Mann-Whitney U test, these differences are statistically
significant. The error is approximately 36% smaller in the
1-DOF games and approximately 5% smaller in the 3-DOF
games. The difference in the 1-DOF games is statistically sig-
nificant. The questionnaire evaluation on operability becomes
approximately 13% higher in the 1-DOF games and approx-
imately 5% higher in the 3-DOF games, each of which has a
statistically significant difference. In summary, the proposed
conversion formula is verified to be effective in terms of time,
accuracy, and questionnaire results for 1-DOF games and in
terms of time and questionnaire for the 3-DOF games.

As shown in Section II, there exist differences between
the intended and actual motions when people move their
feet. In the experiment conducted in Section II, each sub-
ject moved his foot while viewing the motion of the I00.
Therefore, the subject could not recognize the difference
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between the actual and intended foot motions and thereby
correct the motion of his own foot. In contrast, in the eval-
uation experiment in this section, the subject could see the
motion of the object operated by his own foot and use
the feedback of the difference between the intended and
actual motions of the object. Considering the differences
of these experimental situations, the simple conversion for-
mula may be evaluated to be as good as or better than
the proposed conversion formula. However, the experimental
results showed that the proposed conversion formula pro-
vided better results. Consequently, an effective conversion
formula was constructed whether visual feedback is feasible
or not.

Comparing the results of the 1-DOF and 3-DOF games,
the improvement ratios by the proposed conversion formula
are higher in the 1-DOF games for every evaluation point.
Therefore, the effectiveness of the proposed conversion for-
mula is more remarkable in the 1-DOF games. This result
agrees with the expectation because the targets in the 1-DOF
games are arranged considering the situation in which the
subordinate motions are likely to occur. Moreover, the effec-
tiveness of the proposed conversion formula is validated to a
certain degree even for the 3-DOF games, but not so much
as in the case of the 1-DOF games. Thus, the negative effects
of the proposed formula with respect to the operation can be
sufficiently small. Then, it is expected that the operability can
be further improved, even for the three-dimensional motions,
if the correction of the yaw angle ¢,, which is not used in the
experiment, is introduced.

V. CONCLUSION

The lower limbs of the human body, like the upper limbs,
have multiple DOFs, so that there is a possibility of using the
lower limbs for the operation of multi-DOF devices, such as a
robot arm. The authors focused on the potential for operation
by the lower limbs and constructed an operating system in
which the operator manipulates devices based on the motion
of the lower limbs. The present paper discussed the situation
in which the posture of the object was manipulated by the
posture change of the foot and investigated the degree to
which the foot of the operator moved in accordance with his
intention in order to clarify the motion characteristics of the
foot. An operating system considering these characteristics
was proposed, and an experiment to verify its effectiveness
was conducted. The following results were obtained.

1) The relation between the intended and actual motions
of the subject foot was investigated in an experiment
assuming the situation in which the subject manipu-
lates the object posture by his foot motion. The results
revealed that differences between the intended and
actual motions of the subject foot occurred and that a
tilt angle change was accompanied by a rotation angle
change when the subject intended to change the rotation
angle of the foot.

2) Considering the motion characteristics of the foot
shown in the experiment, a conversion formula to
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calculate the intended foot motion of the operator based
on the actual foot motion was developed.

3) An evaluation experiment to compare the proposed
conversion formula and the conventional simple con-
version formula was carried out. As a result, the pro-
posed conversion formula was evaluated to be as good
as or better than the simple conversion formula in terms
of the required time and path-following accuracy while
manipulating the object to the target posture, as well
as in terms of subjective operability. Finally, the effec-
tiveness of the proposed conversion formula for the
operation was verified.

The difference between the intended motion and the actual
motion of the hand is considered to be small, but the differ-
ence of the foot is significant. Therefore, it is necessary to
understand the difference between the intended and actual
motions and to support it by the method proposed in this paper
in the case of an operation via foot motion.

REFERENCES

[1] K. Furuta, K. Kosuge, Y. Shiote, and H. Hatano, ‘“Master-slave manipu-
lator based on virtual internal model following control concept,” in Proc.
IEEE ICRA, Raleigh, NC, USA, Mar./Apr. 1987, pp. 567-572.

[2] W. G. Hao, Y. Y. Leck, and L. C. Hun, “6-DOF PC-based robotic arm
(PC-ROBOARM) with efficient trajectory planning and speed control,” in
Proc. ICOM, Kuala Lumpur, Malaysia, 2011, pp. 1-7.

[3] M. Komori, T. Uchida, K. Kobayashi, and T. Tashiro, “Operating method
of three-dimensional positioning device using moving characteristics of
human arm,” J. Adv. Mech. Des. Syst. Manufac., vol. 12, no. 1, Jan. 2018,
Art. no. AMDSMO0009.

[4] M. Komori, K. Kobayashi, and T. Tashiro, ‘““Method of position command
generation by index finger motion to mitigate influence of unintentional
finger movements during operation,” Prec. Eng., vol. 53, pp. 96106,
Jul. 2018.

[5] D.-S. Kwon, K. Y. Woo, and H. S. Cho, “Haptic control of the master
hand controller for a microsurgical telerobot system,” in Proc. IEEE ICRA,
Detroit, MI, USA, May 1999, pp. 1722-1727.

[6] S.Omura and T. Nishida, “Remote control of industrial robot using virtual
reality devices,” in Proc. 35th SICE Kyushu Branch Ann. Conf., Saga,
Japan, 2016, pp. 206-207.

[71 S. Shirwalkar, A. Singh, K. Sharma, and N. Singh, “Telemanipulation of
an industrial robotic arm using gesture recognition with Kinect,” in Proc.
IEEE CARE, Jabalpur, India, Dec. 2013, pp. 1-6.

[8] R. Tadakuma, Y. Asahara, H. Kajimoto, N. Kawakami, and S. Tachi,
“Development of anthropomorphic multi-D.O.F. master-slave arm for
mutual telexistence,” IEEE Trans. Vis. Comput. Graph., vol. 11, no. 6,
pp. 626-636, Nov./Dec. 2005.

[9] Y. Yokokohji and T. Yoshikawa, ‘“Bilateral control of master-slave manip-
ulators for ideal kinesthetic coupling-formulation and experiment,” IEEE
Trans. Robot. Autom., vol. 10, no. 5, pp. 605-620, Oct. 1994.

[10] E. Akdogan and M. A. Adli, “The design and control of a therapeutic exer-
cise robot for lower limb rehabilitation: Physiotherabot,” Mechatronics,
vol. 21, no. 3, pp. 509-522, Apr. 2011.

[11] M. Kaczmarski and G. Granosik, “Rehabilitation robot RRH1,” Arch.
Mech. Eng., vol. 58, no. 1, pp. 103-113, Jan. 2011.

[12] S. Maki, M. Sakai, and M. Yamamoto, “Development of teaching meth-
ods for the rehabilitation robot,” Aichi Cent. Ind. Sci. Tech., Res. Rep.,
vol. 2009, pp. 2-5, 2009.

[13] Y. Ohkubo, K. Okada, T. Inamura, and M. Inaba, “Pointing gesture recog-
nition for onsite robot teaching in daily life,” IEICE Tech. Rep., vol. 105,
no. 302, pp. 11-16, Sep. 2005.

[14] J. C. P. Ibarra, W. M. dos Santos, H. I. Krebs, and A. A. G. Siqueira,
“Adaptive impedance control for robot-aided rehabilitation of ankle move-
ments,” in Proc. IEEE RAS/EMBS BioRob, Sdo Paulo, Brazil, Aug. 2014,
Pp. 664-669.

176276

[15] T.Masuno, S. Saito, H. Takahashi, and M. Nakajima, ‘“Waraji: Input device
for controling movement through leg movement,” J. Inst. Image Info. TV
Eng., vol. 54, no. 6, pp. 833-839, Jun. 2000.

[16] Y. Kume and A. Inoue, ‘Feasibility of feet-operated pointing
device,” J. Inst. Image Info. TV Eng., vol. 54, no. 6, pp. 871-874,
Jun. 2000.

[17] C. A. Medina, ‘‘Foot-controlled computer mouse,” U.S. Patent 5907 318,
May 25, 1999.

[18] G. Pearson and M. Weiser, “Of moles and men: The design of foot controls
for workstations,” in Proc. SIGCHI Conf. Hum. Factors Comput. Syst.,
Boston, MA, USA, 1986, pp. 333-339.

[19] T. Yamamoto, M. Tsukamoto, and T. Yoshihisa, “Foot-step input
method for operating information devices while jogging,” in
Proc. IEEE Int. Symp. Apps Int., Turku, Finland, Jul/Aug. 2008,
pp. 173-176.

[20] T. Kawai, M. Fukunishi, A. Nishikawa, Y. Nishizawa, and T. Nakamura,
“Hands-free interface for surgical procedures based on foot movement
patterns,” in Proc. Ann. Int. Conf. IEEE Eng. Med. Biol. Soc., Chicago,
IL, USA, Aug. 2014, pp. 345-348.

[21] D. Sun, G. Fekete, Q. Mei, and Y. Gu, “The effect of walking speed on the
foot inter-segment kinematics, ground reaction forces and lower limb joint
moments,” PeerJ, vol. 6, Aug. 2018, Art. no. e5517.

[22] M. Komori and H. Miyauchi, “Position operation method by leg motion
and characteristics of leg motion during operation,” J. Jpn. Soc. Des. Eng.,
vol. 53, no. 7, pp. 511-526, Jul. 2018.

[23] A. 1. Kapandji, Physiologie Articulaire 1I: Membre Inférieur,
E. S. Trans, Ed.,, 6th ed. Tokyo, Japan: Ishiyaku Publishers,
2009.

[24] K. Yonemoto, S. Ishigami, and T. Kondo, “The method guidelines for
range of motion measurement,” Jpn. J. Rehabil. Med., vol. 32, no. 4,
pp. 207-217, Apr. 1995.

MASAHARU KOMORI (M’16) received the B.E.
degree in precision engineering from Kyoto Uni-
versity, in 1995, the M.E. degree from the Graduate
School, Kyoto University, in 1997, and the Ph.D.
degree in engineering from Kyoto University,
in 2002.

From 1999 to 2000, he was a student in the doc-
toral course with the Kyoto University. In 2000,
‘ he became a Research Assistant with the Graduate

School of Engineering, Kyoto University. In 2004,
he became an Associate Professor with Kyoto University. In 2017, he became
a Professor with Kyoto University, where he is currently with the Depart-
ment of Mechanical Engineering and Science. His research interests include
robots, transmission, laser interferometric measurements, artifact design,
gear checker analysis and evaluation, performance analysis of gears, surface
finishing methods, and micro/nanoimprinting.

Prof. Komori is a Fellow of the Japan Society of Mechanical Engineers
(JSME) and a member of the Robotics Society of Japan (RSJ), the Japan
Society of Design Engineering (JSDE), and the Japan Society for Precision
Engineering (JSPE). He was a recipient of The Young Scientists’ Prize of
The Commendation for Science and Technology by the Minister of Edu-
cation, Culture, Sports, Science and Technology, in 2011, the WT Award,
in 2013, three JSME medals for Outstanding Paper, in 2009, 2013, and 2018,
respectively, a JSME medal for new technology in 2014, a JSME Young
Engineers Award, in 2005, the Best Paper Award from the JSDE, in 2012,
an Eiji Mutoh Excellent Design Award, in 2012, the FA Foundation Paper
Award, in 2014, and the Nagamori Award, in 2017. His paper was selected
as one of the best articles published in Measurement Science and Technology,
during 2009.

VOLUME 7, 2019



M. Komori et al.: Posture Operating Method by Foot Posture Change and Characteristics of Foot Motion IEEEACC@SS

TATSURO TERAKAWA received the B.E. degree KYOTA MATSUTANI received the B.E. degree in mechanical engineering

in mechanical engineering from Kyoto University, from Kyoto University, Japan, in 2017.
Japan, in 2014, and the M.E. and Dr. Eng. degrees His research in Kyoto University was on an operating method using foot
from Kyoto University Graduate School of Engi- motion.

neering, Department of Mechanical Engineering
and Science, in 2016 and 2019, respectively.

Since 2019, he has been an Assistant Professor
with the Department of Mechanical Engineering
and Science, Kyoto University. His research in

N Kyoto University is focused on mechanisms and
control of wheeled mobile robots, actuator mechanisms, and design.

Dr. Terakawa is a member of the JSME and JSDE. He received a
JSME Medal for Outstanding Paper, in 2018, the JSME Miura Award,
in 2016, the JSDE Encouragement Award, in 2018, the JSME MD&T Divi-
sion Encouragement Presentation, in 2016, and the JSAE Graduate School
Research Encouragement Awards, in 2016 and 2019, respectively.

IKKO YASUDA received the B.E. degree in
mechanical engineering from Kyoto University,
Japan, in 2018.

His research in Kyoto University was on an
operating method using foot motion.

VOLUME 7, 2019 176277



