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In the transferring of expert skills, it takes a great deal of time and effort for beginners to obtain new skills, and it is difficult to
teach the skills by using only words. For those reasons, a skill transfer system that uses virtual reality (VR) and a haptic interface
technique is very attractive. In this study, we investigated the human perception of fingertip force with respect to the following
changes: (1) the spatial change of the presented force, and (2) the change of the time to present the force. Based on the results of
the perception experiments, we considered the skill transfer to a person’s five fingers by using a five-fingered haptic interface robot.

1. Introduction

In the medical fields, expert skills such as surgical techniques,
palpation techniques, and the like are obtained by long-
term training, and the skill is normally acquired by the
experience of working with actual patients. However, it is
difficult for residents and medical students to train directly
with actual patients because of a decrease in volunteers
willing to cooperate in the training and the risk of medical
error. To transfer expert skills from a trainer (senior doctor)
to a trainee (medical student), the trainer has to teach the
trainee (1) how to move the hands, and (2) how to exert the
exact amount of force with the fingertips. It is difficult to
teach the accurate data of position and force by using only
words. Because of these challenges, a skill transfer system
that uses virtual reality (VR) and a haptic interface has been
researched aggressively (e.g., see [1–9] and the references in
the survey papers [10–12]), and the results of studies indicate
that such a system could contribute to the skill of performing
real surgery [7] and to learning of real motor skills [8, 9].

A haptic interface allows a user to communicate with a
virtual environment, and the user feels realistic force and
tactile sensations when touching virtual objects in a virtual
environment. Benefits of a skill transfer system that uses
VR and a haptic interface include the following: (1) the
movement of the trainer’s hand and the operation of the

trainer’s force can be recorded, so that accurate information
can be transmitted to the trainee using a screen and the
haptic interface, (2) training according to the trainee’s skill
level can be selected, and the effect of the training can be
presented to the user, and (3) training can occur at a remote
site via a network terminal, and several trainees can receive
training at the same time.

In most skill transfer systems, a single-point haptic
interface, which makes single-point contact between the user
and a virtual environment, is used. Thus, the presented force
is limited to one point, and the skill transfer for multipoint
contacts, which is needed for tasks such as palpation and
the like, is not targeted. Another limitation is that only
movement in the horizontal plane or the vertical plane is
considered, and the skill transfer that requires movement
in three-dimensional space is not considered. Multipoint
interaction allows a user to perform natural actions such as
grasping, manipulation, and exploration of virtual objects,
and it will dramatically increase the believability of the haptic
experience [13–15]. In performing activities in our daily
lives, we usually use multiple fingers; so it is important to
exert force at multiple fingertips to make a sensation highly
realistic. Multipoint interaction has been achieved in some
cases by combining two haptic devices in parallel, which
confines the user to a small workspace [5], or by having
haptic interfaces that allow the user to exert force at multiple
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fingertips of a human hand, but the presented force is only
a one-directional force [6]. For example, when the haptic
interface generates force by using a wire, the force presented
to the operator is only exerted in the direction that the wire
pulls. In actual situations, there are huge numbers of tasks
that need multiple fingers of contact (with three-directional
force). Thus a skill transfer system for multipoint contacts is
necessary and important.

To design and develop a skill transfer system in which the
operation of the trainer’s force is presented to the trainee, it
is necessary to investigate and clarify the human perception
of the force presented by the haptic interface. In particular,
it is important to consider the transfer method based on
the human perception. The force that the human being
exerts using the hands can be expressed by the direction
vector and the magnitude. Many studies of the human
perception of the force magnitude have been reported (see
[16–22] and the references therein). Although there have
been only a few studies about the perception of the force
direction, the subject has been researched aggressively in
recent years [23–26]. To date, however, there has been no
study that evaluated the perception of the spatial fingertip
force, that is, the fingertip force in three-dimensional space,
and the perception of the fingertip force concerning the time
variation. The perception ability is likely to alter based on
the spatial change of the presented force and the change of
the time used to present the force. If we consider the skill
transfer based on human perception, we must evaluate these
perception abilities while considering spatial variation and
time variation. Although we have examined the time needed
for a human being to distinguish a force direction [27],
there is no published data regarding the effects on human
perception of spatial variation and time variation. In this
study, we investigated the perception of the fingertip force
concerning the space variation and the presentation time
variation, and then we improved the skill transfer method
for the multifinger use [27] based on the results of our
investigation.

The paper is organized as follows. In the next section,
the multifingered haptic interface used here and our previous
research are summarized. In Section 3, the human perception
of the fingertip force is examined, and the skill transfer
to a person’s five fingers is developed in Section 4. Then,
we consider the simple skill transfer system by using the
transfer method and the five-fingered haptic interface, and
we describe experimental tests that were carried out to
demonstrate the validity of the method. Section 5 contains
our conclusions.

2. Five-Fingered Haptic Interface

2.1. Interface Development. The authors have developed
multifingered haptic interface robots that are placed opposite
a human hand, including HIRO [28], HIRO II+ [29], and
HIRO III [30], which is shown in Figure 1. HIRO III can
present three-dimensional forces at a human operator’s five
fingertips. The specifications of HIRO III are shown in
Table 1. HIRO III can be briefly summarized as follows.

Figure 1: Five-fingered haptic interface robot: HIRO III. An oper-
ator connects his/her five fingertips to HIRO III through passive
spherical permanent magnet joints.

HIRO III consists of an interface arm and a five-fingered
haptic hand. The interface arm is a PUMA-type robot
arm consisting of an upper arm (humerus), a lower arm
(forearm), and a wrist. The interface arm has 3 degrees of
freedom (DOF) at the arm joint and 3 DOF at the wrist
joint. The interface arm, therefore, has 6 joints allowing
6 DOF. On the other hand, the haptic hand is constructed of
five haptic fingers. Each haptic finger has 3 joints, allowing
3 DOF. The total DOF of HIRO III is 21, and its work
space covers VR manipulation on the space of a desktop.
Furthermore, a 3-axis force sensor is installed at the top of
each finger. To manipulate HIRO III, the operator has to wear
a finger holder on his/her fingertips. Figure 2 shows the finger
holder and its connection to the haptic finger of HIRO III.
The finger holder has a sphere which, when attached to the
permanent magnet at the force sensor tip, forms a passive
spherical joint. Its role is to adjust for differences between
the human and haptic finger orientations, which means that
it is safe to use and involves no oppressive feeling for the
user. HIRO III allows object manipulation in VR with high
realistic sensation. For more details, please see [30].

2.2. Our Previous Skill Transfer System Using Hiro II+. In the
skill transfer system considered in this paper, the trainer’s
work is recorded, and it is reproduced in the VR space. The
trainee is then trained to imitate the trainer’s work. The
trainee’s goal is to make his/her fingertip positions and forces
track the trainer’s positions and forces, respectively. We have
proposed cues to assist so that the trainee may efficiently
acquire the position information and the force information
[31]. Figure 3 shows the visual cues. In this figure, the
grasping of a ball is considered as the task of the trainer.
In the VR space, a yellow ball is the grasped object. The
fingertip positions of the trainer and trainee are shown as
small circles in VR space, and the fingertip forces are shown
as a tetrahedron (see the right side of Figure 3), which is
called a force gauge. The height of the tetrahedron expresses
the magnitude of the force, and its direction expresses the
direction of the force. That is, we tried to display the
position information, force magnitude information, and
force direction information on the VR display. However, it
turned out that it was extremely difficult for the trainee to
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(a) Finger holder (b) Connection of finger holder to
HIRO III

Figure 2: Finger holder and its connection. The operator wears the finger holder at his/her fingertips and connects to HIRO III as shown
in (b).

Table 1: Specifications of HIRO III.

Hand
Number of fingers 5

Degrees of freedom 15 (DOF)

Weight 0.78 (kg)

Finger

Degrees of freedom 3 (DOF)

Weight 0.12 (kg)

Maximum output force over 3.6 (N)

Workspace
705 (cm3) (Thumb)

587 (cm3) (Other)

Arm

Degrees of freedom 6 (DOF)

Weight 3.0 (kg)

Maximum output force over 56 (N)

Workspace 0.09 (m3)

Closeup

Figure 3: Visual cues.

see the trainer’s five-finger position information and force
information at the same time, and to control his/her finger
positions and forces so that his/her finger positions and
forces matched the trainer’s finger positions and forces.

In our earlier research, we tried to transfer the trainer’s
force information and position information to the trainee
by using only visual information. However, we obtained
feedback that it was difficult for the trainee to learn the
trainer’s force information and position information on
the five fingertips at the same time. So, in this paper, we
attempted to transmit the trainer’s force information to the
trainee by using visuohaptic information, namely, by using
not only visual cues but also haptic cues.

3. Measurement of the Perception of
Fingertip Force

It is useful to measure human perception ability when we
consider the transmission of force. In particular, it is impor-
tant to know how human beings accurately perceive fingertip
force by the haptic interface. The results of investigating the
human perception of fingertip force form the foundation
of skill transfer. First, we measured the human perception
ability with regard to the direction of force by using HIRO
III. Here note that all three experiments in this section can
be done with a single-point haptic interface. However, in
Section 4, we describe how we developed the skill transfer
system by using HIRO III and VR technique. To develop
the skill transfer system based on the measurement results
of human perception, we needed to use HIRO III in the
experiments.

3.1. Measurement of the Human Perception of Force Direction.
We examined the perception of the force direction with
regard to spatial variation and time variation.

3.1.1. Experimental Setup. Ten people in their twenties (nine
males and one female) participated in this measurement.
All of the participants were right-handed. The participants
connected their index finger to the HIRO III at a bar, as
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shown in Figure 4(a), and HIRO III presented the force to
the participants. Note that we used the hand part of HIRO
III in this experiment, and we did not use the arm of HIRO
III. In the experiment, the hand part of HIRO III was fixed
to the board as shown in Figure 4(a). During the measure-
ment, a cloth covered both HIRO III and the participant’s
hands; so sight information was not available, as shown
in Figure 4(c). The participants responded to the direction
of the presented force by using the measuring instrument
shown in Figure 4(b). As a measuring instrument, we used
a goniometer. One axis of the goniometer was fixed, and
the participants responded by using the other axis of the
goniometer to indicate the direction of the presented force.

To measure the human perception of the force direction
with regard to spatial variation, we considered the following
two types of measurement.

(M1) We consider the measurement of the human percep-
tion of force in the horizontal direction (x–y plane
in Figure 4(d)). In this case, we set the force
F = [Fx,Fy ,Fz]

T (N) to show on human index finger
as follows:

Fx = ‖F‖ cos θh,

Fy = ‖F‖ sin θh (N),

Fz = 0,

0 ≤ θh ≤ π (rad), (1)

where θh is the angle in the horizontal plane, as
shown in Figure 5(a), and ‖F‖denotes the magnitude
of the force.

(M2) We consider the measurement of the human per-
ception of force in the vertical direction (x–z plane
in Figure 4(d)). In this case, we set the force
F = [Fx,Fy ,Fz]

T (N) to show on human index finger
as follows:

Fx = ‖F‖ cos θv,

Fy = 0 (N),

Fz = ‖F‖ sin θv,

0 ≤ θv ≤ π (rad), (2)

where θvis the angle in the vertical plane, as shown in
Figure 5(b).

In measurements (M1) and (M2), the angles θh and
θv are divided every π/12 radians, and 13 kinds of forces
are presented to the participants in random order. We
set ‖F‖=1.5 (N). In each measurement, we considered the
following three conditions for the time required to present
the force, to consider the perception of the force direction
concerning the time variation (see Figure 6).

(a) The force F was presented until the participant
answered.

(b) The cycle in which the force F was presented for
0.5 (s) and the force was not presented for 0.5 (s) was
repeated until the participant answered. That is, we
set t1 = 0.5 (s), t2 = 1.0 (s) in Figure 6.

Table 2: Measurement of the human perception of force direction.

No. Measurement conditions(∗)

1 (M1) and (a)

2 (M1) and (b)

3 (M1) and (c)

4 (M2) and (a)

5 (M2) and (b)

6 (M3) and (c)

(∗) (M1) and (M2) are conditions for spatial variation, and (a)–(c) are
conditions for time variation.

(c) The cycle in which the force F was presented for
0.2 (s) and the force was not presented for 0.8 (s) was
repeated until the participant answered. That is, we
set t1 = 0.2 (s), t2 = 1.0 (s) in Figure 6.

Ten participants carried out the measurement under con-
ditions (a), (b), and (c) for measurements (M1) and (M2).
That is, we considered six measurements as shown in Table 2.
All participants carried out the six experiments. In particular,
to circumvent the effect of the sequence of measurement,
the sequence of each participant’s measurement was decided
in random order. In each measurement, HIRO III showed
the force to the participant after an operator of HIRO III
gave the signal to start, and the participant felt the force.
After the participant recognized the force direction, he/she
signaled the operator of HIRO III and the operator stopped
the presentation of the force. The participant then responded
to the direction of the presented force by using the measuring
instrument. To evaluate the measurement, we noted the
angular error between the presented force direction by HIRO
III and the answered angle by using a measuring instrument.
We note that HIRO III cannot present the accurate force
when the presented time of the force is shorter than 0.2 (s).
Thus we set the minimum presented time at 0.2 (s) in this
experiment. As an example, we show the step response of
HIRO III in Figure 7(a). In the measurement of the step
response, HIRO III was connected to the wall as shown
in Figure 7(b), and we measured the step response when
HIROIII pressed the wall straight.

3.1.2. Experimental Results. Figures 8(a) and 8(b) show the
measurement results in the horizontal direction (M1) and
the vertical direction (M2), respectively. In each figure,
the horizontal axis shows the experimental condition and
the vertical axis shows the average value of the angu-
lar error between the presented force direction and the
answered force direction. That is, we show the value
(1/130)

∑10
i=1

∑13
j=1 |qi, jp − q

i, j
a |, where q

i, j
p is the angle of the

force that presented the jth time to the ith participant in the

corresponding condition, and q
i, j
a is the angle that the ith

participant answered on the jth time. The vertical bar shows
the standard variation of the corresponding value. From
the experimental results, we find that human perception
ability regarding the force direction had an average error of
0.23 (rad) in the horizontal direction and 0.25 (rad) in the
vertical direction, in the case of condition (a). In other words,
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(a) Connection of HIRO III to the index
finger

(b) Goniometer

(c) Experimental setup
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Figure 4: Measurement environment.
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Figure 6: Form of the presented force.

there is no big difference between the perception ability of
the force in the horizontal plane and in the vertical plane.
On the other hand, the average values of conditions (b) and
(c) in the horizontal direction were slightly large in contrast

with the value of (a), and the average values of (b) and (c) in
the vertical direction were slightly small in contrast with the
value of (a). However, according to the analysis of variance
(ANOVA) with a 5% significance level, there is no significant
difference between the conditions (a) (namely, continuous
force) and (b)-(c) (namely, discontinuous force).

Figure 9 shows the average value of the angular error at
each presented angle. Figures 9(a) and 9(b) show the results
in the horizontal direction (M1) and the vertical direction
(M2), respectively. In both figures, the top figure is the result
of (a), the middle figure is the result of (b), and the bottom
figure is the result of (c). From Figure 9(a), we see that the
angular error when the presented force is π/2 (rad) is the
smallest, and it grows as the presented angle approaches 0
and π (rad). This is true in all three conditions. Further, from
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Figure 7: Performance of HIRO III (Step response).

Figure 9(b), in the vertical direction, the same tendency as
the horizontal direction can be perceived. Here note that this
tendency, anisotropy, was also described for the perception
of the human hand [25, 26]. In [25], the participants
held a joystick, and the perception ability concerning the
direction of the human hand (not the individual finger) was
investigated. The anisotropy of the human hand perception
for the direction was shown. In [26], the perception ability
concerning the force magnitude of the human hand (not
the individual finger) was found to be anisotropic. Based on
the above results, we concluded the following: the human
perception ability of the force direction has 0.23 (rad) error
in the horizontal direction and 0.25 (rad) error in the vertical
direction, and whether the presented force is continuous or
discontinuous has no influence on the human perception.

We wondered why the angular error increased around 0
and π (rad) of the presented force direction. To investigate
whether this was an influence of the performance of the
haptic interface, we connected HIRO III with a wall, as
shown in Figure 7(b), and then HIRO III presented force as
expressed in (1) and (2) with ‖F‖=1.5 (N) against the wall.
Figure 10 shows the angular error. Figures 10(a) and 10(b)
show the results in the horizontal direction and the vertical
direction, respectively. From these results, we conclude that
the angular error was not caused by the presented force
direction and that the angular errors occurred in all the
presented force directions were very small. Thus it is not
easy to conclude that the above-mentioned phenomenon has
happened because of the haptic interface.

3.2. Measurement of the Human Perception of Force Magni-
tude. We considered the perception of force magnitude with
regard to spatial variation.

3.2.1. Experimental Setup. Ten people in their twenties (nine
males and one female) participated in this measurement.
All of the participants were right-handed. The measurement
environment was the same as that described in Section 3.1.
Here, we measured the point of subjective equality (PSE)
of the force magnitude, where the compared forces are
presented in more than one direction. As in the experiment
of Section 3.1, the participant connected his/her index finger

to HIRO III. Then, the following three terms were carried
out under conditions (M1) (horizontal direction) and (M2)
(vertical direction).

(1) By using HIRO III, the standard stimulus force was
presented to the participant, where the standard
stimulus force was presented in the reference direc-
tion.

(2) By using HIRO III, the comparison stimulus force
was presented to the participant, where the compar-
ison stimulus force was presented in a comparison
direction.

(3) The participant selected one answer from the fol-
lowing three answers: (i) the comparison stimulus
force was larger than the standard stimulus force, (ii)
the comparison stimulus force was the same as the
standard stimulus force, or was not distinguishable,
and (iii) the comparison stimulus force was smaller
than the standard stimulus force.

The force was presented until the participant answered.
The reference directions of (M1) and (M2) were
θh = θv = π/2 (rad), and the comparison direction with
respect to the reference direction was in the following five
directions: 0, π/4, π/2, 3π/4, π (rad). Further, we set the
standard stimulus force at 2.2 (N), and we consider the
following 11 comparison stimulus forces: 1.0, 1.2, 1.4, 1.6,
1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0 (N). Before the experiment, we
conducted a preliminary experiment several times. From
the preliminary experimental result, we found there were
comparison directions for which we could not obtain the
PSE when the standard stimulus force was set smaller than
2.2 (N). Thus, to obtain the PSE in all comparison directions
(0, π/4, π/2, 3π/4, π (rad)), we set the standard stimulus
force to 2.2 (N). For each participant, all the comparison
stimulus forces were presented in the comparison directions,
where the order of the presentation of the comparison
stimulus force was random, and the comparison direction
was selected from the above five directions before the
measurement. After the measurement, we selected another
comparison direction and then conducted measurements
(1)–(3). The number of times that the participant answered
“the comparison stimulus force is the same as the standard
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Figure 9: Measurement results of the angular error at each presented force direction.
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Figure 11: Measurement results of the PSE at each direction of the presented force.

stimulus force, or is not distinguishable” was halved and
added to the number of times that the participant answered
“the comparison stimulus force is larger than the standard
stimulus force” and the number of times that the participant
answered “the comparison stimulus force is smaller than
the standard stimulus force”. We derived the ratio fi of
the number of times that the participant answered “the
comparison stimulus force is larger than the standard
stimulus force”. By using the least-squares method, we
derived the approximate curve of fi, and we set the PSE as
the force when fi is 50%.

3.2.2. Experimental Results. Figures 11(a) and 11(b) show
the value of the PSE in the horizontal direction and the
vertical direction, respectively. In the figure, the horizontal
axis is the direction of the presented force, and the vertical
axis is the value of the PSE. From the figure, we see
that the same tendency was obtained in both directions,
indicating that the participant correctly recognized the
magnitude of the presented force at all directions of the
presented force. Further, we could not obtain the phe-
nomenon of Section 3.1.2: the angular error increased when
the presented force tends to 0 and π (rad). For reader’s
reference, we show the ratio that the participants answered
“the comparison stimulus force is larger than the standard
stimulus force” in Figures 11(c) and 11(d). Note that the
experiment of Sections 3.1.2 and 3.2.2 considered human
perception ability under the condition that the direction
of the presented force was unknown or the direction of
the presented force (comparison force) differed from the

standard stimulus force. Thus, as a difference perception, we
are attracted to the perception ability when the direction
of the presented force is known (or the direction of the
comparison stimulus force is the same as the standard
stimulus force). To examine this, we next measured the
perception ability when the direction of the presented force
was well known.

3.3. Measurement of the Human Perception of Force Magnitude
When the Direction Is Well Known. We measured the human
perception ability with a force presented in a well-known
direction. In Section 3.2, we considered the PSE under the
condition that the direction of the comparison stimulus force
differed from the direction of the standard stimulus force.
To examine the perception of the force in a well-known
direction, we measure the PSE with the condition that the
direction of the comparison stimulus force was the same as
the direction of the standard stimulus force.

3.3.1. Experimental Setup. Ten people in their twenties (nine
males and one female) participated in this measurement.
All of the participants were right-handed. The measurement
environment was the same as that described in Section 3.1.
As in the experiment of Section 3.1, the participant
connected his/her index finger to HIRO III. Then, the
following three terms were carried out under conditions M1
(horizontal direction) and M2 (vertical direction).

(1) By using HIRO III, the standard stimulus force was
presented to the participant.
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(2) By using HIRO III, the comparison stimulus force
was presented to the participant.

(3) The participant selected one answer from the fol-
lowing three answers: (i) the comparison stimulus
force was larger than the standard stimulus force, (ii)
the comparison stimulus force was the same as the
standard stimulus force, or was not distinguishable,
and (iii) the comparison stimulus force was smaller
than the standard stimulus force.

The force was presented until the participant answered.
In this experiment, for M1 and M2, we measured the PSE
in the following five directions: θh = 0, π/4, π/2, 3π/4,
π (rad) and θv = 0, π/4, π/2, 3π/4, π (rad), respectively.
Further, we set the standard stimulus force to 2.2 (N), and
we considered the following 11 comparison stimulus forces:
1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8, 3.0 (N). For each
participant, the comparison stimulus forces were presented
in random order. The difference between the measurements
of Sections 3.2 and 3.3 was that in the measurement of
Section 3.2, the direction of the comparison force differed
from the direction of the standard stimulus force, while in
Section 3.3, the direction of the comparison force was the
same as the direction of the standard stimulus force.

3.3.2. Experimental Results. Figures 12(a) and 12(b) show
the value of PSE in the horizontal direction and the vertical
direction, respectively. In these figures, the horizontal axis
shows the direction in which the PSE was measured, and
the vertical axis shows the PSE value. From these figures, we
see that the same tendency was obtained in both directions.
Furthermore, there was no difference between the PSE values
with respect to the direction of the presented force. For
reader’s reference, we show the ratio that the participants
answered “the comparison stimulus force is larger than the
standard stimulus force” in Figures 12(c) and 12(d).

From the results of this section, it seems that human
ability to perceive the force direction is anisotropic and the
ability to perceive the force magnitude is isotropic. Further, it
seems the following: compared with the case that the human
answers the force magnitude, he/she makes the ambiguous
answer when he/she answers the force direction.

4. Skill Transfer System and Its
Experimental Evaluation

4.1. Transfer Method of Force and Position Information. For
the skill transfer examined in this study, the aim of the trainee
is to make his/her five-fingertip positions and forces track a
trainer’s five-fingertip positions and forces, respectively.

For fingertip positions tracking, we used the visual cues
shown in Figure 13. The five-fingertip positions of the trainer
and trainee are shown as small circle in VR space, and the
trainee controlled his/her fingertip positions to track the
trainer’s positions.

For the fingertip forces tracking, we considered the
transfer method of force based on the measurement of the
human perception as described in the previous section. In

the expert skill transfer system, there are two kinds of forces
transferred to the user, as follows:

(1) the reaction force Fr from the virtual object (referred
to herein as the reaction force),

(2) the force Ftrainer that a trainer exerts on an object.
(When we present this force to the user, we consider
the force in the opposite direction, i.e., −Ftrainer. In
the following, the force −Ftrainer is called the trainer’s
force, Ft.)

As the force transfer method, the reaction force, Fr , and
the trainer’s force, Ft , were presented to the user and were
switched over time, as shown in Figure 14. In particular, if
the time to show the trainer’s force was long, the user could
not feel the reaction force; so, it was necessary to shorten
the time of presenting Ft as much as possible. Therefore,
by considering the results in Section 3, we set HIRO III to
show Fr to the user for 0.5 seconds and then to show Ft

to the user for 0.2 seconds and then repeat the process. In
practice, if the force such as that shown in Figure 14 was
presented to the user, the user would feel the pulse force that
is the difference between the trainer’s force and the trainee’s
force. Thus if the user regulates his/her fingertip forces so that
the pulse forces become small, the force transfer is achieved.
That is, if the user grasps the virtual object by using the
same force as the trainer, the pulse forces disappear. This
method has the following advantages: (1) even if the force
changes periodically, both force Fr and Ft can be recognized;
(2) the number of visual cues for the skill transfer decreases
in contrast with the method described in Section 2.2. In
the next section, we consider an experiment to evaluate this
method.

4.2. Skill Transfer System and Its Experimental Evaluation.
Let us evaluate the skill transfer system based on the results
reported in the previous subsection. As the task of a trainer,
we consider the grasping of an object in VR space. The goal
of the trainee is to assume a fingertip position and exert
a grasping force that agree with the fingertip position and
grasping force of the trainer, respectively. Figure 15(a) shows
the experimental environment. In this figure, the black box
is the display system used to present the image at around
the fingertips [32]. By using this display, the trainee sees the
screen as shown in Figure 15(b).

4.2.1. Experimental Setup. For the comparison, we consider
the following two kinds of skill transfer method.

(P1) The fingertip positions of the trainer and the trainee
are shown as small circles, and the fingertip forces of
the trainer and trainee are shown as the force gauge
(described in Section 2.2) in VR space.

(P2) The fingertip positions of the trainer and the trainee
are shown as small circles, and the trainer’s fingertip
forces are presented to the trainee by using the
method described in Section 4.1.

As the task of the trainer, we considered the following
procedure: (1) the trainer approached the virtual object,
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Figure 12: Measurement results of the PSE.
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Figure 13: Visual cues for position tracking.
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Figure 14: Presentation of two kinds of forces, Fr and Ft .

and (2) the trainer grasped the object. The stiffness and
the damping coefficient of the object are 570 (N/m) and
2×10−3 (Ns/m), respectively. Before we carried out our
experiment, the person who acted as the trainer performed
the task. This person was not included among the eight
participants in the experiment described below. After we
obtained the force and position trajectories of the trainer’s
fingertips, we set the trajectories as the trainer’s trajectories.
For example, the force trajectory of the trainer’s middle
finger and the position trajectory of the trainer’s middle
finger are shown in Figures 16(a) and 16(b), respectively. We
used the coordinates in Figure 15(c).

To evaluate the above two methods, we prepared
two experiments (E1 and E2). Before we performed the
experiments, all participants familiarized themselves with
manipulating HIRO III.

(E1) (1) The participant confirmed the trainer’s trajectory.
That is, the fingertip positions of the trainer were
shown as small circles graphically in VR space, and
the participant saw and confirmed the trajectories
of the trainer’s fingertips. (2) Then, the fingertip
positions of the trainer and the trainee were shown as
small circles graphically in VR space, and the trainee
carried out the task based on this visual information
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(a) Experimental environment (b) The virtual object
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(c) The coordinate system of HIRO
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Figure 15: Experimental environment of skill transfer.

Table 3: The sequence of experiments E1 and E2.

Order of experiment Group A Group B

1 E1 E2

2 E2 E1

only, while we measured the initial errors. (3) The
trainee carried out the task 20 times continuously
under method P1. (4) Finally the trainee carried
out the task under the condition that the fingertip
positions of the trainer and the trainee were shown
as small circles graphically in VR space, and we
measured the error after training.

(E2) The trainee carried out the same experiment as E1,
with P2 in place of P1.

Eight people in their twenties (seven males and one
female) participated in this measurement, and we divided
the subjects into two groups, group A and group B. So
there would not be an effect caused by the sequence of
experiments; the subjects in group A carried out experiment
E1 first and then carried out experiment E2. The subjects
in group B carried out experiment E2 first and then
carried out experiment E1. Table 3 shows the sequence of
experiments.

4.2.2. Experimental Results. Figures 17(a), 17(b), and 17(c)
show the experimental results. In (a), the vertical axis shows
the average value of the position error between the trainer’s
position and the trainee’s position. The trainer’s work lasted
15 (s), and the sampling time of the PC was 1 (ms). The hor-
izontal axis shows the experimental condition. Figure 17(b)
shows the average value of the error of the force magnitude,
and Figure 17(c) shows the average value of the directional
error of the force. When we use the polar coordinate, we
can express the force by using two variables, θ and ϕ, for
example, Fx = ‖F‖ sin θ cosϕ, Fy = ‖F‖ sin θ sinϕ, and Fz =
‖F‖ cos θ. As the error of the force direction, we considered

the following value: (1/10)(1/15001)
∑10

j=1

∑15000
i=0 (|θid−θi, j|+

|ϕi
d−ϕi, j|)/2, where θid and ϕi

d are the trainer’s angle variables
at i (ms), and θi, j and ϕi, j are the jth participant’s angle
variables at i (ms). In each figure, the vertical bar shows the
standard variation of the corresponding value.

According to the t-test with a 1% significance level, there
are significant differences between the errors before training
P2 and the errors after the training P2. On the other hand, in
the error of the force magnitude in P1, there is no difference
between the errors before training and the errors after the
training (even if we consider the t-test with a 5% significance
level, there was no difference). Regarding the participants’
opinions, we obtained the following. In P1, there were a lot of
visual cues and the users were confused. The users can track
his/her one or two positions and one or two forces to the
corresponding trainer’s positions and forces, but they were
confused when they consider the five positions and forces.
In contrast with this, cues were intuitive and comprehensible
in P2. Many participants said that even if the position and
the magnitude of the force were understood, the difference
in the direction of the force was not understood. However,
on the result of Figure 17(c), there are significant difference
between the errors before training (P1 and P2) and the
errors after the training (P1 and P2). We have considered
that this is because of the simple task. In this experiment,
we considered the simple task that the user just pushes the
object, thus eliminating variations in the force direction
while the user performs the task. In fact, the variation of
z-axis force of the trainer was large, but the variations of
x- and y-axis force were small, as shown in Figure 16(a).
Therefore, it seems that there were differences between the
errors before training and the errors after the training even if
we used method P1. We cannot draw any certain conclusions
because of the small sample size. However, from Figure 17(b)
and the subjects’ opinions, it seems to be more effective to
present the trainer’s force periodically rather than using only
visual cues. Further, it seems that we need another assistance
cue when we consider the training of the direction of the
force.
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5. Conclusions

In this study, we investigated the human perception of force
with respect to the following changes when a user engaged
with the five-fingered haptic interface HIRO III: (1) the
spatial change of the presented force, and (2) the change
of the time to present the force. Since the force can be
expressed by the direction vector and the magnitude, we first
measured the perception of the force direction, as described
in Section 3.1. From Figure 9(a), we see that the angular
error when the presented force direction is π/2 (rad) is
the smallest and it grows as the presented force direction
approaches 0 and π (rad) in the horizontal direction. This
is true in the vertical direction as well. However, several
parts of Figure 9 show that the angular error when the
presented force direction is 0 or π (rad) is smaller than the
angular error when the presented force direction is π/12 or
11π/12 (rad). We believe that this was due to the measuring
instrument we employed. We used a goniometer as the
measuring instrument, and its measuring range is 0∼π (rad).
Therefore, even if the participant feels an angle larger than
π (rad) or an angle smaller than 0 (rad), he/she answered
π (rad) or 0 (rad).

From Figure 8, which shows the measurement results of
the average angular error, we see that the human perception
ability regarding the force direction had an average error
of 0.23 (rad) in the horizontal direction and 0.25 (rad) in
the vertical direction. In addition, we determined that there
is no difference in human perception of force direction
between when the presented force is continuous and when
the presented force is discontinuous, based on ANOVA with
a 5% significance level.

Next, we measured the perception of magnitude con-
sidering the force direction. In particular, in Section 3.2
we described the measurement when the direction of the
comparison stimulus force differed from the direction of
the standard stimulus force (for simplicity, we called the
direction “unknown”), and in Section 3.3, we described
the measurement when the direction of the comparison
stimulus force is the same as the direction of the standard
stimulus force (for simplicity, we called the direction “well
known”). From Figures 11 and 12, we see that there was
no change caused by the presented force direction on the
value of PSE. This differed from the case of perception of
the force direction. In particular, by using ANOVA with
a 5% significant level, we determined that there was no
difference between the following four groups: PSE in the
horizontal direction when the direction is unknown, PSE
in the vertical direction when the direction is unknown,
PSE in the horizontal direction when the direction is
well known, and PSE in the vertical direction when the
direction is well known. Therefore, in both the horizontal
and vertical directions, there was no difference in the feeling
of magnitude caused by the difference of the presented force
direction, and we conclude that humans perceive magnitude,
regardless of the presented force direction.

These results of perception measurements showed that
the human perception of the fingertip force direction is
anisotropic and perception of the fingertip force magnitude

is isotropic. Furthermore, regarding the perception of the
fingertip force direction, there is no difference between the
perception of the continuously presented fingertip force and
the discontinuous presentation.

We also considered the transfer method based on our
measurement results by using the multi-fingered haptic
interface HIRO III. For skill transfer, the reaction force Fr

and the trainer’s force Ft were transferred to the user. The
proposed skill transfer system consists of the following two
parts: (1) for the fingertip position tracking, we used the
visual cue shown in Figure 13, and (2) for the fingertip
force tracking, HIRO III alternately showed Fr and Ft . This
method has the following advantages: (1) even if the force
changes periodically, both force Fr and Ft can be recognized,
and (2) the number of visual cues decreases, in contrast with
the method described in Section 2.2.

We performed tests to demonstrate the validity of the
proposed method. According to the t-test with a 5%
significance level, in the proposed method, there was a
difference between the error before training and the error
after training. Therefore, we believe that the transfer of the
force was achieved more efficiently by presenting the force
intermittently, as described in Section 4.1.

The next problem to be tackled is to increase the number
of experimental subjects (in particular, the number of female
subjects) and to confirm how the results change at that time.
We must also extend this research to a more complicated
skill transfer system, such as the human body model in VR
space. Further, we will attempt to develop an efficient transfer
method for transmitting the direction of force.
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