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In recent years, studies on haptic interfaces have progressed. This study deals with the development of the “Haptic
Desk”, which can detect force information and contact position information using a simple mechanism with force
sensors. However this technique has low contact point accuracy when the external force is small. Hence, this paper
proposes the use of differentiated force information to calculate an accurate contact point. In the experiment, the accu-
racy of the contact point calculation using the differentiated force information was higher than the one using the force
information when the external force was small. Therefore, the error of the contact point decreased regardless of the
magnitude of the force when the force information and differentiated force information were used properly.
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1. Introduction

Switches mounted on product themselves or dedicated re-
mote controllers belonging to specific products are generally
used to operate electrical appliances in our daily lives. Op-
erating devices with touch panels have also become popu-
lar ¥, with smart phones being representative examples of
such touch panels. Touch panels are used to operate a de-
vice, based on the positional information of fingers, which is
acquired as the finger contacts the display. An advantage of
this is that the operation can be performed intuitively. Prod-
ucts created by adding touch panels on household electric ap-
pliances or furniture have been studied and developed in the
recent years. Switches or touch panels, however, have only
two types of information, on/off and positional information
respectively. This means that many more types of operations
would be possible, if the information that devices can acquire
from humans is increased.

The number of studies on interfaces that use force infor-
mation in addition to positional information is being pro-
gressed, based on the perspective described above. Sugiura
et al. developed “FuwaFuwa”, which detects pressure and
contact position by incorporating photoreflectors in a flexi-
ble object®. FuwaFuwa is advantageous in that it is capa-
ble of detecting both pressure and contact position by using
photo-reflectors only. However, FuwaFuwa is constrained by
the fact that the interfaces are limited to flexible materials.
In the field of robotics, various tactile sensors of distributed
array types have been studied ®~. Tactile sensing is a pop-
ular issue in robotics, because a tactile sense is believed to
be a key to advanced robotic manipulation “”. In some cases,
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tactile sensors are used to robots as a skin @?!""_ A whole-
body tactile sensing is enabled by using the tactile sensors.
However, wiring is complicated because of these studies re-
quire a large number of sensors on the surface of the inter-
faces. There are also methods using external force observer
for sensorless tactile sensing, while the contact position is
fixed . Furthermore, studies using a camera have been
progressed . The usage of a camera reduces the number
of required sensors. On the other hand, such methods require
space for projection.

The studies using a force sensor are also being carried out.
Salisbury proposed a method that detects contact positions
and contact force on an end-effector by using a six-axis force
sensor 7. Bicchi et al. expanded into a method that is also
possible to detect contact positions and contact force on an
elastic end-effector "®"”. Based on these studies, Iwata et al.
developed a whole-body haptic interface using force sensors
as interfaces ®*®". Although the whole-body haptic interface
is capable of accurately detecting contact on interfaces, tac-
tile sensors are used to determine contact on the contact sur-
face. Therefore, wiring is complicated as with the tactile
sensors of distributed array types. Kubo et al. developed a
method estimating both the contact position and the external
force on a planar end-effector based on the reaction torque
observer ®.

Tsuji et al. have developed a whole-body tactile technol-
ogy known as “Haptic Armor”, which uses no additional
sensors on the surface of the interface ®. This technology
detects the positional information and the force information
simultaneously, with force sensors only, by using an equi-
librium equation of force and moment as well as equations
for expressing the shape of the end effector when an exter-
nal force acts on an interface. This technology can be used
to detect the above information, as long as the deformation
of a material can be estimated, even when a flexible mate-
rial is used as end-effectors ®. They have also applied this
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technology to “Haptic Desk”, which gives whole-body tac-
tile senses to a desk, by attaching force sensors on the legs
of the desk®. This technology can also be applied to ex-
isting desks. Therefore, a variety of objects around us, such
as desks and other furniture or household electric appliances,
can be interfaced.

The deterioration in the accuracy of the calculated posi-
tional information when the force acting on an interface is
small, however, can be cited as an issue for this technology.
This issue is critical in some cases because the force is small
at the moments of touching and releasing always. A device
can potentially perform a process that is different from the
one intended and ordered by a human, when the accuracy of
the positional calculation is low. Additionally, other conven-
tional studies may suffer with the degradation of the accuracy
of the contact point calculation by using with the small force.

In this paper, the authors extend the theory of the Hap-
tic Desk by proposing a positional calculation that uses the
differentiated force information as a method for accurately
calculating positions even a small external force. Even with a
small external force, there is a case that a time change of force
is large. The proposal is to use the differentiated force in such
a case. Theoretical development in this paper shows that the
differentiated force can be substituted for the position estima-
tion. A compendium of the conventional study * is provided
first in Section 2. A compendium of the proposed method
is provided in Section 3. The experimental equipment is de-
scribed in Section 4, while an experimental evaluation of the
proposed method is described in Section 5. Finally, a conclu-
sion is provided in Section 6.

2. Compendium of Haptic Desk

The basis of Haptic Desk in the literature ® is described
first for this paper. Haptic Desk is supported with four force
sensors as shown in Fig. 1. The point of action of external
force and the external vector are calculated when the external
force accrued on the desk. The equilibrium of force and the
equilibrium of moment on the desk show the following at this
time:

Fex(PC-P)Y+M°=0
F=)F;
i=1

M° = ZI:(F; x (PS = P°)).

P F°,
End-effector a

—
Pl‘Y ’ FlY st F2 Force sensor
Fig. 1. Calculation of contact point
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Here, F¢ denotes the external force, P¢ denotes the point of
action of external force, and P’ denotes the reference posi-
tion. And, n denotes number of supported points, F; de-
notes force measured with the ith force sensor, P denotes
position of the ith force sensor from the reference position,
and M? denotes the moment around the reference position
respectively. Equation (2) can be rewritten as follows:

My = F(P, = P)) = F,(P; = P))

M;’ = Fi(Pij - P?) — F;(Pi = POy 3)
M? = Fy(P% - P) - FU(P, - P))
-M? — F°P° Fe
Yy X Z
P = — + P+ F—jPZj
M — Fep° Fe
zziew_kpg_,__jp;. ................. 4)
Fy £y
Equation (5) is shown from (1) and (4).
M° — Fope 0
P=— Fg‘ -+ P+ P
_MS) — Fope Fo
— L—OH + Pi + _iPZ ................ (5)
Fy Fy

Here, subscripts x, y, and z show the direction of Cartesian
coordinates. F° and M? in (5) are measured with the force
sensors. Unknown variable is only P¢, because P° and P} are
known variables determined by the mechanism. Therefore,
(5) yields a straight line parallel to the external force F¢ like
the broken line in Fig. 1. The form of the desk is regarded
as the composition according to p pieces of plane surfaces,
which are shown as follows:

FPY=0 (k=1,2,---,p)rverrrrreeennnnnnn.

The point of action of external force P¢ is determined from
the solution of simultaneous (5) and (6) when the external
force accrued. Hereafter, the point of action of external force
referred to as the contact point.

The error on the force/moment information depends on the
offset of the force sensor, which varies with the weight of
the desk with multiple goods on it. Since the arrangement of
goods on the desk may change day by day, the offset needs
to be calibrated at the beginning of the work. A DC offset
is derived by the calibration with a low-pass filter and it is
removed in the calibration. The calibration is performed for
a fixed time just after starting force measurement. The cali-
bration dose not require a manual operation because it is per-
formed automatically after starting force measurement.

3. Proposed Method

3.1 Trial Calculation for Error of Contact Point In
the conventional method described in the preceding section,
the equation of contact point calculation in (5) is used the
force information measured with force sensors. Therefore,
the error of the calculated contact point occurs if there is a
sensor noise in the measured force. This phenomenon promi-
nently occurs when the force is small. As the cause, a small-
ness of S/N ratio is pointed out. Especially, the error is large
so that the sensor noise strongly affects, if force component
in the denominator of (5) is near 0. F? measured when the
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external force is not applied to the force sensors, shows max-
imum 0.4 N amplitude of the sensor value. It is supposed
as the noise included in sensor values. Here, the authors re-
gard as a position, distanced 0.2m in x-axis direction from
the center of the desk, is applied by external force constituted

F{=-2N, F{ = 0N, and F; = ON. The contact point P¢’
calculated using in (5), is shown in the following equation:
P M; 7
S R SSRILEEELEENLEERLEE (7)

Z

Here, M,’/ indicates that the moment around the reference po-
sition is an ideal value which is not included any noises. The
measured value of F¢ taken into consideration sensor noises
is 1.6-2.4N. P¢ are calculated 0.17m and 0.25m respec-
tively if the values of F{ = 1.6 N and F¢ = 2.4 N are substi-
tuted in (7). Considering P$ = 0.2 m, the calculated values of
P¢ include an error. The error range for P¢ is 0—0.083 m.
Then, the error range becomes wider when force is small
since (7) shows inverse relationship.

The conventional method has used a quadratic low-pass fil-
ter after obtaining the force information, and the maximum
amplitude of noise has been able to attenuate 0.024 N. How-
ever the error has not disappeared because it is not possible to
remove all of the noise. Therefore, in this paper, the authors
propose the method which calculated the contact point by us-
ing the differentiated force information instead of the force
information.

3.2 Contact Point Calculation using Differentiated
Force Information There is the error of the calculated
contact point in the conventional method when the force is
small, as shown in Section 3.1. The moments occurring the
small force corresponds the moments of touching and releas-
ing on the desk. In this study, the authors propose the usage
of the differentiated force information in order to decrease the
error occurring at the above two moments.

In this study, the equation of the differentiation is given as
follows:

f,(l) — f(t) B (t - nTs)

nT

t denotes the present time, and T'; denotes the sampling time
of the force sensor. f(¢) and f’(¢) denote the measured value
of the force sensor and the value of differentiated force re-
spectively. n denotes the constant integer and determines the
time interval corresponding the denominator of (8).

Additionally, a pseudo differential is used for the calcula-
tion of the differentiation in this study. The pseudo differen-
tial is as follows.

® The value of differentiated force is calculated by (8).

® The noise of the differentiated force is decreased with

the low-pass filter.

The natural frequency of the desk may induce the resonance.
Therefore, the cut-off frequency of the low-pass filter needs
to be set smaller than the natural frequency of the desk. The
natural frequency of the desk is 5.9 Hz and the cut-off fre-
quency of the low-pass filter in the pseudo differential is set
4.77 Hz. Then, the frequency bandwidths of touching and re-
leasing force are limited by the cut-off frequency. However,
the touching and releasing motions are hardly influenced by
the limitation because the difference between the bandwidths

........................ (8)
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of the cut-off frequency and the natural frequency is not large.
The equation using a differentiated force is given by (1)
and (2) as follows:

F¢ denotes the value of the differentiated external force, F°
denotes the differentiated value of the total force applied on
supported points, and M° denotes the value of the differen-
tiated moment around the reference position. P¢ denotes the
value of the differentiated contact point, and P° denotes the
value of the differentiated reference position. P is the con-
stant value, which means P° = 0. (10) is used when the
external force is small. Then, the second term in (10) is also
small. Therefore, the second term in (10) can be neglected
unless the time change of the contact point is not consider-
ably large. Here, assuming that the time change of the con-
tact point at the moments of touching and releasing on the
desk is not considerably large, the second term in (10) can be
neglected. Then, (11) and (12) are obtained.

FOX(PC—P)+MO=0 oo, (11)
M;’—F',”CP‘,’ F©
P = — Y+ P+ TPE
Z Fz
—MO—FS?PO F’o
=L Pl P (12)
F" Fn L

y

The value of the differentiated force is greater, if there is a
time change of the force when the external force occurred on
the desk. The trial calculation of the errors produced by the
sensor noise is done in a manner similar to Section 3.1 from
the results of preliminary experiment. The mean time change
of force of five subjects were —45 N/s in z-axis direction at
the moment of touching on the desk. On the other hand, the
maximum amplitude of the noise was 0.024 N with a low-
pass filter. Therefore, a typical example of F? is depicted by
the following equation:

F? =—-45:+0.024200 -1<A( <1

13)

t denotes a time, and A(¢) denotes the function simulating the
noise. By differentiating (13) shows the following equation:
FO = =45 4 0.0240(1). v ovvrevrmeeneenenes (14)

The noise is often amplified by differentiating. Here, the
amplification degree of differentiated force against force was
calculated based on the results of the preliminary experiment.
Maximum amplitude of the differentiated noise was 0.29 N/s.
Hence (14) can be reformed as follows:

Fo=-454029() —1<n{)<lo-eeennns

n(¢) denotes the function simulating the differentiated noise.
A contact point P¢” utilizing the differentiated force infor-
mation is given by (7) and (12) as follows:
1i
err _y
P = o'

Z

.................................... (16)
The error range of P¢” is 0-0.0026 m by using (15) and (16).
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Here, the error ranges of P¢’ and P¢” were compared by us-
ing (13) and (15). The result is shown in Fig.2. The error
of contact point using the differentiated force information is
smaller than using force information when F{ < 3.8N as
revealed in Fig.2. Therefore, there are some cases that the
accuracy of contact point calculation using the differentiated
force information is high compared with the force informa-
tion, if the amplification degree of A(f) is not great. Addi-
tionally, the difference between the each error range in Fig. 2
is especially influenced by the form of the equation of the
contact point calculation. In the conventional method, when
the magnitude of F¢ in the denominator of (7) is small, the
value of the denominator of (7) may become a minute value
by the noise. Then, the large error occurs. In the proposed
method, if the differentiated force information is used for the
contact point calculation, the value of the denominator of the
equation become a large value as shown (15) and (16). If this
value is as large as the value which does not become a minute
value by the sensor noise amplified by the differentiation, us-
ing (16) prevents the occurrence of the error. Setting a large
time interval than the sampling time of the force sensor in (8)
prevents the amplification of the noise and gets a large time
change of the force. Hence, this time interval is set 166 ms (n
=200, Ty = 0.83 ms) from the preliminary experiment.

3.3 Using Force Information and Differentiated Force
Information Properly The contact point includes the
large error when force is small as detailed in Section 3.1.
Therefore, the authors propose the method using the force
information and the differentiated force information properly
by the condition of the magnitude of the force. As the method
above, it is believed that the highly accurate calculation of
the contact point is possible regardless of the magnitude of
the force. In this study, the contact points calculated by using
the force information and the differentiated force information
respectively are compared at the moments of touching and
releasing. And the authors examine the validity of the dif-
ferentiated force information in the case when force is small
by the comparison results. If the validity is confirmed, the
threshold value of force in order to use the two information
properly is derived. At this time, the threshold value of force
is derived in each moment.

The mechanism of the contact point calculations using the
force information and the differentiated force information
properly, is shown in Fig.3. First of all, the force infor-
mation obtained with force sensors is converted the differ-
entiated value. Subsequently, the contact candidate point P¢
using the force information and the contact candidate point
PZ using the differentiated force information, are calculated
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| Differentiate force F° |
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Calculate the contact point
by using force P

=

Calculate the contact point
by using differentiated force

Fig.3. Switch force information and differentiated
force information

Fig.4. Appearance of Haptic Desk. (a) Haptic Desk.
(b) Force sensor

respectively. The input motion is determined by the sign of
the value of differentiated force after calculating the candi-
date points. After determining the input motion, the contact
point is calculated by comparing the measured force and the
threshold value of force derived experimentally in advance.
Here, the threshold values at the moments of touching and re-
leasing, are referred to as F* and F respectively. P calcu-
lated using the differentiated force information is determined
as the contact point P¢, if the magnitude of the input force
F? is the threshold value and below. P¢ calculated using the
force information is determined as P¢, if F is the threshold
value and over.

4. Experimental Equipment

The experimental equipment is shown in Fig. 4. The desk
is a commercial product, and the four six-axis force sen-
sors are attached to the desk legs. The size of the desk is
shown in Fig.5 and Table 1. The top board and the desk
shelf of the desk are made of a medium density fiberboard,
and the side frame is made of a steel. The parameters of
six-axis force sensor are shown in Table 2. The information
obtained from the four six-axis force sensors is sent to a note-
book computer, and the contact point is calculated using the
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L Desk shelf L Desk shelf
Side frame(-x) Side frame(+x)

Top board

Top board

Fig.5. Schematic diagram of Desk

Table 1. Parameters of Haptic Desk
w® | Weight of the desk 13.7kg
d, | Distance from the center to the top board edge 0.375m
dy, | Distance from the center to the top board edge 0.250 m
d_, | Distance from the center to the top board edge 0.250 m
d; | Height from the sensor device to the top board 0.733m
d., | Height from the sensor device to the desk shelf 1.20m
h.s | Height from the sensor device to the bottom of the side frame | 0.0280 m

Table 2. Parameters of force sensor

Rated capacity F, +300N
Fy, F, +150N
M., M,, M, +4Nm
Allowable load +150% R.O.
Nonlinearity +1.5% R.O.
Other axis interference +2.0% R.O.
Output frequency 1200kHz
Resolution 1/2000

program in the notebook computer. Besides, the condition
for the contact point calculation in conventional method ® is
determined F° > 2 N. Therefore, the condition is adopted for
this paper too.

5. Experiment

5.1 Verification on Accuracy of Contact Point Calcu-
lation using the Force Information and the Differentiated
Force Information Respectively In this paper, the con-
tact candidate points, P¢ and sz’ calculated using the force
information and the differentiated force information respec-
tively, were compared first at the moments of touching and
releasing. A threshold value of force by using the proposed
method was derived, based on the result of the comparison.
Seven subjects whose age is 21-23 years old participated in
this experiment.

The contact candidate points, P and P, calculated using
the force information and the differentiated force informa-
tion respectively, were compared first. Nine points of action
of external forces were set on the top board of the desk as
shown in Fig. 6. A motion involved touching and releasing a
point (hereinafter referred to as press motion) was performed
three times on each point by three test subjects. A single data
was comprised of the results obtained after one test subject
performed the press motion on a single point of action once.
The center of the point of action in Fig. 6, ps was at x = 0.0 m
and y = 0.0 m, with the distances between each point being
d, = 0.3m and d, = 0.2 m. The point-to-point distance from
the center of the top board (x = 0.0m and y = 0.0 m) to each
point of action is referred to as D,, while the point-to-point
distances to the candidate contact points of P; and P¢ are
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referred to as D} and D, respectively. Therefore, the point-
to-point distance D, to the point of action p3 is 0.36 m. Ex-
amples of the magnitude of the external force F’, as well as
the point-to-point distances D; and D{, when one test subject
performed a press motion, is shown in Fig. 7. At the moment
of touching on the desk and F° became greater, the point-
to-point distance D¢ using the force information converged
at 0.22 s, and the point-to-point distance D¢ using the differ-
entiated force information converged at 0.18 s respectively
as shown in Fig. 7(a). The point-to-point distance D, using
the differentiated force information converged earlier than the
point-to-point distance D¢ using the force information. At the
moment of releasing from the desk and F’ became smaller,
the point-to-point distance D¢ using the force information di-
verged, but the point-to-point distance D, using the differen-
tiated force information did not diverge and remained con-
stant. Next, at the moment of releasing from the desk and
F? became smaller, the point-to-point distance D; using the
force information resulted in diverging as shown in Fig. 7(b),
similar to Fig. 7(a). At the moment of touching on the desk
and F° became greater, the point-to-point distance DY using
the force information, converged at 0.14 s and the point-to-
point distance D using the differentiated force information
converged at 0.35 s respectively. The point-to-point distance
D¢ using the differentiated force information therefore con-
verged later, unlike the case depicted in Fig. 7(a). The result,
indicating that the point-to-point distance D¢ using the force
information diverged when the external force became weaker,
was obtained with data from other test subjects and points of
action as well. At the moment of touching on the desk, there
were both cases of the values of the point-to-point distance
D¢, using the differentiated force information converging ear-
lier and later. Therefore, there was a result that the accuracy
of contact point calculation varied. Furthermore, the point-
to-point distance D using the differentiated force informa-
tion fluctuated significantly in the vicinity of the maximum
value for the magnitude of the external force F° as shown in
Figs. 7(a) and (b). This was caused by the small S/N ratio due
to the small value of the differentiated force.

The variance in D} using the force information and DY,

IEEJ Journal IA, Vol.6, No.2, 2017
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using the differentiated force information, when the external
force was small, was compared next. The data of all test sub-
jects and all points of action (81 pieces of data) were used to
measure the standard deviation of errors with point-to-point
distances Dy and D with respect to D, at respective points
of action. The maximum value of the magnitude F,,,, of the
external force F°, applied by the test subject during the ex-
periments, was 20 N and higher as shown in Fig.7. Similar
results were obtained from other test subjects as well. There-
fore, this study defines 2N < F° < 3N as the condition for a
small force, which indicates that the magnitude of the exter-
nal force F° is sufficiently smaller than the maximum value
Fnax. The mean values for Dy and D¢ were calculated re-
spectively. Next, the errors of Dy and D{ were calculated
by difference between the derived means and D;. And the
standard deviation of the errors were compared. The results
are shown in Fig. 8. The standard deviation of the error of
D¢ using the differentiated force information was reduced in
comparison with D¢ using the force information at the both
moments of touching and releasing. The reduction rate in the
standard deviation was different at the moments of touching
and releasing.

There were several occasions where the accuracy of con-
tact point calculation using the differentiated force informa-
tion was low at the moment of touching on the desk, from
the above results. The time response of the magnitude of ex-
ternal force F° when the press motion was performed on the
desk, as well as the value of the differentiated external force
F°, are shown in Fig. 9. The value for the differentiated force
at the moment of touching, was smaller in comparison to the
moment of releasing from the desk, as depicted in Fig. 9. The
accuracy of the contact point calculation using the differenti-
ated force information was low at the small value of the dif-
ferentiated force. Furthermore, the maximum values for the
differentiated force at the moments of touching and releasing,
was compared. The result indicated that a larger maximum
values for the differentiated force were obtained at the mo-
ment of releasing from the desk 63 times out of 81 times,
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which meant the probability was 77.8%. The time change
of force was generally greater the moment of releasing than
the moment of touching on the desk for that reason, which is
believed to have led to the results shown in Fig. 7 and Fig. 8.

5.2 Deduction of Threshold Value for Selecting Force
Information and Differentiated Force Information

The accuracy of the contact point calculation using the
differentiated force information was confirmed to be greater
than using the force information, when the force was small,
as revealed by the results of Section 5.1. The threshold of
force that serves as a condition for selecting the two types of
information, was derived next. The accuracy of the contact
point calculation using the differentiated force was greater
the moment of releasing than the moment of touching on the
desk. Therefore, separate threshold values were derived at
the moments of touching and releasing for the purpose of this
paper.

An example of how the threshold values were derived, is
shown in Fig.10. The method for deriving the threshold
value F at the moment of touching is described first. The
results obtained in Section 5.1 indicated that D¢, using the dif-
ferentiated force information converged later than D¢ using
the force information, at the moment of touching. The er-
ror of the contact point calculation can therefore potentially
increase, when the differentiated force information is used af-
ter D¢ using the force information has converged. The mag-
nitude of the external force F° at the instant when the time
response of D¢ using the force information has converged,
was set to the threshold value F' ;”, in order to prevent the er-
ror described above. |D¢| < 0.2 m/s was set as a condition for
determining that D¢ had converged. This condition was de-
termined by the results of the preliminary experiments which
the time change of |D¢| using the differentiated force informa-
tion is converged within 0.2 m/s after touching on the desk.
F™ = 4.4N is shown in Fig. 10. The method for deriving the
threshold value F ﬁh, used at the moment of releasing from
the desk, is described next. When the external force became
weaker, D¢ using the force information was diverged as de-
scribed in Section 5.1. Therefore, the magnitude of the exter-
nal force at the instant when D¢ using the force information
started to diverge, was set to the threshold value F. |D¢ -Dy
> 0.01 m was set as a condition for determining the instant
when D¢ started to diverge. This condition was determined
by the results of the preliminary experiments which the dif-
ference between the point-to-point distances using the force
information and the differentiated force information is within
0.01 m just before releasing on the desk. F = 5.1 N is shown

IEEJ Journal IA, Vol.6, No.2, 2017



Contact Point Calculation Utilizing Differentiated Force (Hiroyuki Kitamura ef al.)

—
'y

12
— 10
£y
-
Z 6
= 4
2
0 Fth Fth
" Threshold ~
Fig.11. Calculated values of F* and F

in Fig. 10.

An experiment similar to the one described in Section 5.1
was conducted with five test subjects, based on the conditions
described above. The data collected from all test subjects for
all points of action (135 pieces of data) were used to derive
the mean values and standard deviations of the threshold val-
ues F™ and F™ respectively, at the moments of touching and
releasing.

The mean for the threshold values and the standard devi-
ations of F™ and F™ are shown in Fig. 11. The mean for
the threshold values for F and F"* were 3.74N and 6.98 N
respectively. Taking into consideration the standard devia-
tions, the threshold values of F' ;h and F™ were 1.80-5.67N
and 2.12-11.8 N respectively. It is difficult to set a unique
threshold when the variance is significant. In order to evalu-
ate the derived threshold values, means for the threshold val-
ues and the two values with which the deviation with respect
to the mean values was maximum as shown in Fig. 11, were
compared as the candidates for the threshold value. The con-
ditions of the force for the contact point calculation in the
conventional method ®” was taken into consideration in this
experiment. The force whose magnitude is smaller than 2 N,
is not considered the threshold value. The candidates of the
threshold value F' ,”‘, therefore, were two values of 3.74 N and
5.67N. And the candidates of the threshold value F, were
the three values of 2.12 N, 6.98 N and 11.8 N. The calculated
contact points using each of the candidates of the threshold
value described above, were compared as the evaluation of
the candidates of the threshold value. There were four test
subjects, who were asked to perform press motions on the
points of action on the top board of the desk, as with the pre-
vious experiment.

The comparisons at the moments of touching and releas-
ing are shown respectively in Fig. 12. The horizontal axis
indicates the conventional method and the proposed method
using candidates of respective threshold values. The vertical
axis indicates the standard deviations of errors of the point-
to-point distances according to the conventional method and
the proposed method with respect to the individual points of
action. The standard deviations reached minimum when F”'
=5.67 N at the moment of touching on the desk, according to
the graphs of respective test subjects. There was a reduction
of standard deviation compared to the conventional method
in this instance, by 3.26%, 1.35%, 4.89% and 0.861% with
test subjects 1 to 4, respectively. The standard deviation was
minimal when F* = 11.8 N at the moment of releasing from
the desk. There was a greater reduction of standard deviation
compared to the conventional method in this instance, which
exceeded the threshold value F at the moment of touching
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on the desk, by 11.0%, 16.4%, 24.1% and 18.5% with test
subject 1 to 4, respectively. The accuracy for the contact
point calculation according to the proposed method was high-
est when the threshold value was set to the maximum value,
with consideration for the standard deviation.

5.3 Verification on Accuracy for Contact Point Cal-
culation for using Force Information and Differentiated
Force Information Comparisons were performed be-
tween the conventional method * and the proposed method
using the derived threshold value in the Section 5.2. The
threshold values were set to F”" = 5.67N and F” = 11.8
N. The results are shown in Fig.13. The calculated con-
tact points by the proposed method converged on the points
of action of external force. The time constants of the con-
vergence were shorter compared to the ones by the conven-
tional method. The mean error and the standard deviation in
Fig. 13 are shown in Fig. 14. Both the mean error and the
standard deviation were smaller with the proposed method
than the conventional method. In this experiment, the valid-
ity of the proposed method was also confirmed with another
desk whose structure is different from the one in Fig. 5.

Next, a test subject was asked to trace the Japanese charac-
ter “kita” with a finger on the top board of the desk, and the
contact points were calculated using the conventional method
and the proposed method simultaneously for comparison. In
this experiment, the contact point calculation by the differen-
tiated force information is used the starting and termination
of each stroke in the word due to the moments of touching
and releasing on the desk. The contact point calculation of
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the trace motion between the starting and termination is used
only the force information. The large force is applied dur-
ing the trace motion, which do not require the differentiated
force information. The condition of the experiment and the
results are shown in Fig. 15 and Fig. 16 respectively. The ar-
rows and numbers indicated in Fig. 16(a) and (b) represent
the directions and sequence of the character as it was traced.
The average velocity of tracing the character in Fig. 16 was
3.37+0.644 cm/s. In the conventional method, errors oc-
curred in the contact point where the tracing of each line
terminated as shown in Fig. 16. The proposed method, on the
other hand, reduced the error compared with the conventional
method. The standard deviation at the moments of touching
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releasing in each line of character

and releasing in each line of the character is shown in Fig. 17
as a quantitative rating. Using the assumption that the time
change of the contact point at the moments of touching and
releasing is not considerably large, the standard deviation in
Fig. 17 is related to the error of the calculated contact point.
The above results indicated the accuracy of the contact point
calculation was improved by using the proposed method.

6. Conclusion

This paper has described the development of a method for
Haptic Desk with the accurate contact point calculation using
the force information and the differentiated force informa-
tion properly. The experimental results have indicated that
the accuracy of the contact point calculation using the differ-
entiated force information was higher than the one using the
force information when external force was small. Besides,
the standard deviations of the contact point calculation using
the proposed method have been reduced. From the above re-
sults, it was confirmed the improved accuracy of the contact
point calculation in haptic interface.
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