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Abstract

In many manufacturing processes, the human operator could per-
form its task well and swiftly, if it could acquire sensory information
helpful to the performance effectively. In such situations, high fre-
quency components contained in the sensory information (feedback
signal to the operator) must be suppressed, because the operator
cannot recognize and respond them. In this research, the cut-off
frequency of low pass filter in active visual feedback system has
been investigated. The objective manufacturing operation is to make
a small-diameter hole onto an aluminum workpiece with a carbide
drill and the feedback information is cutting force. As the results,
from the points of operating efficiency, workload and fatigue of the

operators, it is found that the optimum cut-off frequency exists.

1 Introduction

In recent years, the role of human operators is still indispensable
from the viewpoints of flexibility to a wide range of objective opera-
tion and adaptability in emergency situation. The abilities of human
operators are closely related to the information acquisition ability
through their sense organs. If the operators could acquire sensory
information relevant to the operation actively by using a special
device, they could improve their ability further more. The authors
have been investigating the behavior of sensory feedback so far
and developed several devices for active auditory, force sensory
and visual feedback of minute cutting force in manufacturing with

manual machine tools[1-4]. In active sensory feedback systems,

high frequency components contained in the feedback signal to the
operator must be suppressed, because the operator cannot recog-
nize and respond them. To suppress them, a low pass filter is ap-
plied. However, the optimum filtering condition has not been clari-
fied yet. Hence, in this paper, the effect of filtration in active visual

feedback system has been investigated.

2 Objective task and active visual feedback system

The objective task is to make a small-diameter blind hole onto an
aluminum workpiece with a carbide drill. The cutting conditions are
shown in Table 1. This is a difficult task for even skilled operators
as well as unskilled ones, because the drill flutes are apt to be
choked with the cutting chip and the drill often breaks. As a ma-
chine tool, an NC milling machine in manual operation mode was
adopted in order to remove the influence of force sensory feedback.
That is to say, since its handwheel is just connected with a pulse
generator for spindle feed, the operator cannot feel cutting force
through the handwheel at all. In addition, no auditory feedback ex-
ists either, because loud sound of the main spindle motor prevents
the operator from hearing cutting sound. Accordingly, only the vi-
sual feedback, or view of the cutting chip flow, drill breakage, etc.,
exists basically in this task.

Figure 1 shows the active visual feedback system of cutting force
for drilling. As the feedback information, the force signal is selected
because it is very important for the operator to complete the task

safely and swiftly. The force is detected with a strain gauge type



Table 1 Conditions of objective task

Cutting tool Carbide drill ()1 mm)

Workpiece Easy machinable aluminum ()5 mm)
Approach distance 5 mm

Depth of hole 5 mm

Rotational speed 500 rpm

Machine tool

NC milling machine MAKINO AV |l NC-85

(Manual operation mode with a handwheel)

dynamometer and input to a personal computer. The computer pro-
cesses the force information and displays it as a sector chart on a
screen of a monocular HMD (Data glass, Shimazdu Corporation)
which the operator wears. The operator can see the drill and
workpiece themselves through HMD because it is a see-through
see-around type one.The cutting force displayed by sector chart on
HMD is either thrust (axial) component or torque (rotational) com-
ponent. In this paper, only thrust component has been discussed,
because envelope calculation is necessary in the feedback of torque
signal [4] and the calculation itself has low pass filtering effect. The
right photo in Fig.1 shows a sample image which the operator get
while drilling. The sector chart is selected because it is effective in
improvement of operating efficiency [4]. The sector angle corre-
sponds to the cutting force. The chart size and position in the dis-
play screen can be adjusted as the operator likes. The sector angle
of 135° corresponds to the critical cutting (thrust) force 40N at which
the tool breakage often occurs. The pattern color is changed into 3
steps as shown in Table 2 and the operator can roughly recognize
the magnitude of cutting force by the color change too. In addition,

the high operating efficiency without drill breakage will be achieved

if the sector angle is near the middle of yellow area, or sector angle
112.5°

Figure 2 shows the cutting force signal detected with the dyna-
mometer. Though a second order Batterworth low pass filter of 1 Hz
inside a strain amplifier is used for the measurement, the fluctuation
caused by rotation of the drill (8.33r/s) still appears because of
dominant component in the signal. To suppress the high frequency
component sufficiently, FIR low pass filter[5] was examined in this
research. The filtration is done in PC by a software. Figure 3 shows
the transmissibility of FIR low pass filter examined. The filter cuts
off sharply the component over the double cut-off frequency, though

the gain at the cut-off frequency is only -7dB.

3. Influence of cut-off frequency on performance

By preliminary experiments, 1,2,3 and 5Hz have been chosen as
the cut-off frequency of FIR low pass filter to be examined. Subjects
were 6 twenties- or thirties-aged male adults. The time of complet-
ing a task was about 8 to 20 seconds for all subjects. Before the
real experiment, all subjects had practiced the tasks under various

conditions many times in order to accustom themselves to the vi-
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Fig.1 Active visual feedback system using using monocular HMD for minute drilling
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Fig.2 Cutting force signal

sual feedback with HMD. As a set of experiments, a subject ex-
ecuted 20 tasks one after another under the same filtering condi-
tion. A set of experiments under a filtering condition followed an-
other set of experiments under different filtering condition with over
ten minutes recess. The filtering condition was selected in random
order. For each task, the subject is requested to complete it as
swiftly as possible without drill breakage.

The performance of a task is evaluated by the following index;
where rrepresents the distance from the drill point position at time
tto its final position, and T represents total time consumption for the

task.

T
/=J |r] tdt (1)

0

For measuring the distance r, a rotary encoder is attached on the
handwheel as shown in Figure 1. When the drill happened to break,
the task was regarded as “failed” and the index value was not evalu-
ated. Besides the performance, the subjective symptom of the tasks
as workload was evaluated using NASA-TLX [6] after each set of
experiments. As the indexes of mental stress and fatigue, elec-

tromyogram (EMG) of forehead of the operator in eye closing state

Table 2 Display pattern color

Sector angle

0°-110°

110°-135°

135°-360°

Pattern color

Green

Yellow

Red

Gain dB
o
o

-200

o

-400

Phase

-600

-800

0.1 02 04 06 1 2 4 6 10

Frequency nomarized by cut-off frequency

Fig.3 Transmissibility of FIR low pass filter

and critical fricker fusion value (CFF) were measured before all

tasks and every five tasks.
Figures 4 to 7 show the experimental results. Figure 4 shows

average performance index / of the 6- to 20-th tasks. The reason

why the data of the first to fifth tasks were omitted in calculation of
the average is that the index / goes to an steady value at the sixth
task for almost all subjects and filtering conditions. As seen in this
figure, the cut-off frequency fc=2Hz provides the best operating effi-
ciency for all subjects and fc=1Hz provides the worst operating effi-
ciency. In addition, it should be noticed that the performance of
fc=1Hz is quite worse than that of fc=3Hz, though the frequency
difference from fc=2Hz is the same. This result comes from the
difference of the time delay corresponding to phase shift; 0.8 s for
fc=1 Hz and 0.18 s for fc=3Hz. Large time delay naturally leads to low
maneuverability.

Figure 5 shows the average weighted workload by NASA-TLX.
Low value of the workload indicates comfortability of the subject
while task, and high value does difficulty of the task. In the figure,
the minimum value appears in the case of fc=2Hz for almost all
subjects, similarly to that of the average performance index. This
fact means that the condition which improves the operating effi-
ciency can reduce the workload. Figure 6 shows the variation ratio
of CFF[7]. Positive value of the ratio indicates the increase of men-
tal fatigue by the tasks and negative value does the increase of
arousal level without fatigue. In this figure, the minimum value also
appears in the case of fc=2Hz. Figure 7 shows the average EMG of
forehead while 20 tasks. From this figure, it is seen that the mental

tress increased with the cut-off frequency for almost all subjects. It
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is considered that the fast variation of sector angle might cause the
increase of mental stress.

From the results mentioned above, it can be concluded that the
optimum cut-off frequency for the objective task with active visual

feedback is 2Hz.

4. Evaluation of human characteristic in active visual
feedback

The active visual feedback system for the objective task can be
expressed in the form of block diagram as shown in Fig.8. The
nomenclatures used are as follows:

OLr . Target angle of sector chart (=122.5°)

AOL : Sector angle error (=OCp-OC)

(0 . Handle rotation speed (ps)

f : Cutting force (N)

OLi . Sector angle to be displayed (o)

Hg) : Human characteristics

Aps) : Cutting process (relation between handle rotation speed and
cutting force (N/rps) )

Be) : Visual feedback process (relation between cutting force and
sector angle (O/N))

(0 Noise signal (o)

q -

Ol : Actual sector including noise signal (o)

S : Laplace operator

The operator’s task is to detect the difference between the target
and current sector angles, and to rotate the handwheel so as to
reduce the difference. There must be some relation between the
optimum cut-off frequency derived in the previous section and the
human characteristics in operator’s task. To investigate it, the hu-
man characteristics H(s) or the coherence function related with it
was evaluated by simulating the cutting process A(s) with a con-
stant 367.7 [N/rps] and applying 0.5-5Hz charp signal as the noise.
The constant and range of charp signal were determined on the
basis of experimental results. As shown in Fig.9, the charp signal
was put into the system after 2 seconds from the start of the opera-
tion. The example of changes in the sector angle a and the rota-
tional speed (0 of one subject is shown in Fig.10. The data from 2 s
to 25 s were Fourier-transformed and the human characteristics
was evaluated. Figure 11 shows the coherence plots between Ao
and (0 of all subjects. Since the coherence is a correlation coeffi-
cient between the input and output, the human characteristics can
be evaluated by the frequency at which the value crosses 0.5. From

this figure, it is obvious that the frequency is 1.7 to 2.0 Hz. In other

words, each subject can be a controller for the frequency range
below about 2 Hz. Therefore, the cut-off frequency of low pass filter

for the objective task should be 2 Hz.

5. Conclusions
In this study, the cut-off frequency of low pass filter in active
visual feedback system has been investigated. The objective task is
small-diameter drilling with sector chart type visual feedback of cut-
ting force. Main conclusions obtained are summarized as follows.
(1)The optimum cut-off frequency which provides the maximum
operating efficiency exists.
(2)The optimum cut-off frequency can minimize the mental workload
and the fatigue.
(3)The human characteristics measured by using a simply simu-
lated cutting process and charp noise explains the existence

of the optimum cut-off frequency very well.
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