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Modeling of Hydraulic Systems, Courtesy of MathWorks, Inc.)
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Study on Energy Efficiency of Water Hydraulic Fluid Switching Transmission
(2nd report: Improvement of Performance with Dynamic Simulator)

Wataru KOBAYASHI, Kazuhisa ITO, Shigeru IKEO, Tsuyoshi YAMADA, Takumi WAIDA

A Water hydraulic Fluid Switching Transmission (FST) has many merits such as lower environmental load and lower
energy loss. Especially, when combined with energy recovery, its energy efficiency can be improved considerably. In this
research, the feasibility of a FST system was examined: in the first report, the rotational velocity control performance and
kinematic energy regeneration were discussed. As a result, it was shown from experimental results that the error rate
during a constant phase was within 5 percent and the recovered energy during a deceleration phase was more than 30
percent of the kinetic energy of the rotating load.

In this paper, the design simulator of the FST system was evaluated. First, a mathematical model of water hydraulic
FST was derived in order to examine the rotational velocity control performance. Then the simulated system behaviors
were compared with the experimental results. Since the results showed good agreement, the validity of the proposed
mathematical model was confirmed. Moreover, the effects of design parameters of a FST system were also examined using
the simulator.

Key words : Water hydraulics, FST, Energy recovery, ON/OFF valve, Accumulator, Flywheel
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Table 1 Simulation results of flywheel velocity wpy

@ i @ ax €min €max
[rpm] [rpm] [%] [%]
Experiment 768 836 394 453
Simulation 764 832 3.58 4.25
Table 2 Simulation results of energy efficiency 7,
@ const Ery Erecovery m
[rpm] [kJ] [kJ] (%]
Experiment 801 5.52 1.79 34.2
Simulation 800 551 1.78 324
Table 3 Simulation results of energy efficiency 7,
Wonst Egp o E ccovery M2
[rpm] [kJ] [kJ] (%]
Experiment 801 12.1 1.79 155
Simulation 800 124 1.78 144
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Table 4 Simulation results for different time constant

Time constant [ms] 63 0
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Table 5 Comparison of energy efficiency for different
precharge pressure

Experiment Simulation
a6 | %) | o %] | o L]
6.0 347 76 34.2 6.1
7.2 349 10.0 34.2 9.8
84 34.2 155 344 14.8
9.6 34.6 22.1 34.6 225
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Table 6 Comparison of energy efficiency for different
accumulator volume

v, [L] m [%] 1y %]
6 32.6 171
8 32.2 153
10 324 144
12 32.5 138
14 32.6 133
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Operational Evaluation of a Construction Robot Tele-operation
with Force Feedback
- Evaluation of Tele-robotic Force Perception using Auditory Feedback -

Ahmad Anas YUSOF ", Takuya KAWAMURA ™, Hironao YAMADA"™

The purpose of this study is to evaluate tele-robotic force perception using auditory feedback, which is based on a
master-slave control system for a hydraulic construction robot tele-operation. The system consists of two joysticks, which
control the boom, arm, swing and grapple’s movement of the construction robot. During tele-operation, operators need to
feel a realistic sense of task force brought about by a feedback force from the grapple. The force is detected by using
hydraulic pressure sensors, which are easily influenced by cylinders’ frictions and cyclic loading effects. The effects create
difficulties for the operators to detect small changes within the reaction force, which influence their performance in
grasping task. To improve operators’ performance, we propose a solution by compensating the insufficient master-slave
force feedback information with auditory feedback. Sonification method is used for mapping force gain to sound tempo. The
results are observed in the driving force, and analyzed by using gripping risk index, task completion time and subjective
workload, under various cases of feedback interfaces and different types of materials. We conclude that the presence of
auditory feedback has the potential to improve force perception, and thus operators’ performance in construction robot tele-
operation.

Key words : Construction Machinery, Manipulator, Force and Auditory Feedback, Master-Slave Control, Data Sonification

. cyclic loading effects during the sliding movement of the
1. Introduction

Construction robot tele-operation is useful in restoring
damaged areas and in extreme environments such as space,
seabed and deep underground. Practical restorations using
various tele-operation systems have been tested in Japan for
volcanic and earthquake disaster applications, e.g, unattended
construction in the recovery work after the disastrous
eruption on Mount Unzen Fugen Dake and Miyakejima”.
We studied a master-slave control system for construction
robot tele-operation using two force feedback joysticks as the
master and the construction robot as the slave”. To improve
controllability, we focused on the representation of reaction
force using position-velocity control method”. The reaction
force can be detected by using either pressure or force
sensors. In the research, we use pressure sensors, instead of
force sensors, to detect the reaction force. Force sensors are
not used, since they are easily broken, hard to maintain and
not commonly used in hydraulic construction machines for
force detection. On the other hand, pressure sensors are

more robust, but they are easily influenced by frictions and

*Manuscript received March 29, 2011
**Research Center for Human Medical Engineering, Gifu
University, Yanagido 1-1, 501-1193 Gifu City, JAPAN.
(E-mail : ibnuyusof@yahoo.com)
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cylinders, which reduces the operators’ sensitivity to perceive

the changes in the reaction force. During tele-operation test,

we have discovered that operators’ perception and sensitivity
to reaction force are influenced by various conditions such as,

(a)  Grasping contact : At the moment of grasping contact, the
reaction force is insufficient and often undetectable to
operators’ sensory receptors.

(b) Soft objects grasping : Soft objects, e.g, tires and foams,
provide inadequate reaction force for operators
perception. The force can only be recognized when the
objects are extensively grasped.

(¢) Fragile objects grasping : Fragile objects, e.g, ceramics and
tin cans, cause tele-operation dilemma, by forcing the
operators to work carefully with inadequate reaction
force, in order to avoid breaking the fragile objects.

By conventional method, perception of inadequate reaction
force can be improved by increasing joysticks' gains, thus
amplifying the amount of reaction torque, z. However,
unsuitable gain values may result in negative effects, such as
unpleasant increase in joysticks stiffness. Consequently, the
stiffness will lead to the increase of operators fatigue and

. 4
wearmess )

, particularly while handling hard objects, eg,
concrete blocks. Thus, we propose an improved master-
slave control system using sonification method”.

To enhance operators perception of the slightest changes
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in grapple’s grasping pressure and forces, and to compensate
for the insufficient reaction force, we propose a master-
slave control method for construction robot tele-operation
with combined force and auditory feedback system. A
method called sonification is used for mapping the driving
force gain to specific sound tempo. The sound tempo is
created by changing the duration of the selected audio
signals. The signals are then presented to the operators with
respect to the changes in the driving force, at 445Hz of
frequency, with adjustable volume for operators” comfort. To
observe the effects, gripping risk index, task completion time
and subjective workload are measured and analyzed under
various cases of feedback interfaces and different types of
materials. The results validate that the audio signals provide
rapid alarm and alertness, and improve operators’ control and
awareness while operating the robot.

2. Nomenclature

A : Amplitude of travelling waves [-]
a,,a,: Cap and rod side of piston’s area [m’]
a; : Audio signals [BPM]
1/ o Frequency of travelling waves [Hz]
f. . Driving force of the slave [N]
Jomee © Maximum extension driving force [N]
Jemae © Maximum retraction driving force [N]
e  Precalculated driving force [N]
k,, : Proportional gain of master [Nm]
k, : Proportional gain of slave [Vl
k,, : Torque gain of master [m]
p.p.. Cap and rod side of cylinder's pressure [Pa]
p, . Hydraulic pressure supply [Pa]
Skeg © Audio signals’ frequency [Hz]
Sy + Audio signals’ tempo [BPM]
Sy Audio signals’ volume [-]
T . Force gain [-]
7, : Input torque to the joystick [Nm]
7. : Reaction torque from the joystick [Nm]
u; : Control input to slave [V]
V. : Cylindersnon-dimensional velocity [-]
Y, : Joysticksnon-dimensional displacement [-]

3. Master-Slave Control

Figure 1 illustrates the experimental apparatus, which is
based on a bilateral master-slave control system. Here, the
master is the joysticks and the slave system is the
construction robot. The master system is controlled by an
operator and consists mainly of a manipulator and a screen.

The manipulation is done by viewing images projected on

HAE 1
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the screen, which are captured by using a webcam and a
stereo vision camera. The data is transferred to Graphic PC,
which acts as a visual and sound processing unit. The
auditory feedback is processed and presented to the
operators through surround sound speakers. The visual
information of the manipulation is presented in the form of
real and virtual views of the construction robot and the
objects. Through servovalves, the robot is controlled by
Control PC, which receives data from the joysticks. Fig. 2
describes joysticks control over the boom, arm, swing and
grapple’s movement. The driving force acting on the cylinder
during the grasping process is described in Fig. 3, which can
be represented by,
f=a.p.—a.p, (1)
The grapple’s driving force, f;, provides the force feedback
to the joysticks, which is represented by reaction torque, z.
The reaction torque, z, emerges when non-dimensional force

gain T, is more than zero, and represented by,

7= Tk, (Y, = V) +k, [} (2)
0 it (] <14D
T= o<ﬂ<1 if (£ >0Nf >f.) (3)
o<ﬂf‘m;i’f;<1 if (£, <0Nf<f.)

Joystick Coutrol PC Grapluc PC

LT

Speaker

Grapphe cylnder ﬂ}
[ Grapple =
D,

Construction robot | 77

Fig. 1

Test bed for the experiment

Left

@): Boom

@: Swing @ Arm

@:  Grapple

Fig. 2 Joysticks' control for the construction robot
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essure
Sensar

Fig. 3 The interaction of forces in the cylinder

The force gain 7 parameter changes according to the
changes in the actual driving force, £, and a pre-calculated
threshold force, £,., as described in Fig. 4.

12 9 £, fore [kN]

1 ® f,:. Experiment

i ﬁ)re

-12
Fig. 4 Velocity V, vs. driving force f;

The use of threshold force, f,., provides a velocity-
dependent motion, which enables the operators to perceive
the reaction force with improved sensitivity, when an object
is grasped. The parameter for f,. is acquired by using least
square method, as described in Eq. (4).

p _{(8.91@%461@ +0.6) x10°  if (,>0)
pre

_sop? _ . (4)
(5.9 + 544V, - 0.6) x 10" if (V, <0).

4. Proposed Auditory Feedback System

In the proposed system, force gain 7T is mapped” with
audio signals in order to enhance operators perception of the

changes in the pressure and force, due to the grasping

Fig. 6 Superposition of sound waves

HAE 1

process. The audio signals are created by the mixing of two
travelling sine waves of audio signals, with slightly different
frequencies, as illustrated in Figs. 5 and 6. The mixing waves
can be represented by Egs. (5) to (8),

y =2A4sin (ZE(JII;_fz)thos [277(f1;f2)t) (

5)

S =24, (6)
SFreq:(fi +fé)/2 <7>
Temp (60><n)/t <8>

where 4 is the waves amplitude, f; and f, is the different
frequencies, Sy, Sk, and Sy, is the audio signals’ volume,
frequency and tempo, and 7 is the number of beat waves in
one duration of the presented signals, ¢ In the experiment,
we concentrate on the use of sound tempo, Sz, to
compensate for the insufficient reaction force perceived
during the grasping process. The tempo is the speed of the
presented audio signals. It is represented by two beat waves,
with particular duration, as illustrated in Fig. 7. Thus, in the
experiment, the operators perceive that the faster the tempo
is, the higher the driving force during the grasping process.

<) «memwwwmwu €

=35

Fig. 7 Example of two beats in three seconds of audio
signals duration. (40 beats per minute)

Two types of sound tempo are used in the test. The first
type, designated as Type I, refers to the usage of a single,
constant sound tempo of 80 beats per minute, which changes
according to force gain 7. Type II uses variable sound tempo
at 80-120-180 beats per minute, which is mapped to several
force gain 7. Both types are described in Egs. (9) and (10).

0 it ((7=0)
STcmp: . (9>
80BPM if (0<T <1.0).
0 it ( T=0 )
80 BPM if (0 <7<04)
STemp: (10)

120BPM if (04<T7<06)
180BPM if (06<T7<10).

Thus, in the experiment, the audio signals are represented
by sound tempo, frequency and volume, as follows,
af = {S Temps SF;eqv N V()l}' <1 ]'>
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¥
T Master system =
Input (Joystick)
T, +
Force
Feedback
Position-
gy 9
Audito 5 Velocity +
Fe edba?lrs Controller =
Sonification
k.
Force Slave system
Materials Interaction (Construction Robot, g

Fig 8 illustrates overall control of the proposed system.

5. Methodology

5.1 Procedure and analysis

Six subjects, ages between 23 and 34, participated in the
experiment, in which each operator remotely controlled the
construction robot in an isolated room. The isolation was
provided in order to create a remoteness scenario for the
operators. The operators controlled the robot by watching
the virtual and real view of the robot and the task area on a
screen, as illustrated in Fig. 9. Using the available feedbacks,
the operators were asked to safely transfer two objects from
original positions A and B, as illustrated in Fig. 10. At first,
the operators grasped the first object at position A, and
transferred the object to position C. Next, the operators were
instructed to move the grapple to position B, grasped the
second object, and then transferred the object to position D.

The operators were asked to use suitable amount of
driving force, while responding to different feedbacks and
force interactions. Two types of materials were used to
simulate the interaction, as illustrated in Fig. 11. The low
force interaction involved the use of two rectangular tin cans,
240 (W) x 100 (D) x 180 (H) mm, that would be demolished if
subjected to high force, while the high force interaction
involved the use of two concrete blocks, 300 (W) x 100 (D) x
190 (H) mm. The weight of the concrete blocks and the tin
cans were 86 kg and 04 kg, respectively. The experiment
was categorized into five cases of feedbacks, and tested with
low and high force interactions:

a. Force feedback (Case 1)
b. Auditory feedback - Type I (Case 2)
c. Collective feedback — Type I (Case 3)
d. Auditory feedback - Type I (Case 4)
e. Collective feedback - Type II (Case 5)

Our analysis is based on the gripping risk index, task
completion time and subjective workload questionnaires. The

measurements of the gripping risk and time performance are

HAE 1

Fig. 9 Visual feedback for tele-operation test

wmm [ oaded manipulation
uny Unlpaded manipulation

Fig. 10 Task area and tele-manipulation steps

L " j (A) Experiment
RGN (B (C) (D) (E) starts

-1 (B) Transferring
object no. 1

(C) Moving to
object no. 2

(D) Transferring
object no. 2

Driving Force, f; [kN]

; | (E) Experiment
300  ends

L
100
'rl :4—*: A Y E“—': A

Time [s]

Fig. 12 Example of maximum driving force, f,, of the
grapple during maximum grasping condition

based on the grapple’s driving force, as illustrated in Fig. 12.
5.2 Gripping risk index

The gripping risk index, GRI, is an index introduced to
measure the optimal ratio of average grasping force to a
reference force during the test. The higher the index, the
higher the risk of crushing and damaging the objects. The
risk can be represented by the following equation,
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GRI = Some . 12
-f;iref
where f, .. refers to the average grasping force,
1 B

———— ] f, (t)dt
(lz - tl) 4 A

fr0e=05 - 13
+ ————[ f, (t)adt

(ty = 13) 1,

and f; s refers to the reference driving force during contact,
which is identified by the increase of force gain 7,
fi=f, when T >0. (14)
5.3 Task completion time
Task completion time, 7CT, refers to the gripping process
duration of the objects. The duration of grasping contact is
used for time performance evaluation,
TCT=(t,— t;) + (t,— 1)). (15
54 Workload
The task workload is evaluated using the NASA Task
Load Index (TLX), a standard subjective workload rating
technique designed by NASA”. The workload is defined as
the cost incurred by the operators to achieve a specific level
of performance, and measured by the sum of pairwise
comparison of the load source weight, W, and the magnitude
of the load rating, R. The subscales load sources, which
contribute to the overall workload, are individual's mental
demand, MD, physical demand, PD, temporal demand, TD,
performance, PF, effort, EF, and frustration, FR. The overall
workload can be represented as follows,
Workload = %i W.R, , (16)
i=1
where n = 15 pairs, and WR,, W,R,, -*-, W R, are mental
demand, physical demand, temporal demand, performance,

effort and frustration, respectively.
6. Results and Discussion

The results are explained with mean and standard
deviation value (mean * standard deviation). Non-parametric
test, with significant level of (P < 005) is used in the
comparisons. Figs.13 and 14 demonstrate single operator's
results of grasping one concrete block in Cases 3 and 5,
which describe the effectiveness of Type I and II auditory
feedbacks in collective use with force feedback.

In Fig 13, position (A)

movement in free space, (B) describes the grasping process of

describes unloaded grapple

the blocks and (C) describes the releasing process of the
blocks and the manipulation for the next object. In Fig. 13 (a),
at (B), the operator initially noticed the contact with the block
after hearing the audio signals around ¢ = 66s. Fig. 13 (b)

HAE 1

2 T 200

(A) B (© _
=L =T &
. - ar 4100 a

0 L '} 1 0

0 30 60 90 120

t[s]

(a) The force gain and audio signals

1 @ [® © 1
— o f‘; 9 1 E
& z
b &

t[s]

(b) The piston’s driving force and reaction on the joystick

Fig. 13 Grasping a concrete block with the Case 3 interface

2 ' ——— 200
(A) ® © .
- | r :.' _1005
ST [ ar : .E.
0 : : 0
0 30 60 9 120
t[s]

(a) The force gain and audio signals

t[s]

(b) The piston’s driving force and reaction on the joystick

Fig. 14 Grasping a concrete block with the Case 5 interface

reveals that the operator controlled the grasp with 5 kN of
driving force for 15s. The operator later released the block,
but not before he increased the force to 55 kN for 5s. Here,
the audio signals seem to increase the situational awareness
of the contact in between the objects and the grapple, but
not the changes of the force during the grasping process.
Although he felt the grasp, it is not easy for him to become
aware of any sudden changes of driving force during the
grasping process, since Type 1 auditory feedback only
provides a constant tempo throughout the process. Thus, he
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had to coordinate suitable displacement for the joystick, with
limited control, and by perceiving the information with other
available feedback during the tele-operation.

In Type II auditory feedback, the mapping of sound tempo
to respective force gain was improved and demonstrated in
Case 5. In Fig. 14 at (B), while grasping the block, the operator
noticed the contact after hearing the slowest tempo of 80
BPM around ¢ = 63s. Later on, upon listening to the fastest
tempo of 180 BPM, the operator reduced the grasp, and
continued by reducing the grasp while hearing intermediate
tempo of 120 BPM. The operator later grasped the block for
28s, with sustained driving force of 25 kN, while listening to
80 BPM of tempo. In this situation, the reaction torque on the
joystick helps the operator to feel the grasping effect, and the
improved variation of the audio signals helps the operator to
optimize the necessary grasping force on the block, without
crushing or accidentally releasing it. The combined feedbacks
provide safe and sustainable grasp throughout the process.
Furthermore,

inadequate reaction force during the grasping and releasing

the audio signals compensate for the

process, and this produces satisfactory effects which results
in the reduction of the grasping risk. Comprehensive and
detailed comparisons of all cases are represented in the next
sub-section.

6.1 Gripping risk index

Figure 15 illustrates overall operators gripping risk index
during high force interaction of concrete blocks” manipulation.
Case 2 had the highest mean gripping risk (119 = 1.1),
followed by Case 1 61 = 39), Case 4 56 = 09), Case 3 4.3
+ 16) and Case 5 @0 = 14). Significant differences among
the cases were reported (Kruskal-Wallis test, P = 0005).
From the figure, the reduction of the gripping risk in Cases 3
and 5 in comparison to Cases 2 and 4 suggests that the
collective use of sound and force feedback provides additional
support during the manipulation. In non-collective feedbacks,
the high risk in Case 2 reveals that the use of Type I
auditory feedback Is inappropriate in detecting forces
variation. On the contrary, the low risk results revealed by
Case 4 indicates that the use of Type II auditory feedback
(variable tempo), instead of Type I (single tempo), plays
significant roles in reducing the risk. Furthermore, the
combination of force feedback and Type II auditory feedback
in Case 5 provides additional assistance in operators
perception of the force.

In Fig 16, during the low force interaction, Case 1 5.7 =
10) provided the highest risk, followed by Case 2 (33 + 1.3),
Case 4 (24 = 07), Case 3 (21 = 04) and Case 5 (18 *= 06)
respectively. Significant differences were found among the
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Gripping Risk Index [-]
=
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1 L 1 L

Case3 Cased4 Cases
(Kruskal-Wallis test, P = 0.005)

Casel Case2

Fig. 15 Gripping risk index during the high force
interaction

Gripping Risk Index [-]
S e N W o h S -1 W

Casel Case2? (Case3 Cased CaseS
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Fig. 16 Gripping risk index during the low force
interaction

cases (Kruskal-Wallis test, P = 0003). Here, the highest risk in
Case 1 suggests that insufficient force variation is not easily
perceived by most operators. The effect can be seen clearly
by the large deformation of the tin cans used in the
experiments. Non-collective Case 2, with Type I auditory
feedback had better performance than Case 1. This is
followed by the non-collective Case 4, with Type II auditory
feedback, which provided better contact and perception of
force variation. The use of collective feedbacks in Cases 3 and
5 has resulted in a lower risk, since both cases have facilitated
better sensitivity to the grasping sensation and mental
awareness of the manipulation process, compared to the
previous cases.
6.2 Task completion time

Figure 17 reveals the reduction in operators task
completion time for the high force interaction. Case 1 (4 =
10s) required the longest completion time, followed by Case 2
(79 £ 11s), Case 3 (72 = 9s), Case 4 (69 £ 12s) and Case 5 (61
+ 11s) respectively. Significant differences were detected
among the cases (Kruskal-Wallis test, P = 0025). Fig. 18
llustrates the task completion time for the low force
interaction. The results reveal that Case 1 (67 * 6s) required
the longest completion time, followed by Case 3 (4 * 8s),
Case 5 (61 = 8s), Case 2 B8 * 7s) and Case 4 (53 * 5s),
respectively (Kruskal-Wallis test, P = 0019). In Fig. 17, the
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shortest time performance was recorded when the collective
Case 5 was used during the concrete block manipulation.
However, as illustrated in Fig. 18, when collective feedbacks
were used during the tin can manipulation, a longer time was
required for completion, as seen in Cases 3 and 5 We
conclude that although auditory feedback expedited the
perception of the contact force in Cases 3 and 5, the delay in
understanding the insufficient force variation and the burden
of coordinating the feedback information during the
manipulation may lead to perception overload, and
consequently increases the essential time for task completion.
In contrast, the non-collective feedbacks of Cases 2 and 4 in
Fig. 18 provided faster time performance, presumably due to
lower temporal requirements to perceive and identify force
variation during the manipulation process.

6.3 Workload

The operators’ workload during the high and low force
interaction is illustrated in Figs. 19 and 20. Reductions in
workload during the high force interaction are observed in
Fig 19, with Case 1 (62 = 9) providing the highest workload,
followed by Case 3 (61 + 12), Case 2 68 = 11), Case 4 (56 =
13) and Case 5 (48 =+ 10), respectively. This suggests that
sound helped the operators to reduce the workload while
performing the task. Significant differences were detected
among the cases (Kruskal-Wallis test, P= 0.043).

In Fig 20, Case 1 (71 = 12) provided the highest workload,
followed by Case 3 (67 = 14), Case 2 (65 = 17), Case 4 53 =
12) and Case 5 (47 = 11) respectively. The lowest workload
was measured in Case 5. Significant differences among the
cases (Kruskal-Wallis test, P = 0041) were observed. Figs. 19
and 20 reveal significant reductions in workload, especially
when audio signals in Type II were used. Here, Case 5 shows
reductions in total workload of 23% and 33% in the high and
low force interactions, compared to Case 1, respectively.
Pairwise comparison of Cases 5 versus 1 also reveals
significant result for high force interaction (Mann-Whitney U
test, P = 0004) and low force interaction (Mann-Whitney U
test, P = 001), respectively. In Fig 21, a detailed analysis of
NASA-TLX subscale workload is presented, by using
comparison of Cases 5 and 1 as an example. The dark
hexagonal pattern represents the workload calculated from
all six subscales’ load sources. In each pattern, smaller size
and value means less workload. In the high force interaction,
Fig2l(a) reveals that the integration of auditory feedback
reduces most demands, with the exception of mental demand
and frustration. It is possible that sound contributes to
excessive alertness, forcing the operators to be more
attentive while dealing with hard objects.

HAE 1
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Fig. 17 Task completion time during the high force

interaction
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Fig. 18 Task completion time during the low force

interaction
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Fig. 19 Workload during the high force interaction
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Fig. 20 Workload during the low force interaction

However, in cases of low force interaction, Fig. 21(b)
illustrates lower values on the same subscales for Case 5,
suggesting that the presence of audio signals overloaded
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Mann-Whitney U test, P = 0.004

Mann-Whitney U test, P = 0.01
(a) High force interaction  (b) Low force interaction

Fig. 21 Workload analysis based on subscale load sources

certain load sources in the manipulation of hard concrete
blocks, compared to the manipulation of soft tin cans. The
figure also reveals maximum performance and large overall
workload reduction during the manipulation of the tin cans.
This indicates that the presence of auditory feedback is
important and compulsory in the manipulation of delicate
objects, since it improves situational and grasping awareness.

7. Conclusion

We have evaluated a method for improving tele-robotic
force perception by using auditory feedback. In master-slave
control for construction robot tele-operation, the operators
need to feel a realistic sense of task force brought about by a
feedback force from the grapple. The force is detected by
using hydraulic pressure sensors, which are easily influenced
by cylinders’ frictions and cyclic loading effects. The effects
create difficulties for the operators to detect small changes
within the reaction force, which influence their performance
in grasping task. To improve operators performance, we
propose a solution by compensating the insufficient master-
slave force feedback information with auditory feedback.

Several cases of feedbacks with low and high force

HAE 1

interactions are tested. Experimental results demonstrate the
feasibility of our proposal. The integration produces sufficient
assistance in dealing with various types of materials, and also
facilitates a quick detection of contact force. We verify that
the presence of auditory feedback has the potential to
improve force perception, and thus operators” performance in
construction robot tele-operation.
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A base parameter identification method and
model validation for hydraulic arms

Yuzo MAESHIMA, Satoru SAKAIL Minoru NAKANISHI, Koichi OSUKA

This paper proposes a base parameter identification method for hydraulic arms. First, the state-space equation of

hydraulic arms is converted into a linear equation with respect to base parameters which are a set of unknown parameters

such as the flow coefficient, the pipeline volume and the internal leakage coefficient. Second, a new parameter identification

method is proposed based on the linear equation. Finally, the validity of the proposed method is confirmed via the model

validation using an actual arm. By the proposed method, not only the arm position, but also the pressures of the actual arm

are close to those of the nonlinear model which is constructed from the identified parameters. Especially, a characteristic

response of the actual pressures is also generated by the nonlinear model.

Key words : Parameter identification, Nonlinear system, Fluid power system, Fluid power engineering, Robotics
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Table 1 Parameters
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B Damping coefficient Identified | (N-s/m)
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