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Vibration Problems in Mechatronics

S. CHONAN and Z.W. JIANG
Department of Aeronautics and Space

Engineering. Tohoku University, Sendai, Japan.

| . Introduction

Advances in technology have accelerated
the development of machines and instru-
ments that make the features of high-speed
operation and less energy consumption. To
meet such requirements their constituents
should be designed simple and light. which
necessarily means that the total system
rigidity is decreased and the constituents are
easily excited by the internal as well as the
external disturbances.

This note is an introduction to the vib-
ration phenomena that are commonly
observed on the modern electro-mechanical
machinery. together with the recommended
countermeasures to control the system
vibrations.

I. Axially Moving Blades

The problem of axially moving materials is
a subject of technological interest since many
such materials are observed in manufacturing
industries. '

Some decades ago, the typical examples
were rolled threadlines and steelbelts. and

bandsaw blades cutting the lumber. Nowa-
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days they are observed in the form of
magnetic tapes in the information storage
system. and multi-band saws and wire saws
slicing the silicon ingot. These axially
running materials are modeled in general as
shown in Figure 1.
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Fig. 1.

Ro

Axially moving strip with mass-
spring-dashpot system.

The thin blade is moving with a constant
speed c¢ in the positive axial direction.
Further, a space-fixed mass-spring-dashpot
system is being attached to the blade at the
point(xo. yo). The attached aditional system
is, for sample, the magnetic head reading or
writing data from the running tape. To study
the dynamics of the system. it is necessary
first to formulate the problem. Commonly,
the analysis is started.from the construction
of the governing equations. The equation of
the motion of the blade described with
respect to the co-ordinate frame fixed in
space is.""
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DViw+y(cd/dx+d!dt)w—N.dw/dx
=—[(md* 1 I + 7,013 t+k)WIS(x — x,)8(y — ¥,)
where (1)
Vi=(3* /X +d* 1 ay).

D= ER /12(1-V?),

N, =R,/ b+(1-x)phc’.

Here, wis the lateral displacement of blade,
D is the flexural rigidity. E is the Young's
modulus. p is the mass density, v is the
Posson's ratio, and 7 is the external coeff-
icient of damping: h and b are the thickness
and width of blade. N: is the in—plane axial
tension, Ro is the initial tension.and c is the
running speed of blade: x(0 < x < 1) is the
stiffness of wheel support.'" Further. k: m:,
and 7 are the stiffness, mass and damping
coefficient of the space-fixed attached system.
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Fig. 2. Complex frequency-speeddiagram. x=1,

a=p [ph"/D]* v =c/[D/ph’]* ¢/b=10.0.
£/b500. (xo/¢. yo/b)=(0.5. 1.0), m+/ph’
=1.6667x10". k/h/D=0.08. v/[ph D]"*=
0.0. /[/h"1"*=0.0, Reh /D-0.17333.
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For the case of magnetic tapes and wire saws,
the flexural rigidity D is small compared
with their other physical parameters.and it is
generally assumed zero in the theoretical
analysis. Further.for the case of the wire.
the width b is small and 2w / 2y = 0 is
common-ly assumed in the analysis. The
solution of equation (1) is generally assumed
in the form

wixy.2)= 3, 3 X, LY, (A, (1), 2

sy

where Xm and Ym are the mode functions
satisfying the boundary conditions of the
blade. Substituting Eq.(2) into Eq.(1) and
applying the Galerkin method to the
resulting equations. one has a system of
simultaneous differnetial equations in Amn (%),
which are solvedby applying the conventional
methods of analysis on the free and forced
vibrations of the system.

Figures 2 (a) and (b)"" show the variations
of the real and imaginery parts of the
the
nondimensional axial speed of blade v.

frequency parameter @  versus
IMAG(a) is the natural frequency while
REAL(a) is the damping coefficient when the

time function is given in the form

A, =4, explaTl),

where
a=plph’ ! DI"*.T=t[ph’ | DI"**

The figure shows that the moving blade
has many natural frequencies and they are
increased or decreased depending on the
The
attached to the curve

moving speed of blade. symbol
1.2,

means that the frequency is the one for the

(m.n). m. n

mode with the m-and n-th vibration modes
in the x-and y-directions. respectivetly. In
the figure. v=1x 10° corresponds to the
actural moving speed of ¢ =15.7m/s for the
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blade. The(2.1)
monotonically with an increase of the speed

steel curve decrease
and becomes zero at v = 6x10%

It is well known that the system resonance
frequency corresponds to the natural fre-
quency. Thus, the zero natural frequency
means that the system encounters a
resonance(static resonance) when it is subjected
to a static load such as the reaction force from
the cutting lumber or the magnetic read/write
head. The moving speed of blade for which the
static resonance appears is generally referred to
as the critical speed.
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Fig. 3. Mode shapes of blade at the (a) first,
(b)second and (c)third critical speeds of
Fig. 2. The physical parameters are
same as Fig. 2.

When the moving speed is greatert han the
critical speed. the frequency has a positive
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real part and the amplitude of blade becomes
greater with time. which means that the
first critical speed is actually the maximum
operation speed for the axial moving
materials. The existence of the critical speed
is a feature characterizing the dynamics of
axially moving elastic materials. Figure 3
shows the mode shapes of the blade at the
critical speeds A. B and C given in Fig.2(a).
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Fig. 4. Axially moving saw subjected to
space-fixed reaction from workpiece.

The band saw or wire saw slicing a silicon
ingot is subjected to a static reaction force
from the ingot. Figure 4™ shows the axially
running saw blade subjected to a constant
lateral force P which is resting statically in
space. Figures 5 and 6" are the variations of
the blade deflection with an increase of the
axial speed v, In the figure, E is the Young ‘s
modulus. A the cross-sectional area. and N
the initial axial tension:. p is the mass
density. ¢ the length and A the thickness of
blade, respectively. v is the non-dimensional
running speed of blade and v=0.1 corresponds
to the actual speed of v=50m/s for the steel
sawblade.

The static lateral load is located at
xo(=x0//)=0.4 and shown with an arrow in the
figure. The blade is translating in the
positive x'(=xo/f) direction with a constant
speed. while the deformation pattern is time
invariant when observed from the space-fixed
coordinate frame. Every parts of the blade
follow the same path when they translate
from left to right. It is seen that the deforma-
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tion pattern and the response amplitude vary
considerably with an increase of the axial
tension and the running speed of blade.

Variation of displacement profile of
axially moving saw blade with
increasing axial tension &(=[EA]"'N).—,
Position of applied load: w=[EA/ph]w .
[E/pl'*=0.025.¢/h =100, x/f =0.4.

w*x |07

Fed

Fig. 6. Variation of displacement probile of
axially moving saw blade with
increasing axial speed A(=[E/p]"*v) —,
Position of applied load: w=[EA/ph] W.
¢/h=100. [EA]'N =0.0002. xo/¢ =0.4.
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Il . Rotating Circular Blades

The rotating circular blade is commonly
observed in manufacturing industies. It is the
fundamental element of machines such as the
steam and gas turbines, grinding wheels,
circular saws. and computer head disk
assemblies. Large amplitude transverse
vibration of the rotating blades can be a
cause of the fatigue failure of turbine
wheels, the cutting inaccuracy of grinding
and the head
tracking error to computer disk memory. [t is

wheels and circular saws,

therefore of technological importance to
investigate the dynamics of circular plates
and improve their durability and robustness

to the dynamic loading. "™

Fig. 7. Head-disk assembly.

Figure 7* shows a disk of outer radius a
and inner radius b rotating at a constant
angular speed £ in the clockwise direction.
In some cases. the disk system is excited by
an external axial or pitching displacement wo.
or it is subjected to an external cutting force
for the case of the saw blade. or the reaction
from the read/write head in the case of the
computer disk. For the spinning disk excited
in the transverse direction, three coordinate
frames are introduced in the theoretical
analysis. They are the frame rotating with
the disk but stationary in transverse
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direction (z.r.8). the frame rotating with the
disk and fixed on to the rotating disk (w,r.8)
and the frame fixed on to the rotating disk
but not rotating with the disk (u.r.7). The
radial coordinate r is common in three cases,
while the other coordinates are related each
other through z=w+wo, u=w and 6=7+2t, where
wo is the external displacement to the disk.

The equation of motion for a freely rotating
disk is written in the form

DViw+ phd®w /! It —(h/r{3/dr)

(Grdw/dr)y=(h!/r(d/ad6)=0,
where

Vi=[d*1dr*+3/rdr+d* 106,

D= ERr 1 12(1-v*).

Here w is the deflection. D the flexural
rigidity, E the Young s modulus, p the
density and v Poisson ‘s ratio. Further ¢ and
g are the centrifugal stresses due to the disk
rotation.

To solve Eq.(4), the coordinate is first
transformed to the space-fixed stationary
coordinate (u, r.7) and then the solution is
assumed in the form

u(r,mn,t)= ZZ[Cm"(t)cos(nn)

m=0n=0

+S, (Osin(nm)]R,, (1),

(5)

where Rmnare the mode functions of a non-
rotating disk satisfying the boundary
conditions. The rotating disk problem can be
solved by substituting Eq.(5) into Eq.(4)
further applying the Galerkin method to the
resulted equation.

Figure 8"” shows the nondimensional
natural frequencies @o of an aluminum blade
as functions of the nondimensional revolution
speed £o. The dashed lines show the experi-
mental results and the solid lines the
theoretical results. The symble (m. n) indicates
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the vibration modes with m nodal circles and
n nodal diameters. For example, (0,3) means
that the blade vibrates with 0 nodal circles
and 3 nodal diameters on the blade.

For the non-rotating disk (£20=0 ), just one
natural frequency is observed on each
vibration mode, while for the rotating disk
each mode other than (0.0) mode has two
frequencies. This is due to the fact that the
disk response is composed of two waves. the
progressive and the regressive waves. The
progressive wave travels in the same direction
as the disk rotation while the regressive wave
rotates in the opposite direction to the disk
rotation. For the (0.0) mode. the waves have
an infinite angular speed thereby no separate
waves observed. It may also be seen that the
upper frequency becomes greater while the
lower frequency decreases monotonically with
an increase of the rotation speed of disk. The
lower natural frequency decreases to zero at a
certain rotation speed generally referred to as
the critical speed, where the static divergence
instability appears on the blade. All vibration
modes except (0,0) and (0,1) have the critical
speed.

It depends on the radii ratio of the blade
b/a which mode brings the lowest critical
speed. where b and a are the inner and outer
radii of blade. The (0,2) mode has the lowest
critical speed for the disk with b/a=0 ~ 0.2 .
while it is transferred to (0.3) and (0. 4)
modes as b/a increases. ™

Figure 9* shows the response curve of a
rotating floppy disk which is subjected to an
axial excitation. Figure 9(a) is the response
of a freely rotating disk without a read/write
head and Fig.9(b) the case of a disk with
the head. Only the vibration mode with 0
nodal diameters appears on the disk(Fig.9a),
while all vibration modes are excited when
the head or the spring guide is attached to
the disk(Fig.9b).
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Fig. 8. Natural frequencies @0 as functions of
revolution speed Lo.

The disk unit is also installed in the
portable instrument. For a device such as the
video camera. the operation speed is
recommended to be 3600 rpm so that it
synchronizes with the TV scanning speed. In
the

head is attached to the rotating disk in two

the 2" disk system as given in Fig. 10"

ways. In one case. the head presses the disk
surface while the stabilizer pushes back the
disk from the other side. In the other case.
the system has no stabilizer and the head is
kept on the disk surface by the negative
pressure generated by the disk rotation. It is
well known that a flutter type of instability
appears on the disk depending on the
operation speed and the contact condition of
head to disk. The commanded operation

ER - it

(349)

218 B4R

speed of 2" floppy disk is 3600rpm. which is
much higher than the 1st critical speed.

, 8n

fa

(b) Disk with R/W head

Fig. 9. Deflection response of disk subjected
to axial excitation.

29]

Figure 11" shows the real part of disk
complex frequency ¢ versus the rotation speed
2. When the complex frequency has a real
part. a flutter-type instability appears on the
disk. Figure 11(a) is the case when the disk
is equipped with the head. No stable
operation speed is obtained when the rotation
speed £ exceeds the the critical speed A(224C
rpm). Figure 11(b) shows the case when an

optimum designed stabilizer was attached tc
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the disk from the opposite side of the head. It
is found that the unstable region was much
reduced and a stable region was formed around
the speed 3600 rpm. In general. the optimum
design of the stabilizer is an important problem
for the rotating flexible disk.
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Fig. 10. 2" disk drive unit.

1.6
1.2

8D
0.8
0.4
bo
0.4
-0.8

ACE
-1.2
-1.6

. L .
0 1000 2000 3000 4000
1 (rpm)

(a) Disk with a head

(350)

23

0.8
0.8
0.4}

0.2

a .

3000
ft (rpm)

2500 3500 4000

(b) Disk with an optimally designed stabilizer

Fig. 11. Real part ¢ of complex frequencies
versus rotation speed 2.
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Fg. 12. Variation of peak displacement of disk
versus duration of axial excitation.

With the development of information-
intensive culture, it has become commonly
observed that the electronic equipments are
subjected to mechanical disturbances. A
typical example is a notebook computer,
which is easily get slammed. jolted and
bumped while being carried.

The manufacturers give a shock test to the
disk drive units commonly by using a half-
sine shock pulse with a duration of 11lms.
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However. no clear explanation has been given
about the scientific basis on adopting the
duration 11ms. Nowadays various kinds of
disk drives are being developed. which means
that a unified approach of using a duration
11ms is no longer applicable in order to
evaluate the durability of systems with
different structural stiffnesses. Some
simulation results have been obtained for the
investigation of this problem. Figure 12™ is
the variation of peak displacement of
rotating disk as a function of the axial input
duration .

It is shown that the peak displacement
that appears on the disk takes on the
maximum when the input duration 7 is about
1.5 times the half period zo of the funda-
mental (0.0) mode. Further. the shock pulse
with a duration 11ms, which is nowadays a
standard input to the shock test of disk drive
units, brings only 60-70% of the maximum
displacement that may appear on the rotating
disk .
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Fig. 13. Silicon wafer slicer cutting crystal
ingot.
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Another high-tech application of the
circular blade is the production of silicon
wafers in the semiconductor industry.

The ID(inner-diameter) saw blade shown in
Fig.13" is commonly used in the crystal
wafering. One example of the blade is a
0.15mm thin annular SUS304 blade with
diamond abrasive at the inner edge (0.24m in
diameter) while clamped from both sides
along the outer periphery (0.625m in
diameter). The blade is tensioned initially at
the outer edge. while the inner periphery is
acted upon by the in-plane radial compressive
force N and the circumferential shear force T .

—8.3 x 10! N/m?

Fig. 14. Contour-line map of shear stress
induced by slicing load.

Figure 14 * shows the distributions of
shear stress in the blade due to the slicing
load represented on the contour-line map. It
is observed that the stresses are distributed
in the blade asymmetrically and are
maximum at the inner periphery. Demands
on large-diameter silicon wafer(6—12 inch)
have accelerated the development of the
large-scale slicer. Further. high performance
of the IC devices has made it a necessity to
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provide wafers with adequately flat. parallel
sides. It seems that the introduction of active
control is indispensable to meet these
requirements and develope a highly efficient
slicer.

. Flexible Robot Arms

The needs for more precise positional
accuracy. higher load capacity.lighter
members and higher operation speeds have
made it a necessity to take into account the
flexibility of links in the control of industrial
robotic manipulators. and many papers have
been published on this matter during the

33] ng]

past years. Figure 15 shows a one-link
flexible robot arm having an end effector at

the tip and driven by a motor at the shoulder.

Fig. 156. Flexible robotic arm driven by
shoulder motor.

The optimum design of the system and

the controller can be done effectively with
the aid of the computer simulation.
Generally. the theoretical analysis of the
flexible arm is started from the equation of
motion given by

EId'w/dx*+ pAdwidt =0,
where (6)

E=E(l+cd/adt).

(352)
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Here. w is the lateral displacement, E the
Young' s modulus. ¢ the mass density. I the
moment of inertia, A the cross—sectional area,
¢ the internal damping coefficient of beam,
and t the time. To solve Eq. (6). it is necess-
ary to formulate the boundary conditions.

They are obtained by considering the
equilibria of moments and forces that are
acting on the shoulder and the armtip. The
governing equations can be solved, for
example., by applying the modal expansion
method or the Laplace transform method
with respect to both the space variable and
the time.

One of the effective algorithms to achieve
high speed control of flexible manipulators is
the simple scheme of tip sensing and base
torquing. Figure 16(a) and (b) show the
displacement of a lightweight robotic arm
driven by this scheme.

Figure 16(a) is the displacement when the
shoulder motor was rotated stepwise by the
amount of wa/L . where wa is the desired tip
displacement and L is the length of arm.

This is a classical open-loop control having

been applied commonly to the control of rigid
arms. As can be seen, the time decrement of
curve is rather slow and the arm tip contin-
ues to fluctuate around its commanded
position.
Figure 16(b) shows the tip displace-ment
when the arm is driven by the PD con-trol
scheme using the sensor s measurement of
actual tip position as a feedback signal. It is
clear that the scheme of tip sensing and base
torquing is quite effective to achieve a high-
speed point-to-point (PTP) control of the
arm.

One typical example of the flexible arm is
the module on-board multi-link space
manipulator. Figure 17" shows a two-link
flexible arm with two shoulder and elbow
joint motors. Figure 18" shows the first four
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natural frequencies of the two-link system
plotted as functions of the elbow angle.

WAL
A

Time S

W/We'

(a) Step rotation at shoulder:

N

]VVN’"’ 2 K) . 5

W/Wd'

Time S

(b) Feedback control by tip sensing and base
torquing.

Fig. 16. Tip displacement of flexible robot arm to
step input(experimental results).

Fig. 17. Two-link flexible arm

Here. the elbow angle is the rotational
angle of the second arm relative to the first
arm. Curves I and III show the first and the
second natural frequencies of the in-plane

BEFTEeE 218 B4%

vibration of links. and curves II and IV the
frequencies for the out-of-plane vibration of

the system.

p/2n {Hz]

)

Natural frequency
&~
o

~
(e

1 L 1
30 60 90
Elbow angle £, (deg]

t 1
120 150 180

Fig. 18. First four natural frequencies of two-
link flexible armversus elbow angle.
Curves I and III. in-plane vibration:
curves II and IV, out-of-plane vibration.

It is seen that the frequencies are varied
dependent on the eblow angle, which means
that the stiffness of the system is changed
and the control gains should be adjusted
appropriately based on the system con-
figuration.

Figure 19 " shows the results of the PTP
control to the step command elbow and tip
locations {ya yal={yaye} H(£)={2.5mm .5 0mm}
H(t).

The two links are slender aluminum beams
of length 20 ¢m (upper armj)and 50 c¢m
(lower arm). In the figure. Y1 and Y: are the
nondimensional tip displacement of links
defined by Yryi(Li t)/ya .
the rotation angles of the shoulder and elbow

F1.2. 60 and @: are

joint motors.

The controller is the decentralized PD
controller. The two joint motors are driven
respectively by using the endpoint informa-

(353)
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tion from the other side. It is seen that the
high speed control without overshoot is
realized when the feedback gains were
selected appropriately.

. 82 f(raq)
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(b) Experimental results for optimum set of
feedback gains:
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(¢) Theoretical results to(b).

Fig. 19. Response of two-link flexible arm
to step command elbow and tip
locations. Control of shoulder and
elbow motorsusing respectively
their endpoint informations.
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V. Micro Robotic Gripper

With the development of robotic manip-
ulators, more sophisticated and functional
motions are being demanded on the end effector
or the finger that handles small objects such as
semi-conductor IC chips and microbes. In order
to deal with such objects, it is required to
assemble a dexterous artificial finger., which
necessarily means that highly efficient compact
sensors and actuators are to be developed in
advance that can realize the minute force
control at the fingertip.

Many papers have been published during
past years on the robotic hands and fingers. "®
It is noted that most of the robotic hands
and fingers developed so far have been
actuated by servomotors, stepper motors or
pneumatic cylinders and they are driven by
tendon or ball screw mechanisms for which
the effects of backlash and friction losses are
sometime not disregarded. As a new
actuator. the shape memory alloy(SMA) has
been studied and applied to a miniature
gripper. ™ The SMA actuator is driven and
controlled by heating and the following
radiation from the material. Thus. it is said
the SMA is rather an actuator to accomplish
slow speed tasks. Recently. much interest has
been paid on the piezoelectric actuator that
responds rapidly to the variation of the
applied voltage signal and produces a large
force compared with the mass, %™

Figure 20'™ shows a flexible finger with a
force sensor at the tip. A pair of piezoelectric
unimorph cells are bended to both sides of
the finger. An applied voltage signal to the
cells causes one cell to expand while the
other to contract. which results in a constant
continuous bending moment M, from x=0 to
a that drives the finger in the xy -plane.
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! Piezoelectric ceramics are ferroelectric
4 a My materials. For this reason they are
TIIIIIIIIIIIIIS fundamentally nonlinear in their response to
0 /“a““‘““j m the applied voltage and show a hysteresis
4 K g uc((% loss. Figure 21(a)™ shows the fingertip
y /4 displacement when one piezoelectric cell is
loaded with the positive voltage and the
Fig. 20. Robotic finger driven by a pair of other cell by the negative voltage and vice
piezoceramic unimorph cells. versa. It is seen that the displacement curve
of the fingertip shows a large hysteresis loop.
(a) 1. 1mm It was verified that the hysteresis error can
1 be minimized if one uses each cell only in the
0.5 positive or negative range of voltage. i.e.
T when one wish to bend the arm in the
4/ positive y -direction, one applies a positive
LA S NN voltage to the lower cell at the same time
_:o 1 2oy cuts off the voltage to the upper cell. and
T vice versa. In this way the hysteresis loop
=057 can be reduced over 50 percent in the area as
+ shown in Fig.21(b)™ and the nonlinear
:_mm actuator can be modeled as a linear element
in the theoretical analysis as well as
(a) systematic design of the robotic finger or
o) T gripper.
0.5 ?0 )
I g 8 _/tr/
-25v -0 .'ﬂ % A
MR jo '1=o= = =2€5v _,>_, 6 /3/
1 3
4 a 4 l/‘
1 5 P
-0.5+4 O
1 2 /|y/
— 0 0.04 008  0.12
(b) Load(N)
Fig. 21. Tip hysteresis loop when (a) both Fig. 22. Output voltage signal from force
cells are driven by the voltage Sensor.

signal ranging from the positive to
negtive. and (b) each cell is
driven only in the positive/negtive

range of voltage.

To sense the minute force at the fingertip,
it is necessary to introduce a highly efficient
force sensor. In our laboratory. a compact
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sensor was assembled. It is a square cupper
frame of thickness 0.1 mm with a semicon-
ductor strain gauge mounted on the mid span
of it. the sensitivity of which is presented in
Fig. 22." The output voltage signal from the
sensor was measured for five cycles of
loading and unloading. It is seen that the
sensor output holds the linearity. though some
fluctuation is observed. The solid line is the
output/input characteristics of the sensor
obtained by applying the least square
calculation, which shows forces of order 0.01N.
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Fig. 23. Active vibration control of a freely
(a) Time vari-
(b)

Time variation of control voltage

vibrtaing finger.
ation of tip displacement:

to cells.

The following are some experimentally
obtained examples showing the efficiency of

(356)

29

the piezoelectric cells as actuators in the
position and force control of
b5 shows the

vibration.
flexible robotic fingers. Figure 23
effectiveness of the piezoelectric actuators in
the active control of the vibration. The
finger which is vibrating freely is put under
the PID control from t=3 sec.

[t is seen that the vibration of the
fingertip is suppressed and the tip is settled
down onto the initial position shortly after
the feedback control was started. Figure
23(b) shows the time variation of the input
voltage to the cells during the control. It is
observed that the cells are working busy to hold
the arm tip at the commanded initial position.
In the experiment. the maximum voltage
applied to the cell was limited to +25V. It was
set automatically to 25V when the feedback
voltage signal exceeds the limits. When the
control system was started. the cells are
driven by the truncated signal as given in
the figure. still it is found that the cells
work perfectly to suppress the vibration.

ANNAASAAA AAAA AAM\AM\
vv\vvvvwvvvvv

-1 1 I 1 1 Il 1 1 1 i

0 2 4 6 8
Time (Sec)

Fig.. 24 . Displacement of finger tip (yv)
tracking a freely vibrating target
surface(u).

Figure 24™ shows the time response of the
fingertip following the surface of freely
vibrating cantilever beam which is disturbed
three times from the outside. It is clear that
the fingertip tracks the target fluctuation
tightly when the feedback controller is
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designed appropriately.

Figures 25 and 26°” show the results of the
force control of the finger doing two types of
holding tasks that are typical to the human

forefinger.
0.06 T T T .
(2 {a
W F/ ''''''''''''''''''' = %
¥ .03 | 3
ta, o e Fg 128
[
0 — F | B
£ —-= volt £
0 1 1 1 ] 0
0 03 06 08 12 15
Time (scc)
(a) Grasping with a step force
0.06 T T T
z
[_L.n -
3°'03W\/\/ _
_______ Fd
FS
1 1 1
0 0.5 1.0 1.5 2.0
TIME(Sec)

{b) Graping with a time-varying force
Fig. 256. Force response when the finger is
controlled so that it holds a
statonary object. (a) Grasping
with a step force: (b) Graping
with a time-varying force.

Figure 25 shows the experimental results
when the artificial finger was commanded to
hold a stationary object with a prescribed,
minute, constant or time-varying force.
Figure 25(a) is the results when the finger
was driven so that the tip produces a step-
command force of amplitude 0.03N.

In the figures. the dashed line shows the
commanded constant force 0.03N while the
solid line the measurement of the tip force.
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The one-dotted chained line is the input
control voltage to the piezoelectric actuators
It is noted that the tip force converges to the
commanded value promptly after 0.1 seconds.
Figure 25(b) shows the results when the
fingertip was driven so that it produces a
sinusoidal force of amplitude 0.01N and a
mean value of 0.03N. It is found that the
fingertip realizes the commanded force
variation neatly.

Figure 26 shows the experimental results
when the artificial finger was demanded to
hold a time-fluctuating object with a
constant commanded force.

The fluctuation of the object is a sinusoid
and such that it causes a reaction of 0.01N
to the finger if the finger is not driven and
at the mercy of the object fluctuation.

In the figure. the one dotted chained line
shows the commanded constant force 0.03N
while the solid line the sensor’ s measurement
of actual tip force.

It is seen that the grasping force is Kkept
constant satisfactorily even if the object is
moving.

The results given above show that
piezoelectric cells work well as actuators in
the vibration control. the precise positioning
and the minute force control of the miniature
flexible robotic finger.

0.06 T T T
= H
<
u?
%O.OST“»——W———A—-
_______ Fd
Fs
1 1 1
0 0.5 1.0 1.5 2.0
TIME(Sec)

Fig. 26. Force response when the finger is
commanded to hold a fluctuating
object with a constant force.
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V. Conclusions

In general., three characteristics are
demanded on the modern electro-mechanical
machinery. First, they have to be simple and
compact and they have to bear high-speed
operations. Further. they have to finish
sophisticated, high-precision tasks.

To satisfy the first two requirements the
total mass of the system should be reduced.
which means that the structural stiffness is
also decreased and the system is easily
excited by the internal as well as external
disturbances.

As a result, it is sometimes observed that
the high-precision tasks are not accomplished
satisfactorily. Thus. the control of the
vibration appeared on the high-speed
lightweight system is a vital problem to be
overcome for the modern machatronic
machinery. In the classical passive control of
vibration. the total system vibration was
first damped out. then the next step of task
was started. This was true for the heavy
rigid industrial robots. When the active
control theory is introduced. it is not
necessary to put down the total system
vibration. For example. the end effector of
the flexible lightweight manipulator is
positioned without damping off the total
system vibration. Contrary to the rigid arm
control. the rest of the manipulator are
driven positively by the actuators so thatthe
tip stays at its commanded position. Further.
the manipulator can do tasks such as keeping
a constant distance to the fluctuating target
if the end effector is moved actively
synchronized with the object.”

Introduction of the active control shortens
one step of task. and it contributes to the
improvement of system productivity.

The active control. however. is quite
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different from the scheme of classical passive
control. It depends on the efficiency of the
controller consisting of the sensors, actuators,
data processors and computers, which means
that the mechanical systems are how much
more dependent on the electronic engi-
neering. The fusion of the mechanical
engineering with the electronics will
contrionte to the development technical

innovation in the future.
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