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Abstract

This paper investigates the characteristics of éffects of earthquakes on
the operation of mechanical systems with the hdlg 3 DoF robot
(CAPAMAN) that can simulate 3D earthquake motionoperly.
Characteristics of the reaction of machinery opgratto earthquake
disturbance are identified through experimentatse$hese tests have been
carried out by using two slider crank linkages Wil and servo motors as
test bed mechanisms that have been equipped wittlezation sensors.
Results are reported and discussed to show chaisiiteseismic effects on
mechanism operations.

DEPREM TIiTRESIMLER iNiN MEKAN iZMA
ISLEY iSINE ETKILERININ CIKARIMI:
DENEYSEL BiR YAKLA SIM

Ozetce

Bu calsmada depremlerin mekanik sistemler (zerine etkileri
karakteristikler incelenmti. Ug¢ boyutlu deprem etkilerini simule edebilen
Uc serbestlik dereceli bir robot (CaPaMan) kullangtir. Makine
isleyisinin deprem etkisine tepkisinin karaktergéti deneysel olarak
incelenmijtir. Bu deneylerde 0rnekleyici sistem olarak DC servo
motorlara sahip iki tane krank-biyel mekanizmaslidaulmistir. Bulunan
sonuglar incelenngtir.

31



Ozgiin SELY Marco CECCARELLI

Keywords: Experimental Mechanics, Mechanisms, Earthquaketstfe
Anahtar Kelimeler: Deneysel mekanik, Mekanizmalar, Deprem etkileri.

1. INTRODUCTION

Earthquake simulators are commonly used for themxgntal tests
in the field of Civil engineering for investigatinghe earthquake
characteristics and earthquake resistant constngtiSmall-scale uni-axial
servo-hydraulic seismic simulators have become lpogl, 2] for dynamic
testing of structures subjected to earthquake acedns and for
experimenting effects on structures. A number of h&rge-scale seismic
simulator facilities [3,4,5] and some exceptionandators made for
outdoor [6] and even with 6 DoF motion [7] for shraktables are presented
in the literature. Reproducing three main real abtaristic of the
earthquakes is most challenging effort for theseufators. Most of the
earthquake simulators have high payload capadigyy mmotion speeds, and
high accelerations, which are shaking tables whrelfler only to
translational motions of the earthquakes.

Earthquake simulator is a suitable application @@PaMan which
can simulate not only translational motion but atboee dimensional
waving motions of earthquakes. Theoretical invesiogms and experimental
validations in [8-10] present performances andaslgt formulation for the
operation of CaPaMan. The operation of CaPaMarbeagasily adjusted to
obtain any kind of earthquake in terms of magnituffequency and
duration by giving suitable input motion. Althougfre effect of vibrations
on machinery and their isolations are well knowre tspecific
characteristics of earthquake actions on machiremg not yet fully
explored. In previous works [11] the effects oftbguakes on mechanism
operation are shown with experiments on a slidarkcrmechanism and a
robotic hand. In this paper the effects of eartkgquan the operation of
mechanical systems have been investigated by dysanand reproduction
of an earthquake motion. This paper illustratepecisic activity that has
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been focused in determining experimentally the otdfeof earthquake
motion on mechanism operation. Experiments are madéy using a servo
motor and some weights on the slider, not only lacagon but also torque
data is taken from slider crank linkage with theveanotor.

2. EARTHQUAKE MOTION CHARACTERISTICS

A sudden and sometimes catastrophic movement airagb the
surface of the Earth is called an earthquake, wteshlts from the dynamic
release of elastic strain energy that radiatesnseiswaves. Large
earthquakes can cause serious destruction andvadass of life through a
variety of types of damage such as fault rupturiesatory ground motion,
inundation, various kinds of permanent ground failland fire or a release
of hazardous materials, but even buildings/ coostras collapses and
vehicles/ machinery operation crashes. Ground matidhe dominant and
most widespread cause of damages. [12]. Main ctaistics of an
earthquake are frequency, amplitude and acceleratiagnitude, since the
resonance of a system is determined by frequenkyeyvauration of the
stress action due to a seismic motion, amplitudeaaeeleration magnitude
of an earthquake. Period of a seismic cycle andackexistic length for each
seismic wave must be identified to define the smismotion. Usually,
critical resonant motion is analyzed in terms adn#iational seismic
components, but even angular motion can stronglgtribmte to the
resonant excitation. Thus, unlike most of the satars where the 3D
motion of the terrain due to earthquake waves hasbeen taken into
account in this paper 3D motion capability of CaRaNparallel manipulator
has been used to simulate earthquake motion giflalitmotion effects.

3. MECHANISM OPERATION

A machine is a “mechanical system that performpecific task,
such as the forming of material, and the transfegeand transformation of
motion and force.” and mechanism is defined asamstrained system of
bodies designed to convert motions of, and foreesone or several bodies
into motions of, and forces on, the remaining bgtdes mentioned in the
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terminology of IFToMM [13]. Operation of mechanisroan be described
by three steps as input, task and output. Tasloatmlt of mechanisms can
differ with respect to desired results which argktgoals for mechanisms,
which can be classified as function generationnfpguidance, and body
guidance, [14]. Considerations for designing medms for those and
other tasks are related to characteristics of ojp@rasuch as general
operation performance, repeatability of operatioaqfiency, efficiency,

reliability, precision and accuracy. Also vibratiothat can occur during the
operation can be considered and some isolatiorbeaspplied to machine
basements.

Human-machine interactions will include issues comfort and
safety that can make strong constraints to machiogerations with limited
range of feasible operations. Special attentidnday addressed to safety as
interaction with human users, even when using ahmacunder critical,
risky situations which can be characterized by icbplaigh accelerations or
changed operation outputs. Also efficiency in far@asmission and energy
consumption is of great importance in modern maatyinUnfortunately in
general the effects of earthquakes are neglectedgdonachine design. The
difficulty to determine the effects of the earthgesis due to different types
of totally random waves caused by them. It is nemgsto have a fixed
reference for defining the motion of a mechanisrsudlly ground is taken
as the reference for machines and manipulators.nvVdhesarthquake occur
these fixed link starts to move and even the framglies force acting on
the machines or manipulators. The effect of themxpected random forces
and motions on machines must be investigated totlseeunexpected
changes of the outputs. This knowledge can givéub$eedback for the
design and operation of machines that can work owithaffected by
earthquakes.

3.1. AN EXAMPLE WITH A SLIDER CRANK MECHANISM
The slider-crank mechanism in Figure (2.a) is ofieed to convert

rotary motion into alternating linear motion or &igersa. One of the four
inversions of slider crank mechanism is used iarmdl combustion engines
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(automobiles, ships, etc), with application of @g$ a billion engines
makes the slider crank mechanism one of the mest osechanisms in the
world. In Figure (2.a) kinematic parameters of slider krame shown,
acceleration as output of the slider has been andheerical computation is
shown in Figure (2.b), which shows a nearly harrmmonotion.

yIAVAVANS
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0.2
04

time (sec)
b)
Figure 2. A test-bed slider-crank mechanism: a)gfmatic parameters,
b) Slider accelerations with stationary frame 8n)

acceleration (m/s?)

4. AN EXPERIMENTAL EVALUATION

The CaPaMan prototype is shown in Figure (3). Eimtatory test-
bed prototype for earthquake simulator consistSafPaMan prototype with
sensors, a controller for its operation and an iadtpn board connected to
the computer, in order to acquire the componentbeltinear accelerations
occurring along the axes of the reference systelongmg to the mobile
platform [8].

Figure 3. An experimentl setp at LARM with theestcrank mechanism.
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The minimum numbers of accelerometers need to ttirealculate
the angular velocity for a 3D motion of a rigid lyods twelve. In this
research four of three axis accelerometers areeglacthe corners to keep
symmetry and using the mathematical calculatiorj$%h this configuration
of 4 sensors is used to keep the replacement eofosgnsor minimum.
Accelerometers are placed under the platform oiGaBaMan as shown in

Figures (4.a-b). The control system scheme layoot €aPaMan
manipulator is shown in Figure (5).

Figure 4. Sensored CaPaMan platform with accelerense a) a scheme,
b) sensor installation & test lay-out

For characterization of earthquake effects on n@shatwo types
of earthquakes are simulated. Characteristic phageshe simulated
earthquakes are given in Table (1) and a refereacthquake simulation
Figure (6) is given for defining parameters fortkquake characteristics.
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Figure 5. Control system layout for CaPaMan as lequiake simulator.

Table 1. The characteristics of simulated earthgsak

Total Time | AT nax AT i Number of Maximum
(sec) (sec) (sec) | oscillations| Frequency (Hz)
Barthquake 45 2.0 0.8 30 1.2
Type 1
Barthquake 50 2.0 15 30 0.8
Type2
|
£ \V |
E il
< A \/, M‘\/‘ ] W‘\H\\”‘”\w | f“ AAVM\W\ LA time
V ¢’V ‘v ‘\H\‘ H/ H‘ | [AYRYTATR!
\ H \\“”‘H\H‘WN‘/W _..l_l.‘mm

ATmin

Figure 6. Typical characteristics of simulate eaytiake
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Figure 7. An example of acc. data during earthqusikeulation: a) for
platform center H, b) angular platform velocity,ar)gular platform acc.
By using four sensors with totally twelve sensitasess it is possible
to directly compute the linear acceleratioag)( angular accelerationgy)
and angular velocitiesag) around point H and shown in Figure (7).

5. EXPERIMENTAL TESTS WITH PROTOTYPES
Experimental tests have been carried out by usirgjider-crank

linkage with DC and servo motors, a robot leg Igdgaa small car model,
and LARM Hand as test-bed mechanisms with accéberat force sensors.
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5.1. SLIDER CRANK ACTUATED WITH DC MOTOR

b)

Figure. 8. A test-bed slider-crank mechanism at MAR) an experimental

set up with accelerometer and weight on the slidesensing axes of the
accelerometer.
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Figure 9. An experimental measure of the typical af the slider-crank

with stationary frame: a) crank rotation 32 rpm, d¥ank rotation 43 rpm,
An accelerometer is attached to the slider of thders crank

mechanism as shown in Figure (8a) and accelerossggising axes can be
seen in Figure (8b). Slider-crank mechanism with DGtor actuation is
subjected to earthquake vibrations with differepemting speeds. Figure
(9) shows the filtered experimental measure ofatteeleration of the slider
as from the case in Figure (2.b). The noise imtleasure is due to backlash
of the components, flexibility of the links and gpstolerances. Also some
noise is caused by environmental waves into thendréink. Experiments
are repeated with and without attached weight erstider.
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5.2. SLIDER CRANK ACTUATED BY SERVO MOTOR

An accelerometer is attached to the slider of thders crank
mechanism Figure (10.a) and accelerometers semasieg can be seen in
Figure (10.b). Usage of servo motor gives the athgeto view torque data
during operation. In Figure (11.a) torque datahef inotor and acceleration
of the slider is given without earthquake distudsamith crank motion of
90 rpm. In Figure (11.b) same type of data witmkreotation 180 rpm is
given.

y

accelerometer

b)
Figure 10. Slider-crank mechanism with servo mattdctARM: a) an
experimental set up with accelerometer on the sliolesensing axes of the
accelerometer.
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Figure 11. An experimental measure of slider crastk servo motor
without earthquake effect: a) torque data of theanacceleration of the
slider with crank rotation 90 rpm, b) torque datktbe motor, acceleration
of the slider with crank rotation 180rpm

6. RESULTS OF TESTS AND CONSIDERATIONS FOR
CHARACTERIZATION

The results of simulated earthquakes can be sumethwith the
maximum acceleration values of center point H. ther earthquake type 1
maximum acceleration is, fax 8.4 m/$, and for earthquake type 2 max
acceleration of point H is haga= 5.29m/8. In Table (2) maximum
acceleration data for the mechanisms are givendmparison. In each sub-
section experimental data from mechanism sensags shown during
earthquake disturbance
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Table.2. Data from experimental tests with test4med¢hanisms.

Earthquake Earthquake .
Exp data type 1 type 2 Stationary
) 24 volts 32rpm 8.575 9.160 0.452
Horizontal
32 volts 43rpm 5.664 5.267 0.531
Slider . 24 volts 32rpm 9.023 8.006 0.316
K weighted
cran 32 volts 43rpm 6.235 6.223 0.574
With DC 24 volts 32rpm 9.286 7.438 0.447
Vi . . .
motor Vertical P
AZmax (MVS) 32 volts 43rpm 4.390 3.829 0.587
. 24 volts 32rpm 7.145 8.583 0.609
weighted
32 volts 43rpm 3.975 4.242 0.706
15k-90rpm 7.530 4.15 2.508
Slider crank with servo 30k-180rpm 11.64 10.81 8.211
aYmax (M/SY)
60k-360 rpm 16.90 16.03 13.97

6.1. SLIDER CRANK ACTUATION BY DC MOTOR

When the slider-crank is subjected to an earthquaké&on the
acceleration of the slider is altered up to thesuead acceleration shown in
Figure (12) for slider position horizontal and Figy13) for slider position
vertical. Details of these changes are visible fféigure (12) to Figure (13)
with views of slider acceleration between 25 ands86onds of earthquake
motion, when the seismic accelerations are at maxim

Acceleration Acceleration
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Figure 12. An experimental measure of the typicakterations with
horizontal slider under earthquake effect (typed))crank rotation 32 rpm,
b) crank rotation 43 rpm.
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It is observed from the Figures (20, 21) that thepe and amplitude
of the acceleration of the slider during a simuagarthquake are strongly
changed and oscillations of the slider accelerafom also vanished. It
seems that the slider acceleration is fully distdriby the earthquake
effects. Considering the different speeds and wdiffe position of the
mechanism the motion is affected more when craekdps at lower speed
or slider position is vertical.

Acceleration Acceleration
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Figure 13. An experimental measure of the typicakterations with
vertical slider under earthquake effect (type D)ceank rotation 32 rpm, b)
crank rotation 43 rpm.

6.2. SLIDER CRANK ACTUATION BY SERVO MOTOR

In Figure (14.a) and Figure (14.b) experimentaadd#tmotor torque
and slider acceleration during earthquake disturbame shown for a crank
rotation of 90 rpm and 180 rpm respectively. It recognized from
acceleration data of slider shown in Figure (14t thot only shape and
amplitude of the acceleration of the slider duringimulated earthquake are
strongly changed but also oscillations of the slale vanished. Meanwhile
torque data of the motor has some disturbanceaseiminplitude, shape and
oscillation can be told to be similar with the statate.
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Figure 14. A measure of slider crank with servoanetith earthquake
effect (type 1), torque data of the motor, acceleraof the slider with
crank rotation: a) 90 rpm, b) 180 rpm

7. CONCLUSIONS

In this paper with the help of CaPaMan the effeftsarthquakes on
the operation of mechanical systems have beentigagsd by an analysis
and reproduction of an earthquake motion. The #eitgiof the operation
characteristics of machinery to earthquake distwzbas characterized in
terms of acceleration response of output of machineperation.
Experimental tests have been carried out by usistjder-crank linkage
with DC and servo motors as test-bed mechanismis agteleration or
force sensors. The results show that an earthquélkesurely effect the
acceleration of the mechanism operation both ipatzand amplitude of the
output motion. Also effect of earthquake is invemeportional with the
speed of the mechanism, in other words, the morare/@pproaching to the
frequency of the earthquake the less mechanisifeisted. Applied torque

is affected during earthquake and it is observatliths disturbed similar to
the acceleration during earthquake.
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