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Suppressing Motion-Induced Vibrations

Weiju Chen” and Kuo-Shen Chen ™

Keywords: Vibration suppression, Input shaping,
Finite element simulation, Dynamics

ABSTRACT

Input shaping is an effective method for
suppressing motion-induced vibration to enhance the
motion performance in point-to-point maneuverers.
However, the success of shaper design depends on the
accuracy of system dynamics but such an approach
could not vyield effective dynamic models with
sufficient accuracy for systems with complex
boundary conditions, motion constraints, and
structural behaviors. In this work, it is proposed to
hire finite element dynamic simulation directly in both
trajectory planning and input shaping design. Two
flexible motion systems are designed for serving as the
test beds to ensure multiple mode excitations during
transportation for evaluating the effectiveness in finite
element simulation. The results confirm the
effectiveness of using input shaping in vibration
suppression and both the experimental and the
simulation results agree to each other very well.
Several case studies using finite element simulation
are then followed for elucidating the possible future
applications of the proposed approach in real
engineering designs. It is believed that the proposed
shaper design approach by hiring finite element
simulation can handle many ad hoc issues such as
nonholonomic constraints, time-varying and nonlinear

structural dynamics, and possible power and
bandwidth limitation in actuators.
INTRODUCTION

Point to point motion systems have been
widely used in factory and cargo ship transportation
applications [Abdel-Rahman et al, 2003, Singhose et
al, 1996, Wang et al, 2014].  For those purposes, it is
desired that the transportation process being as rapid
as possible. These kinds of problems can usually be
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modelled as a gantry crane with hoisting cables and an
end payload worked as a pendulum in linear
translation and their effectiveness is often limited by
both the transient swing and the residual oscillation of
the payloads after reaching the destinations.
Furthermore, any excessing swings and oscillations
could also be dangerous to people working nearby.
Therefore, devising a method to rapidly transport the
payloads to follow a desired trajectory with minimum
swings and residual vibrations after reaching the
destination is a non-trivial task. Feedback control is
traditionally used for solving this kind of problems
[Linetal, 2016]. However, such an approach would
need the incorporation and integration of sensors,
actuators, and controller.  This implies a costly
solution. In addition, it may have no suitable space
for installing appropriate actuators. One possibility for
solving the above-mentioned problem is to utilize
command shaping methods for performing an efficient
trajectory planning to minimize swing and suppress
motion-induced residual vibrations.

For designing the corresponding command
shapers, the system dynamics and responses must be
modelled.  Previously, the problems are usually
treated as a pendulum consisted with rigid links
mounted on a trolley with controlled movements [5]
and only the rigid body modes such as swing are
considered. As shown in Figure 1, cranes can be
modelled either as single or double pendulums. By
utilizing time optimization schemes, it is possible to
find commands for trajectory optimization. Such an
open-loop based input shaping scheme has been
demonstrated to be effective for suppressing motion
induced vibrations of flexible structures and swing of
long range motion structures such as cranes [Singhose
et al, 2008]. By input shaping, this problem has been
successfully solved in many applications [Sun et al,
2012, Zhang et al, 2016, Ou et al, 2009, Ou and Chen,

2016, Dagaq et al, 2008].
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Fig. 1(a) Schematic plot of a gantry crane with



payload and (b) its corresponding model.

Since the success of input shaping relies on
accurate dynamic modelling, in many applications,
modelling based on simple analytical rigid body
dynamics may not be sufficient. For example, the
compliance of the structures was not considered in
those studies [Singhose et al, 2008, Sun et al, 2012,
Zhang et al, 2016] and the associated structural
vibrations cannot be estimated. This is not trivial
since the structural vibration could also be excited due
to the compliance existed in cable or structures.
Meanwhile, there are also two major problems faced
when employing analytical modelling.  First, the
problem (i.e., pendulum swing) is essentially
nonlinear. To be solvable analytically, the system
dynamics requires extensive linearization, which
could lead to the loss of important information and
cause the designed shapers to have inferior
performance. Second, for realistic systems such as
rolling contact systems, the nonholonomic nature
makes the Lagrangian-based analytical modelling less
effective. Consequently, it could be more difficult to
solve the equations and the shaper design becomes
more challenging. In addition, it is expected that
once as the structure flexibility is considered, the
dynamic equations would become more difficult to
obtain and solve. From a practical perspective, the
analytical modelling loses its advantages thus a
numerical scheme is usually employed. To handle
such systems, one may prefer to use a finite element
(FE) dynamic analysis, which can handle both rigid
body and extremely complicated structural modes
with sufficient accuracy. It is also possible to
characterize the necessary parameters for designing
the associate input shapers such as natural frequencies
and mode shapes via FE simulation directly.
Furthermore, by adapting the viewpoint of force
balance and energy conservation, it should be able to
expand the traditional linear superposition based
shaper design into nonlinear systems [Chen et al,
2006]. These are the major advantages of using FE for
conducting input shaping design and this may
eventually lead to a more efficient command shaper
design and verification. Finally, with the aids of FE,
other design concerns such as stress analysis may also
be evaluated simultaneously.

Previously work [Dai and Chen, 2013]
investigated the swing control of cranes using input
shaping method.  The crane hoist was either
modelled as a travelled space pendulum analytically or
by a FE beam model for evaluating the influence of the
cable compliance. The experimental results and the
associated FE analyses agreed with each other well.
This study indicated that it is possible to use FE
dynamic analyses for designing or optimizing the
input shaper design. In this work, more general
scenarios in crane transportation are considered.
Namely, for suppressing both the bending and
torsional vibration of flexible cable structures when
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they undergo high speed movement. The investigation
flow is schematically shown in Figure 2. A
simplified slender elastic structure is constructed for
mimicking the behaviour of a long compliant robot
arm in high speed operation. The associated FE
simulations would then be performed to analyse the
dynamic characteristics of the model for subsequent
input shaping design.  Finally, with the input shapers
ready, the dynamic behaviour of the entire shaped
system can then be simulated by FE method again. By
comparing the simulation and the experimental results,
the effectiveness of the FE-based input shaping design
is examined first.  After correlated with experimental
data, the FE based input shaping design approach
would then be used in systems with more complicated
structural dynamics.
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Fig. 2 The schematic flow of this work

Based on our previous conference presentation
[Chen et al, 2019] with adding on more detail technical
development and demonstrations, the contribution of
this work is therefore mainly on proposing and
validating the idea of using FE simulation in input
shaper design and the subsequent dynamic simulation.
Although the concept is straightforward, to the best of
our knowledge, no previous works focused on
numerical simulation in input shaper design. It is
hope that the input shaper design can be more versatile
with the FE dynamic analysis being incorporated
through the effort of this work.

INPUT SHAPING SCHEMES

Input shaping has been proposed for many years
[Chen et al, 2019, Singer and Seering, 1990, Yi et al,
2016, Shan et al, 2005]. It bases on the principle of
linear superposition of responses caused by different
inputs with similar form and proper time delays.
Under certain circumstance, these responses would
cancel each other to form a desired output. Various
input shapers such as zero-vibration (ZV) and zero-
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vibration-and derivative (ZVD) [Singer and Seering,
1990], and many others, have been developed. In
comparison with active controls, the input shaping
schemes are cheaper and more flexible. In addition,
it is also possible to integrate both input shaping and
active control design for achieving a better
performance [Chen et al, 2006]. However, due to its
open loop nature, the success of input shaping relies
on accurate dynamic modelling and the robustness
itself.

Based on the same principle, input shapers for
dealing with multiple DOF systems can also be
developed. For example, for a 2-DoF system with
two natural periods T; and T», the ZV shapers can be
designed by using two impulse pairs with a time
separation of T/2 between the two pairs while a time
delay of Ti/2 is between two impulses. By
convolving the original commands with this impulse
train, vibration caused by the two vibration modes can
be eliminated. By the same approach, the ZVD or
other versions of multiple degrees of freedom
vibration suppression can be achieved.
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Finally, for long range transportation, ideally,
bang-bang motions are wusually planned for
minimizing the travelling duration of rigid bodies.
That is, the system undergoes the maximum
acceleration for a period to attain the maximum speed
and then use a maximum deceleration to stop it as the
system reaches the destination in a time-optimal
manner for rigid body translation. However, for
flexible structures, although the traveling is the fastest,
the motion-induced vibration would significantly
increase the time for settling. By modifying the
original bang-bang command with input shaper such
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as ZV, ZVD, and Half Zero Vibration (HZV) [Chen,
2011], the vibration and swing can be effectively
suppressed under the new commands shown in Figure
3a (use ZV shaper for illustration). Furthermore, the
motion command can be convolved the original bang-
bang command with two impulse trains and methods
such as ZVzV, zZVZVD, and Half Double Zero
Vibration (HDZV) methods [Chen, 2011] for
suppressing two vibration modes shown in Figure 3b
(for ZV-ZV shapers). The waveforms of other
shapers can be found from elsewhere [Chen, 2011].

However, the success of input shaping relies on
accurate system dynamic modelling and the
robustness of shapers themselves. This may
represent a challenge if the structure is too complex or
containing significant compliance, or if the system has
non-holonomic constraints [Baruh, 1999]. On the
other hand, by employing FE dynamic simulation, it is
possible to obtain the modal stiffness and natural
frequencies accurately.  Presently, almost all input
shaping design are based on analytical lumped model,
which may deviate from the accurate dynamic
behavior and could reduce the effectiveness of the
performance of shapers. Therefore, properly use of
FE simulation should be able to obtain more accurate
dynamic parameters and thus a better shaping
performance.

Figure 4 shows the proposed procedure of using
FE simulation input shaper design and validation.
First, the FE model should be constructed based on
physical systems with certain reduction. A modal
analysis should be performed for obtaining the natural
frequencies and their associated vibration modes. The
obtained information, in together with the required
moving task planning (for example, moving with a
straight path with a certain velocity), and the desired
input shaping scheme (e.g., ZV-ZV) then generate a
velocity boundary condition. In together with
associated displacement boundary condition, a FE
linear dynamics analysis is then performed. The
analysis results would provide the mation history of all
nodes of the machine model for subsequent judgement
on the vibration and stress state of the system.
Furthermore, additional design analyses such as stress
and fatigue can be performed simultaneously.
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Fig. 4 The proposed input shaping design based



on finite element simulation

It is also interesting to compare the vibration
suppression using both input shaping and feedback
control. A system, shown in Figure 5, built by us
previously [Lin et al, 2016] is used to conduct this
comparison. The system consists of a double
pendulum set mounted on a linear servo motor in
which the dynamics is analogous to the above-
mentioned crane transportation. By this design, the
system has two swing and a rigid body motion degrees
of freedoms. Laser displacement sensors were used
for monitoring the vibration.  Additional non-contact
magnetic actuators and controllers were also designed
for evaluating the performance of using feedback
control. The detail design and realization can be found
elsewhere [Lin et al, 2016].
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Fig. 5 A double pendulum-liked feedback control
system moved along a linear servo motor
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Fig. 6 Experimental results of the double pendulum
during a long range transportation (a) with feedback
linearization control and (b) with 2-pulse ZV shaping
command.

Several feedback control schemes such as
SDOF loop transmission design (aims to eliminate
vibration of the bottom mass only) and 2-DOF full-
state feedback (with state observer), as well as design
with feedback linearization scheme, are conducted to
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examining the swing level and vibration suppression
after a point-to-point maneuver. Figure 6a shows a
typical control result of both upper and bottom masses
using the nonlinear feedback linearization scheme
[Chenetal, 2002]. The experimental results of other
schemes have also been shown in our previous work
[Lin et al, 2016]. Input shaping schemes are then
applied in the same test system. Several types of input
shapers, such as 2-pulse ZV, 3-pulse ZV [Shan et al,
2005], ZVD, and the 2x3 MISZVD [Shan et al, 2005],
are realized to compare their performance in
suppressing residual vibrations. The simulation and
experimental data for both input shaping and feedback
control approaches achieve similar results. As a result,
input shaping scheme could be a preferred solution for
cost-effective design. ~ One approach to improve the
performance and reduce uncertainty is through better
dynamic modeling, in which FE simulation could play
real contributions. To study this aspect, two test
systems are designed for conducting both
experimental and numerical input shaping studies and
are addressed below.

EXPERIMENTAL SYSTEMS SETUP
The first issue in this research is to establish a
test article for performing both experimental
characterization and FE dynamic simulation. Such a
system should have two close major vibration modes
excited subjected to a long-range transportation.
There are two systems designed for conducting this
work.  The first system, called as the double
pendulum system, shown in Figure 7, is essentially a
double pendulum made of flexible cables driven by a
two-axis Yokogawa linear servomotor. The length
and mass of each section are 0.5m and 0.43 Kg,
respectively. The goal is to rapidly transport the
system to the destination under a desired maze path
without exciting exceed swing vibrations. By both
structural test and FE analysis, the natural frequencies
are 0.53 and 1.40 Hz for the first and the second modes,
respectively.
The simplest mathematical model for the system can
be treated as a double pendulum with rigid links shown
in Figure 1b and the dynamics can be expressed as
(m +m)LE +(m +m)gd +(m +m)x+mld =0

L @)
m[16 +16 +%]+mgd =0

where X is the controllable acceleration, which is
assumed to be known by a prescribe displacement
input. However, this model does not consider the
distributed mass and the compliance of the links.
Practically, it also has difficulty to monitor the
vibration using non-contact displacement sensors,
instead, two ADXRS614 MEMS gyroscopes are hired
for monitoring the swing. A Yokogawa two-axis
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linear servomotor is used for driving the structure and
associated vibration data collected by the gyroscopes
are then processed and analysed by another computer.
The motor is commanded to perform a long-range
motion (e.g., 80cm) with speeds typically near 5-20
cm/s. Various input shaping schemes are used for
evaluating the performance on vibration suppression.
These test data are then used to compare with the
results obtained from the associated FE simulation.
After calibration, the FE model is then used for
predicting the vibration under more general
trajectories and other input shaper.

On the other hand, the second system, called as the
bending-torsion system thereafter, is mainly for
suppressing  bending-torsion  vibration  during
transportation. By mimicking a two-cantilever-arm
type structure commonly existed in robots or machine
tools (schematically shown in Figure 9a), a two-
flexible beams under an eccentric configuration type
structure is designed and is schematically shown in
Figure 9b. Such a system exhibits both bending and
torsional vibration during transportation and it is
desired to suppress both the motion-induced bending
and torsional vibrations.
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Fig. 7. The flexible double pendulm experimental
system (a) the overall system setup and (b) the double
pendulum
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transportation and (b) the corresponding bending-
torsion experimental system.

For each beam segment, the bending vibration, w(x,t),
can be represented by the following partial differential
equation,

& [EI( )aw(x t)}pA(X)asznt): foD)
o at

where E, 1(x), p, A(X) are the Young’s modulus, spatial
dependent inertia, density, and spatial dependent

@

cross-sectional area, respectively.
body force.

f(x,t) is the acted

Meanwhile, the torsional vibration, éx.t), can be
expressed as
2
0 0(x, t) 3)
ox?
Where G, J(x), and lo(x) are the shear modulus, polar
moment of inertia, and mass moment of inertia,
respectively. g(x,t) is the distributed torque acting on
the structure. Egs.(2) and (3) represents the simplest
situation. In this test structure, the system is bending
— torsion coupled and the structure geometry is too
complex to be handled by these equations for yielding
an effective analytical model. Practically, this system
can be treated as a transverse robot or a machining tool
with cantilevered arms as schematically shown in
Figure 9a. By both structural test and FE modal
analysis, the natural frequencies are 0.67 and 1.24 Hz
for the torsional and the bending modes, respectively.
In this case, three ADXRS614 gyros are hired for
monitoring both vibration modes. The responses of
gyroscopes A and B reveal that both the torsion and
bending modes are excited and the output of gyroscope
C mainly represents the bending mode.

CI(X)———

EXPERIMENTAL RESULTS

The double-pendulum system

The linear motor is accelerated to 5cm/s with a
constant acceleration of 1m/s? and an acceleration
period of 50 ms. The travel time and distance is 6s
and 30 cm. The double pendulum exhibits a swing
with an overshoot/undershoot and a swing amplitude
of +20°/s and +5°/s, respectively.  After being
stopped, the system continuous to swing with an
amplitude of +5°/s.  The results are shown in Figure
10 for both the upper and the bottom masses.
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Fig. 10 Unshaped result (a) upper mass and (b)
bottom mass

Meanwhile, with input shaping commands (i.e., ZVZV,
HDZV, and ZVZVD), the results are different and are
shown in Figure 11 for both the upper and the bottom
masses. It can be seen that the travelling time is a
little bit longer (6.5-7 seconds instead of the original 6
s). During traveling, there are =+ 11°/s
overshoot/undershoot and a #0.25°/s swing
amplitudes, respectively. After reaching the



destination, the residual vibration is approximately
+0.05°/s. The vibration suppression level of each input
shaping scheme are similar since the parametric
uncertainties are not considered in this moment.
Finally, the ZVZVD scheme results a slightly longer
travelling time because it requires two extra half
periods to finish the scheme.
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The bending-torsion system

Based on modal analysis, input shaping schemes
for the bending-torsion system are also implemented.
The unshaped response using bang-bang command is
shown in Figure 12 and the vibration level is severe
under a simple bang-bang command and both the
bending and torsional modes are excited. It takes over

20 seconds to settle from the motion-induced vibration.

Such a multiple-mode behaviour is as expected in the
platform design. Various input shaping schemes are
designed but only ZVZV and HDZV are shown. Both
methods can effectively suppress the motion induced
vibrations. For example, as shown in Figure 13, the
vibrational angular velocities observed from these
gyroscopes are reduced from <+ 100°s to
approximately £2°/s.  This result is not surprising but
just to re-emphasizing the effectiveness of input
shaping.  Nevertheless, with the feasibility being
validated, these responses then serve as the
experimental data for validating the FE-based input
shaping design.  After this approach being validated,
vibration suppression design for more complicated
cases using FE analysis would then be followed.
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FINITE ELEMENT VALIDATION

The corresponding FE dynamic simulation of
the experimental structure are coded and performed by
using Simulia Abaqus [Abaqus, 2009]. The model is
constructed using S8R quadratic shell elements for
cost-effective consideration. The experimental design
shown in Sections 111 and 1V is used for validating the
FE model. Once the method is validated, the input
shaping vibration reduction for other practical and
complicate cases are then designed based on FE
simulation.

The double-pendulum system

Figure 14 shows the schematic FE model. It
consists of 80 B32 quadratic beam elements and two
mass elements. The first two vibration modes and
natural frequencies, 0.54 Hz and 1.31 Hz are very
close to the experimental results (i.e., 0.53 Hz and 1.41
Hz). The unshaped simulation results are shown in
Figure 15 and the simulation results agree with
experimental data quite well.  Notice that the
experimental data are noisier due to other effects such
as bearing friction or structural compliance, which are
not modelled.  Nevertheless, the major vibration
characteristics are caught by the model to ensure the
further applications in different loading situations.
By input the loading sequence in the FE model
according to the specific input shaping design, the
simulation results of shaped response are obtained and
plotted in Figure 16. It can be seen that the
simulation data is cleaner due to lack of noise and
unmodelled dynamics.  Nevertheless, the major
characteristics, such as the maximum overshoot/
undershoot, swing level, destination time, and residual
vibration level, highly agree with that observed in
experiment.
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Fig. 16 FE simulation results using various shaping
schemes (a) the upper mass and (b) the bottom mass.

The bending-torsion system

Figure 17 shows the simulated first 3 mode
shapes of the bending-torsion structure designed.
Where Modes 1 (0.7 Hz) and 2 (1.2 Hz) corresponding
to the observed torsional and bending modes. The third
mode is much higher (9.33 Hz) and this numerical
system can essentially be treated as a 2-DoF system.

Mode 1
F0.69THz

Fig. 17.  The FE model for the double pendulum
system and the first 3 mode shapes

Mode
fi1194Hz

Next, the same band-bang command is applied in the
FE model and the simulated angular velocities at the
locations of gyroscopes A, B, and C are plotted and
shown in Figure 18a and b. It can also be seen that
the FE simulation results agree with the experimental
data very well. Both the vibration frequencies (0.7
Hz and 1.2 Hz) are excited in the model and the
vibration amplitudes highly agree with those observed
in experiments. Finally, both ZVZV and HDZzZV
shaped inputs are applied in the model and the
simulation results are then shown in Figure 18c and d.
Again, it can be seen that the input shaping scheme
reduce the vibration significantly and the results from
the FE model agree with the major characteristics such
as vibration amplitude and frequencies (0.7 Hz and 1.2
Hz). The minor difference is that the outputs of the
FE model are cleaner since the possible sensor noises
are not included in simulation. Meanwhile, the
robustness of each input shaping schemes against
possible parameter uncertainties are also investigated
by constructing the sensitivity curves. Both the
experimental and FE simulated results are shown in
Figure 19 for ZVZV and HDZV shapers. In x-axis of
Figure 19, ax and mn are is the estimated and the actual
1%t natural frequencies, respectively and the variable
wulan 1S a measure on the deviation in system
dynamics due to errors in parameters identification.
The results indicate that the residual vibration is
minimum if no modeling error (i.e., o/ an =1). With
modeling error, the residual vibration amplitude would
be increase. On the other hand, the HDZV scheme is
less sensitive to modeling error.  Finally, it can be

Chen and K.-S. Chen: Input Shaping Design for Suppressing Motion-Induced Vibrations.

seen that the FE simulated results agree with
experimental data very well and the results fully
validate the feasibility of FE dynamic analysis in input
shaping design. Therefore, with the FE model being
validated, it is then possible to use this approach to
explore design in a more complicate senses.
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FE CASE STUDIES

Two case studies in vibration suppressing for
long range transportations are presented here using FE
simulation for elucidating the proposed approach in
input shaping design.

First, consider the loading/unloading of
containers in cargo ship, schematically shown in
Figure 20(a), the container is initially raised, then
transmitted to above the ship, and finally moves down
and released. Fast container transportation without
exciting swing is an important issue and has attracted
numerous investigations using both input shaping or
control approaches [Sano et al, 2013, Hong et al, 2003,
Yashida, 2002]. It is possible to design input shaper via
FE simulation. Notice that the initial raising-up and
finally move-down are not modelled at this moment
since the continuously changed cable length induced
time-varying dynamics actually causes additional
challenges. Up to now, to the best of our knowledge,
there are no efficient analytical procedures available
and the corresponding shaping design relies on
extensive trials [Chang and Park, 2005].



Nevertheless, this can potentially be performed via FE
simulation. However, in this work, only the
transmission phase is simulated.

A 2500 kg imbalanced container with size (6.06
X 2.44 x 2.59 m®) is supported by four 8-m long steel
cables with a cross-sectional area of 150 mm2.  The
first two modes exhibit swing and torsional motions
with natural frequencies of 0.175 and 0.386 Hz,
respectively shown in Figure 20(b). Several input
shapers are designed in FE and the results are shown
in Figure 20(c)(d). It can be seen that the unshaped
response exhibits a large amount of swing motion and
it would take enormous duration for settle. On the
other hand, with shaped input, the container can reach
the destination with a much less settling time. From
Figure 20(c)(d), it can be seen that the ZVDZVD
method has the longest rising time since it requires
more actions.

Second, as schematically shown in Figure 21,
gantry cranes have been widely used in many factory
transportation applications. For those purposes, it is
desired that the process is as rapid as possible for
working efficiency considerations, which is often
limited by both the transient swing and the residual
oscillation of the payloads after reaching their
destinations. The system shown in Figure 21(a) is
modelled as a 2-DOF steel cable system with a 500 Kg
hook and an 810 Kg payload. The two natural
frequencies are found as 0.24 and 0.68 Hz using FE
analysis (Figure 21(b)).  With the information ready,
different shaping schemes such as ZVZV, HDZV, and
Z\VDZVD are then applied in this dynamic model for
transportation with obstacle avoidance. As shown in
Figure 21(c)(d), the unshaped trajectory could excite
significant swing motion. On the other hand, the
shaped commands could achieve a much smooth
transition, faster settling, and safer for people nearby.
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Fig. 20 (a) schematic of the cargo transportation, (b)
the associated FE model to show the swing and
torsional modes, (c) the moving history in X-direction,
and (d) the swing behaviour
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Figure 21 (a) schematic of the crane transportation, (b)
the associated FE model to show the first two modes,
(c) the schematic plot to show the moving path and (d)
the moving histories

DISCUSSIONS

The performance and robustness of input shaper
are largely depended on the accuracy of the plant
dynamics. Here we employ FE dynamic simulation
in input shaper design. The core of this work is to
design two long range flexible motion systems as the
test platform and their corresponding FE model for
examining the effectiveness of input shaping schemes
and for validating the FE dynamic simulations. The
cases we chosen as the experiment are not trivial
because they are actually structures commonly
existing in machine tools and robot arms and both of
them potentially suffer from motion-induced vibration
in high speed maneuverer.  The results clearly
indicate the potential of input shaping in high speed
point-to-point motions. Meanwhile, the experimental
test structures are actually complex enough and it is
hard to obtain the system dynamics via analytical
dynamics. As aresult, the agreement between the FE
simulation and the experimental results suggests that
it is possible to use FE simulation for input shaper
design. In the future, more realistic problems can
also be investigated.

Finally, although the FE-based design has been
validated through the case studies, the true strengths of
the proposed approach might not be fully revealed.
A machine targeted for vibration control may have
more  complicate  characteristics, such  as
nonholomonic constraints, limited actuator bandwidth
[Danielson et al, 2008] or authorities, structural
anisotropy, and even time-varying dynamics, could be
taking into account in FE simulation for a success
input shaper design. Finally, other design
considerations such as stress, deformation, and fatigue,
can also be considered simultaneously under a FE
environment. Therefore, the FE simulation offers a
more versatile manner to design the associated input
shapers and we believe that the real strength of using
FE simulation can be fully revealed in systems
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involving the above-mentioned characteristics.

CONCLUSION

Input shaping is an effective method for
suppressing motion-induced vibration for flexible
structures.  However, the success of input shaper
design largely depends on the accuracy of system
dynamics models, which are usually created by
analytical dynamics and this approach may be broken
down for complex mechatronics systems. As a
result, input shaping design based on FE dynamic
simulation is proposed in this work. Two
experimental systems are designed and the
effectiveness of input shaping schemes are examined
via experimental investigation and FE dynamic
simulations. The successful results indicate that it is
possible to use FE simulation for designing input
shapers in complex mechanical systems such as
systems with non-holonomic constraints. Several
simulation examples are then further conducted to
elucidate the concept of design and for promote the
possible applications in the future. By this approach,
other key design analyses can also be performed
simultaneously under the same FE architecture.
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