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Abstract

This paper discusses the design process for the
development of auxiliary table of vibration testing
machine. The design process is first laid out, and a typical
auxiliary table is studied to show the design evaluation.
There are three stages in terms of design analysis. First,
the table in free boundary is performed by both finite
element analysis and experimental modal analysis to
validate the analytical finite element model. Second, the
fixed boundary conditions corresponding to the real
mounting is considered and validated as well. Third, the
flatness index to evaluate the table performance is adopted
and shown to justify the table design. Finally, the design
criteria for a new design of the auxiliary table are
presented. This work establishes the design methodology
of auxiliary table that can be suitable and coped with the
requirement of vibration testing machine.
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1. Introduction

There are many kinds of environmental tests, and
vibration test is one of them. A product generally requires
environmental vibration tests by using vibration testing
machine to characterize the vibration properties, reliability
and the ability to fit the environmental test specification.

The coil structure of a vibration testing machine has a
small diameter and limits the size of test-device. The
vertical auxiliary table or so called head expander is
designed to mount on the coil structure, in order to
increase the test surface for accommodating large test
objects. The shaker dynamic characteristics for a vibration
testing machine is not able to be changed, so different size
of auxiliary tables should be well designed to suit the
shaker’s characteristic and related vibration test
specifications.

Wang and Chen [1, 2] performed model verification
of an auxiliary table (450x 450) for both free and fixed
boundary conditions. Via experimental modal analysis
(EMA) and finite element analysis (FEA) techniques, the
equivalent finite element (FE) model can be validated by
the comparable agreement of modal parameters. Wang et
al. [3] had also done a similar study for the 600x 600
type of auxiliary table. Chen [4] developed a complete
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procedure for the design verification and evaluation
procedure for the auxiliary table and also established the
flatness evaluation model for the table to define the table
quality. Wang et al. [5] followed Chen’s model [4] to
compare the performance of different auxiliary tables in
terms of flatness index. Wang et al. [6] applied the similar
process to perform the model verification for the carriage
of free-fall shock testing machine. Wang et al. [7] studied
the coil structure by FEA and EMA to obtain the validated
FE model.

The purpose of model verification is to validate the
correctness of mathematical model, and so forth the
validated model can be applied to model modification,
force prediction and response simulation as well as other
on-purpose applications. This paper will address the
concept and develop the design process for the auxiliary
table of vibration testing machine.

Feldmaier et al. [8] developed the FE model for the
car suspension system and validated the model via EMA,
and then the suspension response due to particular
loadings can be predicted. Pavic et al. [9] studied the
vibration transmission between floors of a building and
updated the FE model by experimental verification. Wang
and Li [10] built a small scale model of boat to perform
EMA so as to verify the corresponding FE model, and so
forth the dynamic response of double stage vibration
isolation system can be well characterized.

This paper not only develops a design verification
process for the auxiliary table design, but a 750x 750
type of table is also adopted to follow the process to detail
the design validation. The design principle is also
discussed to provide the design engineer with a practicing
guideline. On following the developed process, the new
type of table can be fabricated and largely reduce the cost
and time for developing the effective and competitive
auxiliary table.

2. Development of Design Process for
Auxiliary Table

Fig. 1(a) shows the flow chart of design analysis and
verification for the initial design of auxiliary table. The
steps for the initial design evaluation are discussed as
follows:

1. Free Boundary Model Verification: The initial
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design of the auxiliary table is performed by
both FEA and EMA, respectively. Base on the
modal parameters comparison, the FE model in
free boundary can be validated. The material
properties can be properly justified according to
experiments.

2. Fixed Boundary Model \erification: The
auxiliary table is attached to the coil structure on
the vibration testing machine as in practical test
condition. Both FEA and EMA are also
performed, respectively, for the table in fixed
boundary condition. The fixed boundary
parameters that are spring constants can be well
calibrated for the vibration testing machine. For
different machines, the fixed boundary
parameters must be redefined.

3. Auxiliary Table Performance Evaluation: From
the validated fixed boundary table model, the
flatness performance index (PI) can be defined
and evaluated by both FEA and experiments.
Upon the comparison of Pls between analysis
and experiments. The PI of initial design table
can be obtained and used as the reference
specification.

Fig. 1(b) shows the structural evaluation flow chart
of new design. The reference PI of initial design is used to
evaluate the new design of auxiliary table. The iterative
design process can be observed in Fig. 1(b) at different
stages.

3. Case Study of the Design Evaluation

This section presents the design evaluation of a
750x 750 type of auxiliary table following the flow chart
as shown in Fig. 1(a). Fig. 2 shows the picture of the
auxiliary table, and Table 1 shows the physical parameters
of the auxiliary table. More detail evaluation procedure
and results are discussed as follows.

3.1 Free Boundary Model Verification:

The objective of this step is to verify the FE model of
auxiliary table in free boundary. Both FEA and EMA are
performed, respectively.

For FEA, the table geometry model is first
established by CAD software, INVENTOR, and then
transferred to FEA software, ANSYS, by SAT interface.
Fig. 3 shows the details of FE model that is constructed by
linear hexahedron elements (SOLID 45) without any
displacement constraint for free boundary.

Fig. 4 shows the experimental setup, and Fig. 5
reveals the 85 measurement points of the auxiliary table.
No. 85 is selected as the fixed point to apply impact force,
and only those circled in Fig. 5 are tested with roving
accelerometers. Table 2 displays only the first two modes
to illustrate the successful verification of FE model in
terms of modal parameters. One can see the mode shapes
agree well, and the averaged error of natural frequency
between analysis and experiments for all modes in 2000
Hz is 4.43%. The maximum is 12.46%, and minimum is
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-2.95%.

From the reasonable agreement of modal parameters,
the FE model without constraints can be well verified, and
the optimum material parameters are listed in Table 1.
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Figure 1: Design process flow chart

Figure 2: 750 type auxiliary table of vibration testing
machine
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Figure 4: Experimental instrument setup for free
boundary
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Figure 5: Grid of experimental measurement points

Table 1: Physical parameters of the auxiliary table
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Figure 6: Finite element model for fixed boundary

Figure 7: Experimental setup for fixed boundary and
flatness measurement

Table 3: Fixed boundary model verification

EMA FEA
Natural Natural Diff.,
mode|frequency| mode shape |mode|frequency| mode shape | (%)
(Hz) (Hz)

i o= F
E-01| 981 _,.~ F-07| 1022 @ 4.18

E ' =

: 2

E-02| 1180 ‘- F-08| 1297 Q 9.92

length | 0.75(m) ;gzﬁiz 5.6x10°°(N/m?)
width 0.75(m) density 2.65(kg/m?)
height | 0.3(m) Piﬁﬁg“ 0.29

Table 2: Free boundary model verification

N

EMA FEA
Natural Natural Diff.,
mode |frequency| mode shape |mode|frequency| mode shape | (%)
(Hz) (Hz)
I = o
E01| 979 | .~ F-07| 1022 Q‘) 429
- 1 -
y/
E-02| 1180 " F-08| 1290 $ 9.32
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3.2 Fixed boundary model verification

Once the free boundary model was validated, the
table mounted to the coil structure of vibration testing
machine can be modeled by spring elements (COMBIN
14) to represent the contact surface between the table and
the face of coil structures. These are two types of spring
elements as shown in Fig. 6. The longer ones

(K1=10° N/m) represent the bolted area contact, while

the shorter ones (K2 =500N/m) are the face contact

zone. Both the spring constants are optimized such that
the errors of natural frequencies determine from FEA and
EMA are minimums.

Fig. 7 shows the experimental setup for the auxiliary
table mounted onto the vibration testing machine. The
EMA procedure is the same as that for free boundary test.
Table 3 shows the comparison results between FEA and
EMA. Again, only the first two modes are shown. The
averaged error for all of natural frequencies is 10.17%.
The maximum is 18.23%, and minimum is -2.09%, within
2000 Hz for all modes. The mode shapes also reveal
reasonable agreement. The FE model is considered
sufficient and able to be used for response simulation. It is
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also noted that the spring constants can be valid for only
the same testing machine. Otherwise, the spring constants
need to be calibrated separately for other machines.

3.3 Auxiliary Table Performance Evaluation

Chen [4] developed a flatness evaluation model to
define the performance index (PI) of the auxiliary for the
judgment of table quality. Fig. 8 shows the auxiliary table
subject to base excitation. When there is the base
harmonic displacement input Z(t), the transmissibility

block diagram can be shown in Fig. 9. If Y;(t) is the
time domain displacement response at location i, then
the frequency domain response can be written:

V(1) =2Z(f)-TRi(f) (1)
where Y;(f) and Z(f) are Fourier spectra of y;(t)

and z(t), and ﬁi(f) is the transmissibility of the

table .

In considering the comparison with the experimental
data, i.e. acceleration response actually, the acceleration
spectrum A (f) and the acceleration transmissibility can

be obtained as follows:

A(F) =Y, (f)-(27f)* (2)

TR,(f) =TRi(f)-(2f)? (3)
From Eq. (1), one can get:

A(f)=Z(f)-TR(f) 4
Here, A(f) represents the surface response of the

auxiliary table without feedback control. In practice, the
vibration testing machine is equipped with controller that
can precisely control the surface response at some control
sensor location, i.e. i, exactly the same as the specified

acceleration response. Let A, be the acceleration level
of white noise to be specified, and therefore, the

acceleration level at control sensor location will be the
same and expressed as follows:

Aics = Ainput (5)
Referred to the block diagram in Fig. 10, the relation
holds as follows:

Zi (£) - TR_(f) = A (6)
Therefore,

7, ()= o ™

¢ TR ()

Let Z,_(f) replace Z(f) in Fig. 10, and then the real

acceleration response at any location i of the surface can
be obtained:

Ai(f) =2, (f)-TR(f) (8)
Let k be the index of frequency resolution, the flatness of
the test surface &;(f,) can be defined:

A(F) = Aig () _ Ai(fi) ~ Angu

(1) =2
‘ ( “ ) Aics ( fk ) AinpUt

(9)
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The physical measuring of &(f,) is the difference
of acceleration level between location i and iy (the
control sensor location) at frequency f, . Assume that
there are N, measurement points on the test surface and
N, spectral lines, i.e. i= 1, 2, ..., Ny, and k=1, 2, ..,
N, , respectively.

Several indices can be defined as follows:

Nt
da(f)
_ 2 _ &

f

g = ﬁ? (10)
where

& = a(h) (a1)

k=1
Er = Max[s;'] (12)
Emin = min[gi'] (13)
i &(f) f

g (1) == E ) 149
where

s(f) =Y a(f) (15)

Yi(t) =Y sin(wt—¢)

Z(t)=Zsinwt
Figure 8: Auxiliary table subject to base excitation
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Figure 9: Transmissibility block diagram
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Figure 10: Determination of excitation spectrum
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Finally, more compact Pls for the auxiliary table can be
defined as follows:

Ni N
ZZ[gi(fk)]
PIav = €avg,i e (16)
9 9lcs Ns‘Nf
Pldiff :|gmax _gmin| (17)

For a control sensor location i, Pl,, asshownin

Eq. (16) represents the flatness of the test surface of the
auxiliary table as well as Pl in Eq. (17).

Fig. 7 is the experimental setup for flatness
measurement, while Fig. 11 shows the sensor connection
to the controller (Dactron) and FFT analyzer (SigLab).
The controller can perform feed back control to ensure the
specified white noise response at the control sensor
location. The FFT analyzer is used to record the
transmissibility to further determine the Pls. Table 4 lists
the experimental instrument.

Table 5 shows the Pls over the test surface obtained
from experiments and FEA for the control sensor at
location i =85, i.e. the corner of the test surface . One

can observe the flatness surfaces and Pl value’s from
experimental and FEA are comparable.

Table 6 reveals the overall flatness distribution over
the test surface according to different control sensor
locations. For those contour lines with Pl =0 can be

avg
the best choice of control sensor locations as indicated by
arrows in Table 6.

Up to now, the complete design evaluation and
experimental verification are shown. The next stage issue
will be how to design a new auxiliary table
out—performance over the current one.

Figure 11: Sensor connection for flatness measurement

Table 4: Experimental instrument

Table 5: Pls from experiment and FEA for the control
sensor location i, =85

Experiment FEA
PI avg PI diff Emax Emin PI avg PI diff Emax Emin
-23.42 | 80.39 | 26.09 | -54.29 | -44.83 | 48.53 0.13 | -484

Flatness |, Transmissibility (#35) Flatness , FEA (#85)

2

Table 6: Overall flatness distribution over the test
surface according to different control sensor locations

Playg
avg max min std rms
20.16 76.25 -44.91 41.71 46.09
Pl diff
avg max min std rms
107.89 164.16 48.45 38.22 114.38

Flatness , FEA (Plavg) Flatness | FEA (PIdiff)

Instrument Type

Electromagnetic
vibration testing
machine

KD-9363EM-600F2K-50N120

Control instrument Dactron

Spectrum analyzer SigLab model 20-42

Accelerometer Kistler Type:8732A500

Modal parameter

extraction software ME scopeVES
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4. Discussions on New Design of Auxiliary
Table

The auxiliary table can be required for different sizes
of test surface and so forth the height, thickness, rib shape
and etc. should be properly designed to ensure the proper
performance in vibration testing. The optimization
problem can be formulated and verbly stated as follows:

1. Objective Function: This work suggests

choosing the distribution of PI_, as shown in

avg
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Eq. (16) and revealed in Table 6 as the objective
function to be as flat as possible. Consequently,
the Pl,, and Pl surfaces shown in Table 6

avg
are with the smallest values and the most
flatness.

2. Design Variables: There are two phases of new
design consideration. Phase 1. the geometry
design is focused on new shape or different
layout of ribs for example. Phase II: the
dimension optimization for the selected
geometry, such as the height or thickness.

3. Constraints: For reducing the weight of auxiliary
table, the new design should be as light as
possible. The new design must be able to
fabricated as well as suitable to fit the coil
structures.

5. Conclusions

This work addresses the design approach for the
auxiliary table. Both FEA and EMA techniques are
employed to conduct model verification of the table in
free and fixed boundary conditions, respectively and
therefore the mathematical model or FE model can be
validated and used for response prediction. The flatness
evaluation of the auxiliary table is established and
characterized by several Pls that can be referred as the
design criteria to develop new types of auxiliary tables. A
750x 750 table case study is presented to illustrate the
design process. A general requirement of new design is
also briefly discussed. The developed methodology can
not only provide a systematic approach for auxiliary table
design, but also largely cut down the development effort
and time as well as the cost.
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