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KEYWORDS Abstract Oblique impact excitation has been introduced in Experimental Modal Analysis (EMA),
Dynamic characteristic; with the great advantage of reducing the conventional EMA'’s testing time by a factor of three. One
Frequency response function major constraint of this technique is the investigation of the effect of various oblique impact direc-
synthesis method; tions towards its accuracy in determining the structural dynamic characteristic. This feasibility
Modal testing; study is difficult to be achieved in practice, as it involves a lengthy amount of experimental works
Oblique angle; using various oblique impact directions. To solve this problem, a mathematical model has been
Oblique impact; developed to synthesize the FRF due to oblique impact (i.e. oblique FRF) in this study. The syn-
Tri-axial normal impact thesized oblique FRFs show great agreement with the measured oblique FRFs in various oblique

testing impact directions, which validate the reliability of the usage of the proposed synthesis method. The

performance of the oblique impact testings using various impact angles is investigated. The results
show that the oblique impact testing has a high success rate to extract directional modes in many
impact directions, however wrong selection of the impact direction will lead to mode estimation fail-
ure. Good selection of impact direction based on force and modal strengths are demonstrated to
ensure an accurate estimation of the structural dynamic characteristics.

© 2020 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
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1. Introduction

Experimental modal analysis (EMA) is well established since

— decades ago to obtain accurate dynamic characteristics of a
Cor'reSPondmg author. ] ) structure, such as natural frequency, modal damping ratio
E-mail addresses: khooshinyee@um.edu.my, mikeson.khoo(@yahoo. and mode shape. In general, EMA involves the measurement
com (S.Y. Khoo). of the input force, and the output response of the system [1].
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[2], damage detection of flexural structural systems [3], modal
analysis on tire [4] and etc. The broadband frequency charac-
teristic of the force is desired for shorter testing time, therefore
impact force from an impactor or random excitation from a
shaker is commonly used in EMA. Compared to shaker test-
ing, EMA with impact testing does not introduce any inertia
loading effect on the structure, plus it has less demanding cri-
teria in terms of instrumentation and test set-up complexity.
Thus, it will be used in this study. With the transfer function
strategy, the system’s dynamic behavior can be expressed in
the form of frequency response function (FRF) in frequency
domain involving the response and force data. Any unac-
counted force must be avoided while conducting EMA as it
will affect the FRF quality, so EMA must be conducted during
the non-operating condition. Once the complete FRF data is
ready, the desired modal parameters of the structure can be
obtained through the curve-fitting algorithm.

To conduct a successful EMA, the selection of the reference
degree of freedom (DOF) requires comprehensive considera-
tion. First of all, all modes in the frequency range of interest
must be excitable at the selected reference DOF, i.e. none of
the modes of interest can have a node at the reference DOF
[5]. Secondly, the reference DOF can be selected as fixed force
DOF or fixed response DOF, as long as a complete row/-
column of the FRF matrix can be obtained. This can be done
by using the roving accelerometer or roving force approaches.
As a rule of thumbs, the mass loading effect must be taken into
consideration when the roving accelerometer approach is cho-
sen. Corrective action must be taken if there is a peak shift in
FREF, especially when the attached transducer’s mass exceeds
10% of the test object [6]. Furthermore, the roving force
approach is free of the mass loading effect and FRF’s peak
shift problem. Roving the impactor between measurement
points (i.e. roving force approach) is far much easier than
remounting the response transducer (i.e. roving response
approach) in many cases, which results in a more consistent
measurement as well as the reduction in testing time and effort
[7]. However, the roving force approach is only applicable to
simple structure, which consists of the predominantly uni-
direction motion of the vibration modes. For a 3D complex
structure, which consists of the predominantly multi-
direction motion of the vibration modes, the roving force
approach always provides an incomplete row of the FRF
matrix due to the difficulty of applying force excitation in three
orthogonal directions at all measurement locations. In case it
may not be physically possible to excite the test object in such
a manner, the roving accelerometer approach is more favour-
able to tackle the vibration problem of a 3D complex
structure.

The third consideration would be the sufficient number of
reference DOF for EMA. Mono-reference or single reference
technique is firstly introduced which involves the measurement
of a single complete column/row of the FRF matrix. Theoret-
ically, it is assumed that this non-nodal reference DOF is suf-
ficient to determine all the modes of interest. However, it is
crucial to understand that the single reference technique is only
able to reveal the vibration modes in a predominantly uni-
direction motion, from a practical standpoint. If either direc-
tion of excitation is chosen, the other mode shape by the other
excitation direction apparently would not appear [8]. Thus,
multi-reference technique is strongly recommended because it
allows the adequate description of all the modes from the com-

bination of references which gives the best possible chance to
adequately determine all of the modes of the system [9,10].
This is particularly useful when repeated mode or closely cou-
pled mode exists (i.e. two or more modes appear in identical or
close natural frequency which cannot be found using the single
reference technique). These intractable modes are frequently
found in symmetric structure or sometimes the structure of
arbitrary geometries that exhibit repeated roots [11,12] or
dynamically complex structure with 3D mode shapes com-
prised of several directional modes in various orthogonal
planes [9,13]. As demonstrated by previous researchers
[9,11,13-15], the first case can be successfully tackled by select-
ing two or more reference DOFs in various measurement loca-
tions. For example, the roving force approach can be applied
while fixing the accelerometers at multiple locations, to find
the dynamic characteristics of the structure with repeated
roots. The selection of useful reference locations is important
for the success of the testing. A priori knowledge of the exam-
ined similar structure can be used for the choice of reference
DOFs. Else, a ‘short-gun’ approach (i.e. selecting a large num-
ber of randomly chosen references) would be useful, though
less efficiently for an unknown structure [9].

Moreover, the latter case (i.e. dynamically complex struc-
ture) is more troublesome to be solved as it requires reference
force DOF to be selected in the three principal directions, i.e.
axial, horizontal and vertical axes of the structure, to reveal
several directional modes in various orthogonal planes. The
friendly roving force approach is no longer suitable to solve
the latter case due to the physical constraint of the test object
that limits the obtainable measurements. Hence, the roving
response approach must be applied to solve this problem,
while fixing the impact force at three principal directions of
the selected non-nodal point [16]. This tri-axial normal impact
testing strategy is well-established in the state of art and it is
often used as benchmark for any newly developed modal test-
ing approach. Previous works [17,18] highlighted that this
strategy requires extremely long testing time due to the redun-
dant procedure of impactor as well as the sensor remounting
procedure. This is unfavorable to numerous industries espe-
cially the petrochemical industry where the cost of downtime
and unscheduled shutdown can be as high as USD 100,000
per day [19]. Moreover, impacting in three orthogonal direc-
tions aligned with the defined global coordinate system may
not be possible at the non-nodal point of some structures
due to the physical constraint in the practical scenario [20].
The inability to properly excite the system will eventually cause
inconsistent or failure in obtaining the modal data.

To reduce the EMA’s testing time, the idea of oblique force
reference DOF has emerged. In fact, a single oblique force can
excite the structures in all principal directions, hence ensures
the participation of all modes in various principal directions
[12,17]. Dessing [5] claimed that the oblique reference DOF
poses the modal decoupling advantage for closely-spaced
modes with predominantly orthogonal motion if the right
combination of position and direction can be selected on this
reference. He highlighted that the selected oblique DOF must
ensure a balance of modal strength (equal magnitude in fre-
quency response) and excite all modes of interest. The study
developed a special fixture that allowed the oblique input force
acting at 45° relative to the attached surface. A similar set-up
was followed by Warren et al. [21,22] who conducted the
oblique impact and shaker testings on a base-upright (BU)
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structure. The BU structure exhibited predominantly mode
shapes in the axial and vertical directions in the upright and
base parts respectively. However, the testing only focused on
the upright part which simplified the problem to axial direc-
tional mode. Besides, Avitabile [23] suggested that the refer-
ence DOF can be selected at any oblique angle as long as it
can excite all the modes of interest, while Bagersad [24] demon-
strated the mode shape scaling procedure by using the oblique
reference driving point FRF, without the need to identify the
orientation of the input force. Moreover, the oblique angle
information is neglected by most of the researchers where it
can be seen from previous studies that did not report the obli-
que angle information for the oblique testing in various types
of structures, such as three-bladed wind turbine [24,25], fuse-
lage panel [26], stripline structure [27], tire [28], vehicle body
[20,29] and human tibia [30]. However, it is still not sure the
selected reference DOF at various oblique angles can have a
balance modal strength for successful modal decoupling.

To date, the effectiveness of the selected oblique reference
DOF in various directions was not examined in the previous
literature. In fact, a suitable oblique angle is crucial to deter-
mine the success of oblique testing and the wrong selection
of it might lead to failure in revealing the intractable modes,
without the user noticed it. Thus, it is vital to understand the
effect of various oblique angles on the accuracy of the esti-
mated modal parameters so that the users can understand
the effectiveness of selecting the suitable oblique angle in their
testing. To achieve this, a substantial amount of oblique
impact data must be acquired to study intensively the feasibil-
ity of various oblique excitation directions for accurate modal
parameter estimation. This requirement has certainly increased
the difficulty in evaluation, as there are many possibilities of
oblique impact angles, which is very time consuming and
impractical in carrying out experimentally. In this paper, an
alternative approach to estimate the oblique FRFs at various
oblique angles is developed, which involves only the measure-
ment of the normal FRFs at the 3 orthogonal directions. Thus,
the experiment testing time can be reduced tremendously and it
makes the feasibility study of the ‘oblique angle effect’ possible
and achievable in this study.

2. Material and methods

2.1. Experimental modal analysis with multi-reference normal
impact testing

The test structure of this research is a T-shaped rig with 19
measurement points, as shown in Fig. 1. Multi-reference
EMA with tri-axial normal impact testing is performed to
measure the dynamic properties of the structure and it will
be used as the benchmark against the result of the oblique ref-
erence EMA. In this study, a 4-channel data acquisition system
equipped with an instrumented impact hammer and a tri-axial
accelerometer is used for EMA. The block size and sampling
rate of the FRF measurement are set at 4096 samples and
2048 Hz respectively. This setting gives a time resolution of
0.0004882 s and frequency resolution of 0.5 Hz, which are suf-
ficient to measure both impact force and response signals
satisfactorily.

The roving accelerometer approach is implemented for the
testing. The structure is first excited in the axial direction

(x-axis) at Point #1 using an instrumented impact hammer,
while the tri-axial accelerometer is roved from Points #1 to
#19 for 19 measurements. The response and force data are col-
lected for 5 averages per measurement point, to reduce the mea-
surement noise. This process is repeated by applying the normal
forces in the horizontal direction (y-axis) and vertical direction
(z-axis) respectively. In this way, the multi-reference force
DOFs selected in the three principal directions will produce 3
complete columns of the FRF matrix as shown in Eq. (1).

i Hlx:l,\‘ Hlx:ly Hlx:lz T
Hly:]x Hly:]y Hly:l:
Hi.y HIZ:I,V Hi...
Hyy, (o) = : : : (1)
Hioxry  Hioery  Hioxi:
Higpax  Higpry  Higpa:
L Hioziy Hiozyy  Higz: |

where Hyy, is the three-column FRF matrix measured from the
multi-reference EMA in the frequency domain (). @xyzindi-
cates the multi-reference force DOFs at x-, y- and z-axes
respectively. Each element in the FRF matrix is in the form
of H,;,;, where n and m are the position DOFs, while i and j
are the direction DOFs, for the output response and input
force respectively. Considering the transient characteristics of
the impact force and response signals, the FRF is obtained
through the following equation as follows ISO 7626-1:2011
(E) [31].

X/m'(w)

Hm’:mi(w) = Fm/'(w)

(2)

where F,;(w) is the impact force in the frequency domain,
which is acting at the m-position and j-direction, while
Yni(w) is the impact-induced response in the frequency
domain, which is acquired from the n-position and i-
direction of the test rig. In general, ni and myj are the response
and force DOFs respectively.

The overlaid of the multi-reference FRFs obtained from the
tri-axial normal impact testing is shown in Fig. 2. The scope of
the study is limited to the first 3 natural frequencies of the
structure according to the operating environment. From
Fig. 2, it is observed that there are 3 global peaks within
25 Hz indicating the 3 vibration modes in this frequency range.

To obtain the actual number of modes and pole location,
multi-reference mode indicator and modal participation factor
(also known as relative mode shape strength) are computed by
using ME’scope® software. In terms of the multi-reference
mode indicator, complex mode indicator function (CMIF) is
used because it can detect repeated roots and closely coupled
modes from multi-reference data. CMIF involves the singular
value decomposition (SVD) to decompose the multi-reference
FRF matrix into a product of three matrixes, as shown in

Eq. (3).
H,y,(0) = U(w)Z(0) V(o) )

where U(w) and V(w) are the left and right singular matrices
and they have orthogonal columns. X(w) is the diagonal
matrix of singular value. o/ denotes the Hermitian transpose.

CMIF is equal to the square of the singular value
(i.e. *(w)) while the right matrix is related to the modal
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Fig. 1

(a) T-shaped test rig and the normal impact in (b) x-, (¢) y-, and (d) z- directions.
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Fig. 2 Multi-reference FRFs obtained from EMA with tri-axial normal impact testing.

participation factor. The detail of the CMIF and modal partic-
ipation factor can be found in Refs. [15,32,33]. The CMIF
result of the multi-reference FRFs is shown in Fig. 3 and
Table 1. There are three CMIF curves obtained from three
normal forces references acting in the x-, y- and z- directions
respectively. Fig. 3 shows that the primary CMIF curve is
due to z-excitation reference. It consists of 3 peaks indicating
the presence of vibration modes. The secondary CMIF curve
of y-excitation reference shows there is a peak closely spaced
with the first mode of the primary curve indicating the closely
coupled mode. The tertiary CMIF curve of x-excitation has a
negligible singular value compared to the other two curves,
hence it has no repeated/ coupled mode within this frequency
range. In total, there are 4 vibration modes successfully identi-
fied by using the CMIF curves as shown in Table 1.

Next, the modal participation factor of the identified vibra-
tion modes is given in Table 1. In fact, ME’scope® computes
the modal participation factor in the form of relative mode
shape strength which ranges from 0 (i.e. meaning that mode
has a weak contribution and most likely not present at the ref-
erence) to 10 (i.e. meaning that mode has a strong contribution
and it is strongly present at the reference), as demonstrated in
references [34,35]. The strongest represented reference DOFs
for each mode are labelled with “* in Table 1. They will be
selected for further mode shape extraction using multi-
reference polynomial curve fitting methods in ME’scope®.
Modal assurance criterion (MAC) between the generated mode
shapes will be obtained. In specific, the comparison between
mode shapes to itself is called ‘Auto-MAC”’ in this study. Note
that Auto-MAC greater than 0.9 is considered as excellent
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Fig. 3  Peak count window by CMIF.

Table 1 Relative mode shape strength for impact references in 3 principal directions and the Auto-MAC of the obtained mode
shapes.
Mode Indicator Function  Frequency(Hz) Relative Shape Strength of the Corresponding Reference Auto-MAC Between Modes to
DOF Itself
1x 1y 1z 11.33 11.37 15.23 18.24
(i) CMIF 11.33 1.1 1.5% 1.2 1.00 0.41 0.01 0.03
11.37 0.1 0.5 2.6% 0.41 1.00 0.02 0.04
15.23 0.0 10.0* 0.0 0.01 0.02 1.00 0.03
18.24 0.0 0.2 9.7* 0.03 0.04 0.03 1.00
(ii)) Modal Peaks Function 1x 1y 1z 11.29 11.35 15.23 18.24
11.29 0.0 3.5% 0.0 1.00 0.09 0.05 0.02
11.35 0.0 0.0 10.0* 0.09 1.00 0.01 0.03
15.23 0.0 9.0% 0.0 0.05 0.01 1.00 0.03
18.24 0.0 0.0 8.6* 0.02 0.03 0.03 1.00

similarity in terms of mode shapes between the examined
modes, while Auto-MAC close to 0 indicates two different
mode shapes. The Auto-MAC matrix of the obtained mode
shapes is shown in Table 1. The off-diagonal values of 0.41
on the Auto-MAC matrix is obtained, which indicates there
is some degree of similarity between the first two modes. This
shows that the applied curve-fitting algorithms do not properly
extract the mode shapes for the first two modes as each mode
shape should be linearly independent between each other.

By trying the other available algorithms in the ME’scope®,
modal peaks function [36] and multi-reference polynomial
curve fitting method provide the best result in this study.
The relative mode shape strength for the first two modes are
enhanced by using this curve fitting method. Table 1 shows
that the mode shape by y-excitation reference has the highest
relative shape strength at 11.29 Hz, while at 11.35 Hz, the
mode shape by z-excitation reference has the highest relative
shape strength. Hence, Mode #1 contains two closely coupled
modes that only can be revealed well by y-excitation and z-
excitation references respectively. The remaining Mode #2
and Mode #3 at 15.23 Hz and 18.24 Hz have the highest rela-
tive shape strengths at y-excitation and z-excitation references
respectively. Next, the selected references with the highest rel-
ative shape strength (i.e. with “*° label) will proceed with the

curve fitting of mode shape. The Auto-MAC matrix of the
mode shapes obtained from the modal peaks function and
multi-reference polynomial curve fitting method is shown in
Table 1. All off-diagonal values are approximately zero indi-
cates that the mode shapes are linearly independent to each
other among the four modes. So, the modal parameters are
extracted properly using the modal peaks function and
multi-reference polynomial curve fitting methods. In this
study, the dynamic characteristics obtained at 11.29 Hz,
11.35 Hz, 15.23 Hz and 18.24 Hz will be denoted as ‘Mode
#1 by y-excitation’, ‘Mode #1 by z-excitation’, ‘Mode #2 by
y-excitation” and ‘Mode #3 by z-excitation’ respectively and
it will be used as the benchmark results.

2.2. Experimental modal analysis with oblique impact testing

In this study, the performance of the oblique impact testing by
using various impact angles will be investigated. The experi-
mental set-up for the oblique impact testing is similar to the
previous experimental setting, except that the tri-axial force
reference DOFs are simplified to an oblique impact direction.
Fig. 4 shows the oblique impact force acting at Point #1, where
the oblique direction can be varied to the x-, y- and z-axes in
terms of angles o, § and y respectively.
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The feasibility study of the oblique angle effect in EMA is
extremely difficult to achieve in the actual scenario as it
requires unreasonable time and effort to achieve that. This
study provided an alternative solution to synthesize the obli-
que FRF due to various oblique impact directions, instead
of completing the tough procedure. The alternative method
involves the normal FRF data obtained from the tri-axial nor-
mal impact testing, as well as the validation procedure of the
proposed synthesis method. The data needed for the first case
can be prepared according to section 2.1, while the latter case
will be conducted by comparing the synthesized modal param-
eter results with the experimental data. For the validation pur-
pose, 10 sets of oblique impact testings are conducted
experimentally by using different oblique angles as shown in
Table 2.

The experimental oblique FRFs matrix, H,,(w) can be
measured following Eq. (2) to generate Eq. (5).

[ Hiciong, H10p,5, Hiiobz,, ]
Hly:lub,Ql Hly:lob,{az Hly:lob,gm
le:lob,Q] le:lob.gz le:lob.gm

Ho) = | _ .

Hl%c:lob.Ql Hl9x:lah,®2 Hl9x:lah.@10
Hl9y:lob,®1 Hl‘)y:lo}mgz H19)f:10b,glg

L H19::10b,Q1 Hl‘)z:lob,gz H19Z:10b,®10 .

(5)

where o, o, , 805, z5,, - - *» ®0, g5, are the oblique directions at the
selected oblique angles of set number #1 — #10 for 10 sets of
experimental oblique impact testings according to Table 2.

The synthesized oblique FRF, ;Ini;mgb,@ can be established
using Eq. (6).

Hni:mah,g = COs a(Hm':mx) + cos ﬁ(Hni:my) —+ cos V(Hni:mz) (6)

where H,imy, Hyimy, and H,,. are the elements in three-
column FRF matrix, Hyy,(w) measured from the tri-axial
normal impact testing according to Eq. (1). The unit vector
of the oblique impact direction can be quantified by the
cosine  angles, i.e.  arbitrary  oblique  direction,
o0 = {cosa,cos f,cosy}. Eq. (6) shows that oblique FRF
in any arbitrary oblique directions can be synthesized if the
oblique direction and the normal FRFs in three principal
directions can be provided. To check the validity of Eq. (6),
10 sets of synthesized oblique impact testings are generated

Oblique impact
force

‘ X-axis

Fig. 4 Illustration of oblique impact force in EMA.

using the oblique impact angles given in Table 2. Hence, the
correlation, Corr between both measured and synthesized
mean oblique FRFs are calculated using Eq. (7).

~ FE 2
BS—1
‘Zr:o (th,QHob.Q) ‘

(225 (Mot ) ) (S8 (HonirHons) )

Corr =

™)

where H,, , and H ,  are the ' samples of the mean oblique
FRF in a particular oblique direction for both experimental
and synthesized data respectively. o* is the complex conjugate
function. Block size, BS is the total number of collected sam-
ples per block. Note that the correlation value that greater
than 0.9 indicates an excellent agreement between the mea-
sured and synthesized oblique FRFs. The correlation results
for each angle set are shown in Table 2. The range is between
(0.927 — 0.994). It shows that the synthesized FRFs are very
similar to the measured FRFs, indicating the practicability
of the oblique FRF synthesis method to be used in the feasibil-
ity analysis next.

To further examine the performance of the synthesized
oblique FRF in modal parameter estimation, the dynamic
characteristics extracted from synthesized oblique FRF are
compared with the results from experimental oblique FRFs.
Tables 3-5 shows the comparison between the natural fre-
quency, modal damping ratio and mode shape obtained from
experimental and synthesized oblique FRFs respectively.
Table 3 shows that the obtained natural frequency from the
synthesized oblique FRF has high accuracy, where percentage
errors of less than 0.80%, 1.06%, and 0.49% are obtained
from Modes #1 to #3 respectively. Table 4 shows that the
obtained modal damping ratio is satisfactory as it has maxi-
mum absolute errors about 0.63%, 1.05%, and 0.07% for
the three examined modes. Next, the MAC is used to identify
the similarities between two mode shapes obtained from syn-
thesized and measured FRFs. Note that MAC greater than
0.9 is considered as excellent similarity in term mode shape.
Mode shape comparison in Table 5 shows that the synthesized
oblique FRFs produce very similar mode shapes as the mea-
sured results, where Modes #1, #2 and #3 have MAC values
within (0.941-0.988), (0.932-0.983) and (0.960-0.983) respec-
tively. To a great degree, the synthesized oblique FRFs
demonstrate great performance in terms of modal parameter
estimation and FRF synthesis, as compare with the experimen-
tal oblique FRFs. Hence it is validated that the proposed obli-
que FRF synthesis method is capable to synthesize reliable
oblique FRF with great accuracy for further analysis.

For the feasibility study of oblique impact testings using
various oblique impact directions, a total of 115 impact direc-
tions including 3 normal directions are selected and marked as
‘0’ in Fig. 5. Each impact is knocked towards the measurement
position labelled “ of the structure, which is illustrated at the
position (0, 0, 0) in Fig. 5 and it represents the Point #1 of the
real structure as shown in Figs. 1(a) and 4. Note that the inves-
tigated impact directions are limited to one octant of the spher-
ical space, as it is assumed that oblique excitations at other
octants would produce a redundant result. By using the
selected directions, 115 sets of synthesized oblique FRFs
are obtained as follows Eq. (6). The effectiveness of the
oblique angle effect in extracting the modal parameter will
be examined next by benchmarking to the conventional
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Table 2 The selected oblique impact direction for experimental oblique impact testing and the FRF correlation result.

Set Angle to x-axis (o), © Angle to y-axis (B), © Angle to z-axis (y), © Correlation between Synthesized and Experimental Oblique
No. FRFs
1 46.92 46.92 75.00 0.942
2 52.24 52.24 60.00 0.927
3 60.00 60.00 45.00 0.975
4 69.30 69.30 30.00 0.989
5 79.45 79.45 15.00 0.994
6 79.45 46.92 45.00 0.975
7 69.30 52.24 45.00 0.972
8 52.24 69.30 45.00 0.963
9 46.92 79.45 45.00 0.944
10 54.74 54.74 54.74 0.944

Table 3 Natural frequency comparison between experimental oblique FRF (Exp) and synthesized oblique FRF (Syn).

Set No.  Natural Frequency

Mode #1 Mode #2 Mode #3

Exp, Hz Syn, Hz |Percent Error|, % Exp, Hz Syn, Hz |Percent Error|, % Exp, Hz Syn, Hz |Percent Error|, %
1 11.29 11.20 0.80 15.19 15.22 0.20 18.34 18.25 0.49
2 11.26 11.19 0.62 15.15 15.23 0.53 18.31 18.25 0.33
3 11.29 11.27 0.18 15.12 15.23 0.73 18.29 18.24 0.27
4 11.29 11.30 0.09 15.07 15.23 1.06 18.26 18.24 0.11
5 11.31 11.34 0.27 N/A N/A N/A 18.25 18.24 0.05
6 11.28 11.26 0.18 15.12 15.23 0.73 18.29 18.25 0.22
7 11.30 11.26 0.35 15.14 15.23 0.59 18.29 18.25 0.22
8 11.36 11.29 0.62 15.17 15.23 0.40 18.29 18.24 0.27
9 11.39 11.32 0.61 N/A N/A N/A 18.28 18.24 0.22
10 11.25 11.25 0.00 15.36 15.23 0.85 18.26 18.24 0.11

Table 4 Modal damping ratio comparison between experimental oblique FRF (Exp) and synthesized oblique FRF (Syn).

Set No. Modal Damping Ratio

Mode #1 Mode #2 Mode #3

Exp, % Syn, % |Absolute Error|, % Exp, % Syn, % |Absolute Error|, % Exp, % Syn, % |Absolute Error|, %
1 3.38 3.58 0.20 2.81 3.77 0.96 1.16 1.14 0.02
2 3.59 2.96 0.63 2.90 3.77 0.87 1.17 1.15 0.02
3 3.01 2.72 0.29 2.96 3.77 0.81 1.21 1.16 0.05
4 2.81 2.60 0.21 2.92 3.77 0.85 1.22 1.16 0.06
5 2.61 2.55 0.06 N/A N/A N/A 1.21 1.16 0.05
6 3.19 2.83 0.36 2.75 3.79 1.04 1.24 1.17 0.07
7 3.09 2.79 0.30 2.73 3.78 1.05 1.22 1.17 0.05
8 2.77 2.61 0.16 2.75 3.74 0.99 1.21 1.15 0.06
9 2.69 2.47 0.22 N/A N/A N/A 1.21 1.14 0.07
10 2.96 2.79 0.17 3.96 3.77 0.19 1.10 1.15 0.05

multi-reference EMA result. 2D oblique impacts that excite
Xy-, yz- and xz- planes are labelled as ‘Line #1°, ‘Line #2’,
and ‘Line #3’ respectively. 3D oblique angles that excite xyz-
plane are labelled as ‘Line #4°, ‘Line #5°, and Line #6°. These
impact directions are selected so that it can be used to study
the oblique force effect with changing contribution of x-, y-
and z- excitations respectively.

3. Result and discussion

The ultimate objective of EMA is to determine accurate modal
parameters such as natural frequency, modal damping ratio,
and mode shape. To examine the effectiveness of using various
oblique impact directions in the oblique impact testing, the
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Table 5 MAC comparison between experimental and synthe-
sized oblique FRFs.

Set No. MAC
Mode #1 Mode #2 Mode #3

1 0.971 0.979 0.965
2 0.941 0.979 0.960
3 0.979 0.971 0.969
4 0.984 0.932 0.976
5 0.988 N/A 0.963
6 0.982 0.983 0.964
7 0.980 0.983 0.976
8 0.974 0.958 0.977
9 0.979 N/A 0.981
10 0.964 0.976 0.983

extracted modal parameters from the synthesized oblique
FRFs using various oblique angles will be compared with
the result of the well-established multi-reference EMA, i.e.
tri-axial normal impact testing. Fig. 6 shows the natural fre-
quencies result obtained from the oblique reference EMA
(i.e. oblique impact testing) of the synthesized oblique FRFs
using 115 sets of various impact directions.

From Fig. 6(a), the obtained natural frequencies range
from 11.16 Hz to 11.48 Hz depends on the oblique angle set,
with an average of (11.28 + 0.06) Hz. The oblique impact test-
ings using various oblique directions only manage to extract
one of the coupled modes in Mode #1. This is because the sin-
gle oblique reference approach fails to identify the coupled
mode, especially the dynamically complex mode with multiple
mode shapes in various orthogonal planes in this study. Com-
pared to the benchmark results of Mode #1 by y-excitation (i.e.
11.29 Hz) and Mode #1 by z-excitation (i.e. 11.35 Hz), the

highest percentage errors of 1.68% and 1.67% are obtained
respectively. Besides, the mean percentage error of (0.48 + 0.
33)% and (0.69 + 0.48) % are obtained for Mode #1 by y- and
z-excitations respectively. From Fig. 6(b), the obtained natural
frequencies range from 15.08 Hz to 15.24 Hz for Mode #2,
with an average of (15.22 + 0.03) Hz. There are 32 out of
115 oblique directions of synthesized oblique FRFs unable
to extract Mode #2. However, the rest shows good agreement
of natural frequency estimation. The highest percentage error
of 0.98% and mean percentage error of (0.07 + 0.21)% are
obtained, compared to the benchmark results of Mode #2 by
y-excitation (i.e. 15.23 Hz). Fig. 6(c) shows that the obtained
natural frequencies range from 18.21 Hz to 18.37 Hz for Mode
#3, with an average of (18.25 £ 0.02) Hz. The highest percent-
age error of 0.71% and mean percentage error of (0.08 £ 0.
13)% are obtained, compared to the benchmark results of
Mode #3 by y-excitation (i.e. 18.24 Hz). Overall, the oblique
impact testing with single impact reference DOF in current
practice only manages to extract 3 out of 4 modes within the
frequency range of interest, regardless of impact directions.
This demonstrates the drawback of the conventional oblique
impact testing that replaces tri-axial normal impacts with a sin-
gle oblique impact, as one of the coupled modes in Mode #1 is
unable to be extracted. In many cases, the user might fail to
reveal the intractable mode, without even notice it. Thus, extra
care must be taken when oblique impact testing is applied and
there is room for improvement to tackle the coupled-mode
issue. Furthermore, most of the oblique directions can ade-
quately estimate the natural frequencies for directional modes
such as Mode #2 by y-excitation and Mode #3 by z-excitation
in this study. However, it is found that the wrong selection of
impact directions may lead to failure in estimating some vibra-
tion modes. So, a suitable impact direction is crucial to ensure
the success of oblique impact testing.
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Fig. 6 Natural frequency estimation of (a) Mode #1, (b) Mode #2, and (c) Mode #3 from the oblique impact testings using various

impact directions.

Next, the modal damping ratio results for Modes #1 to #3
are given in Fig. 7. Fig. 7(a) shows that the obtained modal
damping ratio ranges from 1.18% to 4.18%, with an average
of (2.58 £ 0.62)% for Mode #1. The highest absolute errors
of 2.08% and 1.68% are obtained respectively, compared to
the benchmark results of Mode #l by y-excitation (i.e.
2.05%) and Mode #1 by z-excitation (i.e. 2.45%). Besides,
the mean absolute error of (0.65 + 0.49)% and (0.46 + 0.43
)% are obtained for Mode #1 by y- and z-excitations respec-
tively. Next, there are 32 out of 115 oblique angles of synthe-
sized oblique FRF unable to extract Mode #2. However, the
rest shows a satisfactory estimation of the modal damping
ratio. From Fig. 7(b), the obtained modal damping ratio
ranges from 2.60% to 3.80%, with an average of (3.68 + 0.3
0)% for Mode #2. The highest absolute error and the mean
absolute error of 1.20% and (0.12 + 0.30)% are obtained
respectively, compared to Mode #2 by y-excitation (i.e.
3.80%). For Mode #3, the obtained modal damping ratio
ranges from 0.62% to 1.19%, with an average of (1.11 =+
0.12)% as shown in Fig. 7(c). The highest absolute error and

the mean absolute error of 0.54% and (0.06 £ 0.11)% are
obtained respectively, compared to the benchmark result of
Mode #3 by z-excitation (i.e. 1.16%). Overall, oblique impact
testings show a good estimation of modal damping ratio (i.e.
mean absolute error less than 0.65% among all modes) in most
of the examined impact directions, provided the mode is suc-
cessfully excited in the selected oblique directions.

The third parameter to be examined is the mode shape.
First of all, mode shapes obtained from 60 sets of synthesized
oblique FRFs using various 2D oblique excitations are com-
pared to the mode shapes obtained from multi-reference
FRF using MAC in Fig. 8.

The color bar shows that high MAC value close to yellow
color has an excellent correlation of mode shape, while low
MAC value close to blue color has a poor correlation of mode
shape. Note that impact direction that causes MAC value
greater than or equal to 0.9 is labelled with ‘O’, and impact
directions with ‘X’ label indicates that the mode is unsuccess-
fully excited in that particular direction. Lines #1, #2 and #3
are used to represent 2D impact force directions with changing
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Fig. 7 Modal damping ratio estimation of (a) Mode #1, (b) Mode #2, and (c) Mode #3 from the oblique impact testings using various

impact directions.

force strength in the xy-, yz- and xz- planes respectively. For
example, the arrow of Line #1 in Fig. 8 shows the selection
of 2D impact directions in the xy-plane with increasing y-
excitation component or strength while reducing x-excitation
strength, when it is moving towards the y-axis, and vice-
versa. Arrow of Line #2 in Fig. § is moving from y-axis to z-
axis, indicating the impact directions with increasing z-
excitation strength while reducing y-excitation strength, and
vice versa. Arrow of Line #3 in Fig. 8 shows the impact direc-
tions with increasing x-excitation strength while reducing z-
excitation strength, as it is moving from z-axis to x-axis.
Mode #1 of the synthesized oblique FRFs obtained from
the oblique impact testings using various 2D impact directions
is compared to the benchmark results (i.e. coupled modes of
Mode #1 by y-excitation and Mode #1 by z-excitation) in
Fig. 8(a) and (b). Compared to Mode #1 by y-excitation in
Fig. 8(a), the highest MAC values obtained for the 2D forces
acting in xy-, yz- and xz-planes (i.e. Lines #1, #2 and #3) are
0.926, 0.909 and 0.739 respectively. Poor MAC values are
obtained in Line #3 because the excitation in xz-plane pro-

duces zero y-excitation to excite the Mode#1 by y-excitation.
It is observed that MAC values are increasing when Lines #1
and #2 are heading towards the y-axis. This shows that
increasing force strength in y-component is useful to improve
the MAC value of the Mode #1 by y-excitation. On the other
hand, the comparison with Mode #1 by z-excitation in Fig. 8
(b) shows that the highest MAC values obtained for the 2D
forces acting in xz-, yz- and xy-plane (i.e. Lines #3, #2 and
#1) are 0.972, 0.984 and 0.538 respectively. Poor MAC values
are obtained in Line #1 because the excitation in xy-plane pro-
duces zero z-excitation, which has poor strength to extract the
Mode#1 by z-excitation. It is observed that MAC values are
increasing when Lines #2 and #3 are moving towards the z-
axis. This shows that increasing force strength in z-
component is useful to improve the MAC value of the Mode
#1 by z-excitation.

Comparing Fig. 8(a) and (b) shows that the increasing con-
tribution of z-component force will reduce the quality of MAC
value in Mode #1 by y-excitation, while the increasing contri-
bution of y-component force will reduce the quality of MAC
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Fig. 8 MAC comparison of (a) Mode #1 by y-excitation, (b) Mode #1 by z-excitation, (c) Mode #2 by y-excitation, and (d) Mode #3 by

z-excitation for 2D oblique excitation.

value in Mode #1 by z-excitation. This can be observed from
the results where Line #1 has more successful impact directions
with MAC values >0.9 than Line #2 and the highest MAC
value obtained from impact directions in Line #1 (i.e. 0.926)
is higher than the one in Line #2 (i.e. 0.909), as shown in
Fig. 8(a). Close examination of this relationship shows that
the oblique impacts near the center of Line #2 will excite both
Modes #1 by y- and z-excitations simultaneously, thus it
causes modal coupling between the closely coupled modes
(or mode shape superposition between orthogonal modes),
hence causing poor MAC values in both coupled modes. How-
ever, the oblique impacts near the center of Line #1 will excite

mainly the Mode #1 by y-excitation because there is no z-
excitation component. For the Mode #1 by z-excitation, Line
#3 has more successful impact directions with MAC values
>0.9 than Line #2 and the mean MAC value obtained from
impact directions in Line #3 (i.e. 0.85 £+ 0.23) is higher than
the one in Line #2 (i.e. 0.67 £+ 0.34), as shown in Fig. 8(b).
This is because oblique impact at the center of Line #2 will
excite both coupled modes simultaneously as discussed above,
thus the modal coupling effect reduces the obtained MAC
value in this impact region. However, the oblique impact at
the center of Line #3 will excite mainly Mode #1 by z-
excitation because there is no y-excitation component. Thus,
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more impact directions are obtained in Line #3 to obtain high
MAC values in Mode #1 by z-excitation because it is not
affected by the modal coupling effect.

Mode #2 mode shapes of the synthesized oblique FRFs
obtained from the oblique impact testings using various 2D
impact directions are compared to the benchmark result (i.e.
Mode #2 by y-excitation which has been identified as y-axis
dominant mode earlier) in Fig. 8(c). It shows that impacts in
the xz-plane (i.e. Line #3) fails to extract the Mode #2, due
to the absence of y-excitation component. It is observed that
MAC values are increasing when Lines #1 and #2 are heading
towards the y-axis with the highest MAC values of 0.972 and
0.970 are obtained respectively in these two lines. This shows
the importance of enhancing the y-excitation contribution to
ensure a successful mode shape estimation in Mode #2. More-
over, few oblique impact angles in Line #2 that near to z-axis
and Line #1 that near to x-axis shows poor MAC values. This
is because the low strength y-excitation in impact directions far
away from the y-axis is inadequately to excite the Mode #2,
hence causing poor extraction of the mode shape.

In Fig. 8(d), Mode #3 mode shape of synthesized oblique
FRFs obtained from the oblique impact testings using various
2D impact directions are compared to the benchmark result
(i.e. Mode #3 by z-excitation which has been identified as z-
axis dominant mode earlier). It is observed that MAC values
are increasing when Lines #2 and #3 are heading towards
the z-axis with the highest MAC values of 0.994 and 0.994
are obtained respectively in these two lines. This shows the

importance of enhancing the z-excitation contribution to
extract Mode #2 mode shape successfully. Theoretically, low
strength z-excitation in impact directions far away from the
z-axis will cause the poor extraction of the mode shape. It is
surprising to see the impact directions in Line #1 with zero
z-excitation can excite the Mode #3 mode shape with high
accuracy. To further examine the issue, the obtained synthe-
sized FRFs using impact directions in Line #1 are compared
in Fig. 9. It is observed that the global peak of FRF in Mode
#3 (highlighted in orange color) is increasing when the oblique
impact is moving towards the y-axis. This indicates that the
modal strength of the Mode #3 increases with the increment
strength of the y-excitation which ensures the success of the
mode shape estimation in this impact region. So, the modal
strength of FRF plays an important role to excite a particular
vibration mode besides the force strength.

Comparing Fig. 8(c) and (d) shows that oblique impacts in
2D directions in the yz-planes (i.e. Line #2) especially the mid-
dle region can adequately excite both directional modes Modes
#2 and #3. However, careful examination of Fig. 8(a)—(d) show
that no single 2D impact direction can sufficiently excite all 4
modes in this study. Commonly, the oblique angle at 45° to all
axes is prominently applied in the previous study [5,21,22]. It
was assumed that this impact direction can adequately excite
all modes of interest. However, it is revealed that this approach
imposes a significant drawback, where it poses difficulty espe-
cially in extracting all the coupled modes. In the worst-case
scenario, the user might estimate the wrong mode shape of
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Fig. 10 MAC comparison of (a) Mode #1 by y-excitation, (b) Mode #1 by z-excitation, (c) Mode #2 by y-excitation, and (d) Mode #3 by

z-excitation for 3D oblique excitation.

Mode #1, which is suffered from the modal coupling effect,
without even notice it. This problem shows the deficiency of
the current practice in implementing the oblique impact testing
with the invalid assumption that it can estimate all modes in
various orthogonal planes without concerning the impact
directions. It is important to aware that the selection of a
proper impact direction is crucial to ensure good estimations
of all modal parameters.

Next, mode shapes obtained from 55 sets of synthesized
oblique FRFs using various 3D oblique excitations are com-
pared to the mode shapes obtained from multi-reference
FRF using MAC in Fig. 10. Lines #4, #5 and #6 are used to
represent 3D impact directions with changing force strength

in the xyz- plane. For example, the arrow of Line #4 in
Fig. 10 shows the selections of 3D impact directions moving
towards x-axis have increasing x-excitation component or
strength while reducing both the y- and z- excitations strength.
Note that both y- and z- excitations strengths are equal so that
the effect of the changing x-excitation can be investigated.
Arrows of Lines #5 and #6 are moving towards y- and z- axes
respectively as shown in Fig. 10. The selections of impact direc-
tions in these lines are having increasing y- and z- excitations
components respectively, while the strengths of other excita-
tions in the other two directions are reducing. Note that these
excitations in other directions have equal strength so that the
effect of changing y- and z- excitations can be investigated
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properly. It is worthwhile to mention that the mid-intersection
point of Lines #4 to #6 has the equivalent force strength in 3
principal directions.

Mode #1 of synthesized oblique FRF obtained from the
oblique impact testings using various 3D impact directions is
compared to the benchmark results (i.e. coupled mode of
Mode #1 by y-excitation and Mode #1 by z-excitation) in
Fig. 10(a) and (b). Compared to Mode #1 by y- excitation in
Fig. 10(a), the highest MAC values obtained in Lines #6, #5
and #4 are 0.968, 0.913, and 0.340 respectively. Compared to
Mode #1 by z- excitation in Fig. 10(b), the highest MAC val-
ues obtained in Lines #5, #6 and #4 are 0.992, 0.987, and 0.843
respectively. Comparing both Fig. 10(a) and (b), it was found
that impact region in Line #4 is not favourable because it has
the lowest MAC values (MAC < 0.35). This is because the
changing x-excitation strength does not affect the quality of
the Mode #1 by y-excitation. At the same time, both strengths
of y- and z- excitations are increasing at the same rate when it
moves away from the x-axis, which will excite both Mode #1
by y- and z- excitations simultaneously. In other words, y-
and z-excitations have an equal force strength in Line #4. This
causes the modal coupling problem that reduces the MAC
quality for both coupled modes in this impact region, as dis-
cussed previously. In addition, impact region in Lines #5 and
#6 produces excellent MAC values (labelled by ‘O’ in Fig. 10
(a)) in Mode #1 by y-excitation when the impacts move
towards the y-axis and away from the z-axis respectively. Both
lines experience increasing strengths in y-excitation which pro-
vides sufficient excitation to extract Mode #1 by x-excitation.
Line #6 has greater MAC value than Line #5, this is because
the z-excitation strength is reduced at a higher rate in Line

#6 compared to Line #5. This ensures that the modal coupling
effect can be minimized to a negligible stage for enhancing the
modal parameter extraction. In contrast, when the impact
moves away from the y-axis and towards the z-axis for the
Lines #5 and #6 respectively, excellent MAC value of the
Mode #1 by z-excitation can be obtained as shown in
Fig. 10(b). This is due to the increasing z-excitation strength
for the extraction of the second coupled mode. In this case,
Line #5 has greater MAC value than Line #6 because y-
excitation strength is reduced at a higher rate, which leads to
higher reduction of the modal coupling effect.

To further illustrate the modal coupling effect in the extrac-
tion of couple modes using various impact directions, 3 cases
are studied by using impact directions of A, B, and C, as
shown in Fig. 10(a) and (b), and the results are reported in
Table 6. Case A in Table 6 shows that the modal coupling
effect will occur if the selected impact direction (e.g. impact
A) excites all coupled modes simultaneously, which causes
the mode shape superposition of the coupled modes. The
modal coupling effect can be reduced to a satisfactory level
if one of the coupled modes is predominantly excited per
impact (e.g. impact B predominantly excites the Mode #1 by
y-excitation or impact C predominantly excites the Mode #1
by z-excitation). This point is further confirmed in Cases B
and C when the obtained mode shapes in the selected impact
directions (i.e. impacts B and C) are similar to both coupled
modes obtained from the benchmark study, as shown in
Table 6.

Compared to the coupled modes, the directional modes
such as Mode #2 by y-excitation (i.e. y-dominant mode shape)
or Mode #3 by z-excitation (i.e. z-dominant mode shape) can

Table 6 Mode #1 coupled modes excited by using various impact directions.

Benchmark Study

Synthesized Oblique FRF Using Various Impact Directions

Case Case I Case 11 Case A Case B Case C
(Mode #1 by y- (Mode #1 by z- (Equal force strength in 3D (High force strength in  (High force strength in
excitation) excitation) directions) y-directions) z-directions)
Characteristic Yaw & Pitch Surge & Pitch Yaw, Surge & Pitch Motions Yaw & Pitch Motions Surge & Pitch Motions
Motions Motions
Top View i
Ll
Front View _—— t@é = Eﬁ 1%1;
| = B =) ] L =y .
B 4 == == == e == -
Observation ~ Dominant in y- Dominant in z- Dominant in y- and z- Dominant in y-direction Dominant in z-direction
direction direction directions
Analysis Coupled Coupled Modal Coupling/Mode Shape Similar to Coupled Similar to Coupled
Mode 1 Mode 11 Superposition Mode 1 Mode II
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excitation, and (c) all mode shapes.

be easily excited using 3D oblique impact. This is because 3D
oblique impacts impose force strength in all principal direc-
tions and it is expected that it can adequately excite all the
directional modes in different orthogonal planes. In this study,
the highest MAC values of Mode #2 obtained in Lines #1 to
#3 are 0.944, 0.969, and 0.968 respectively. Similar to the 2D
impact case, y-excitation strength plays an important role to
excite Mode #2. Fig. 10(c) shows that insufficient y-
excitation strength at the upper part (i.e. furthest side from
y-axis) causes unsuccessful mode extraction and vice versa.
For Mode #3, the highest MAC values obtained in Lines #1
to #3 are 0.992, 0.994, and 0.994 respectively. Fig. 10(d)

demonstrates excellent mode shape estimation (i.e.
MAC > 0.9) for all the examined oblique directions. It is
mainly due to the good contribution of the force and modal
strengths, as discussed previously in Figs. 8(d) and 9.

Next, the mean MAC values are examined among the
vibration modes, as shown in Fig. 11. Firstly, the mean
MAC values of the Mode #1 coupled modes are shown in
Fig. 11(a). The mean MAC values of (0.54 £+ 0.04) and (0.5
2 + 0.05) are obtained for 3D and 2D impact directions
respectively, which validate that 3D excitation has better mode
extraction than 2D excitation in this case. It shows that there is
no single oblique impact direction that can excite both coupled
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modes in Mode #1 simultaneously if a single reference
approach is used. If the multi-reference approach is allowable,
two oblique references close to y- and z- axes are needed to
excite the coupled modes adequately for high MAC value, as
illustrated previously in Figs. 8(a) & (b) and 10(a) & (b). In
addition, directional modes are much easier to be excited com-
pared to the coupled modes. Fig. 11(b) shows that plenty
impact directions that can excite both Modes #2 and #3 simul-
taneously, where the mean MAC values of (0.90 + 0.17) and
(0.74 £+ 0.22) are obtained for 3D and 2D impact directions
respectively. This validates that 3D excitation has better mode
extraction than 2D excitation for the case of directional mode.
It is important to aware that wrong selection of the oblique
angle would result in mode estimation failure for directional
mode, as illustrated previously in Figs. 8(c) and 10(c).
Fig. 11(c) records the average of all modes obtained in this
study. It shows the mean MAC values of (0.72 + 0.09) and
(0.63 £ 0.12) for 3D and 2D impact directions respectively.
It is found that the mean MAC value for all modes can be
enhanced to (0.76 £ 0.01) if the 3D oblique impact region is
selected about =+ 15° from the mid-intersection impact direc-
tion. This shows that oblique impact is unnecessarily limited
to the equally distributed force strength in the mid-
intersection impact direction, to achieve high MAC results.
Moreover, the user can consider performing the oblique
impact testing in mid-section of 2D yz-plane for similar T-
shaped test rig as it produces high MAC value within these
impact regions.

The selection of oblique impact in 2D directions are having
much lower accuracy in extracting the mode shapes especially
if the vibration modes of the examined structure are unknown
in a priori. This situation can be improved by implementing
theoretical modelling or simulation technique for the pretest
analysis, so that proper planning such as the suitable impact
direction can be studied in advanced of the experimental work.
To a large extent, the oblique impact testing with single impact
direction applied in the current practice has a good ability to
extract directional modes. However, it poses obstacle in
obtaining the complete set of coupled modes due to the modal
coupling effect. This demonstrates the limitation of the current
practice and thus the practicality of the existing oblique impact
testing should be further enhanced in the future work.

4. Conclusion

In this study, a synthesis method to generate oblique FRF due
to any impact directions has been successfully developed. The
validation of the synthesis oblique FRF method gives reliable
results, as high accuracy of FRF and modal parameter results
are obtained, as compared with the benchmark study (i.e.
EMA with tri-axial normal impact testing). The results show
good mean oblique FRF correlations of (0.96 + 0.02), low
mean percentage error (0.40 £+ 0.28)% of the natural fre-
quency estimations, low mean absolute error (0.35 £ 0.37)%
of the modal damping ratio estimations, as well as high mean
MAC value (0.97 + 0.01) of mode shape identifications. The
proposed synthesis method provides an alternative solution
to determine multiples oblique FRFs in many impact direc-
tions for the feasibility study. This study has successfully inves-
tigated the effect of using various impact directions on the
EMA with oblique impact testing, including 2D and 3D

oblique impact directions within an octant. The drawback of
the current EMA practice that replaces tri-axial normal
impacts with a single oblique impact is highlighted. The result
shows that the oblique impact testing using single impact direc-
tion can successfully identify all the directional modes in vari-
ous orthogonal planes (i.e. Modes #2 and #3), however it only
manages to identify one of the closely-coupled modes (i.e. it
can be either Mode #1 by x-excitation, Mode #2 by y-
excitation or the modal coupling between the coupled modes
depending on the selected impact direction). In spite of the
couple mode issue, the oblique impact testing still can deter-
mine accurate natural frequency and modal damping ratio
results, by using many impact directions. This is validated by
the low mean percentage error of (0.07-0.69)% and low mean
absolute error of (0.06-0.65)% obtained for all the examined
modes. Furthermore, 3D impact directions have a better mode
extraction ability than 2D excitation due to its better force
strength in all principal directions. The mean MAC values of
(0.54 £ 0.04) and (0.90 + 0.17) are obtained for the coupled
modes and directional modes respectively by using 3D impact
directions. It is found that directional modes can be excited
adequately if the selected impact direction has a good contri-
bution in terms of force and modal strengths. Poor MAC val-
ues obtained for the coupled modes are mainly due to the
modal coupling effect, as illustrated and explained in this
study. It is urged that the existing oblique impact testing with
a single impact direction should be enhanced further in future
work to tackle this issue. In all, selection of proper impact
direction in oblique impact testing is an important criterion
and it should not be neglected to ensure an accurate estimation
of structural dynamic characteristics.
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