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Abstract - Modal analysis is the study of dynamic characteristics of a structure, namely the natural frequency, modal 
damping, and mode shapes.  The conventional method is called Experimental Modal Analysis (EMA) with normal impulse 
technique. The downside of this method is that it  
requires a long data acquisition time, as the engineer has to perform the impulse in three directions, named axial-, horizontal- 
and vertical- axis of the structure to obtain all dynamic characteristics. Hence, this study proposed a single direction oblique 
impulse to reduce data acquisition time by 66% for a 3D structure. The objective of this study is to investigate the feasibility 
of oblique impulse in modal analysis via finite element method (FEM).The proposed method can be investigated 
comprehensively and much quicker through virtual testing by FEM. The results of the proposed method are being 
benchmarked to the results of computational modal analysis.  It shows that the oblique impulse method is able to determine 
the desired dynamic characteristics of the structure, which proves that EMA with oblique impulse technique is feasible and 
has great potential to improve testing time of the conventional normal impulse testing.  
 
Keywords - Experimental Modal Analysis, Computational Modal Analysis, Normal Impulse, Oblique impulse, Finite 
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I. INTRODUCTION 
 
A mechanical structure exhibits vibration when it is 
excited by force. When the structure is excited at its 
natural frequency, the vibration is amplified greatly 
which leads to structural failure. This is known as 
resonance phenomenon. Hence, identification of a 
structure’s natural frequency is important in vibration 
analysis to prevent the structure from resonance 
problem[1]. Modal analysis (MA)aims to extract the 
dynamic characteristics or modal parameters of the 
structure such as natural frequency, mode shapes and 
modal damping[2].Modal testing can be performed 
through experimental and simulation methods, which 
are known as Experimental Modal Analysis (EMA) 
and Computational Modal Analysis (CMA) 
respectively. MA is performed based on the approach 
of input-output identification, where impact force acts 
as an input to a system while responses are the 
outputs from the system [3,4]. In conventional EMA, 
the structure is excited by an impulse and vibration 
response is recorded. In order to comprehensively 
define a 3D structure, it requires three excitation 
forces from X-, Y- and Z- axis direction of the 
structure, as follow the EMA with normal impulse 
technique. This technique is time consuming for its 
redundant data acquisition process [5]. EMA requires 
the system to be fully “shutdown” from operating 
which incurs costly loss[6].Thus, reducing the 
redundancy procedure of the normal impulse 
technique is the main focus of this study, which 
ultimately helps to save the maintenance and 
downtime costs of a system. This study proposes to 
improve the situation by implementing EMA with 

oblique impulse technique. Theoretically, an 
excitation force from oblique angle (i.e. oblique 
impact) can excite all the vibration modes of a 3D 
structure in 3 normal directions. Therefore, it 
eliminates the needs to repeat the process of 
introducing normal impulse at respective direction. In 
this way, the proposed method could reduce the 
acquisition time by 66%. In order to verify the 
concept, an early investigation has been carried out in 
this study to study the feasibility of oblique impulse 
in EMA using Finite Element Method (FEM). This 
virtual testing will eventually save the testing time 
and fabrication cost, instead of conducting an actual 
experiment [7]. Lastly, the resulting modal 
parameters obtained from the virtual testing of EMA 
with oblique impulse will be compared with the result 
of the conventional CMA [8] to verify the proposed 
method. 

 
II. THEORY 
 
A. Modal Analysis with Normal Impulse 
A structural response is the result of interaction 
between excitation force and dynamic characteristics 
of the structure.  Theoretically, Frequency Response 
Function (FRF) can be obtained with the information 
of excitation force and the corresponding vibration 
response.  FRF is the transfer function of the system, 
which indicates the relationship between input forces 
and output responses, as shown in (1).  

H :       … (1) 

Where H :  is the transfer function due to force, F 
acting on point n in j direction and the corresponding 
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response, Xcollected from point m in direction of i. A 
complete set of FRF matrix is shown in (2). 

 
A single column or row is sufficient to extract the 
modal parameters for that particular direction of the 
structure. For a 3D structure, it requires minimum 3 
directions FRF, named as x- , y- and z- axis to 
comprehensively define the dynamic characteristics 
of the system. This indicates the measurements have 
to be repeated for 3 times by exciting the structure at 
the direction of x-,y- and z- axis as shown in Fig. 1.F , 
F  and F are the directional impulse force at x- , y- 
and z- axis respectively. Note that F , F  and F  are 
referred as normal impulses in MA. 

 
Fig. 1 Illustration of normal impulse excitation force in MA 

B. Modal Analysis with Oblique Impulse 
This study proposes a time saving oblique impulse 
technique which is able to obtain 3 directions FRF 
simultaneously. Oblique impulse is defined as any 
impulse other than impulse in axial direction of x-, y- 
and z- axis. Theoretically, an oblique impulse can 
excite the structure in three directions x-, y- and z- 
axis as it consists the force component in x-,y- and z- 
axis direction.   Hence, one oblique impulse is able to 
represent 3 normal impulse and 3 directions FRF can 
be obtained simultaneously. In Fig. 2, F  is the 
oblique impulse excitation force, while theθ , θ  and 
θ  are the angles between the oblique impulse and x-, 
y- and z- axis. 

 
Fig. 2 Illustration of oblique impulse excitation force in MA 

 
III. METHODOLOGY 
 
A. Computational Modal Analysis 
A T-shaped plate with width of 0.48m, length of 
1.09m and thickness of0.01m is used as the structure 

in this study. The material of the plate is set as 
structural steel with density of 7500kg/m3. The plate 
is meshed using ANSYS® Meshing with total 119 
elements. Elastic support of 8x108N/m3 is added at 
bottom surface of the structure as boundary condition. 
Computational modal analysis is carried out using 
ANSYS® Modal module. The numerical results 
include modal parameters such as natural frequency 
and mode shapes. 
 
B. Virtual Testing of EMA with Oblique Impulse 
ANSYS® Transient Structural module is used for the 
virtual testing of oblique impulse EMA with same 
structure setting as in CMA. Total 19 measurement 
points are set, as shown in Fig. 3.Each measurement 
point is recording the vibration response in x-, y- and 
z- axis and hence a total of 57 responses are collected 
for further analysis. In this study, acceleration is 
chosen as the vibration response. A 10N virtual 
oblique impulse is inserted at Point 1 by defining the 
force component at x- axis as 5N, y-axis as 5N and z- 
axis as 7.07N. At the oblique resultant impulse, θ and 
θ are60° while θ  is 45°.The block size is 4096 and 
sampling rate is 2048, hence the time step for the 
analysis is set at 4.883x10-4 second and step end time 
is 2 second. The input force and vibration response 
are recorded in time domain. Next, the virtual testing 
outcomes (i.e. input force and vibration response) are 
imported into MATLAB®. By using the Fast Fourier 
Transform (FFT) function, input force and output 
response are converted from time domain into 
frequency domain with block size of 4096. Hence, 
FRF is calculated through (1). Then, FRF is imported 
into vibration analysis software called ME’Scope®. 
In ME’scope®, modal parameters such as natural 
frequency and mode shapes (i.e. the motion of the 
structure for a particular natural frequency) can be 
extracted from FRF by curve fitting.  The outcomes 
of the virtual testing of EMA with oblique impulse 
will be compared to the outcomes of the 
computational modal analysis to verify the validity of 
the proposed method. Note that the comparison of the 
modal damping is not available in the finite element 
analysis due to the limitation of the algorithm. 
Considering the maximum operating frequency of 
motor is 50Hz, hence this study will focus on 
dynamic characteristics within first 50 Hz.  
 

 
Fig.3 Measurement points location 
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IV. RESULTS 
 
In computational modal analysis, total 4 modes are 
identified within first 50Hz, which happened at 
10.4Hz, 13.6Hz, 18.7Hz and 29.3Hz. The mode 
shapes for respective natural frequency are shown in 
Fig. 4. 

 

 
Fig.4 Natural frequencies from computational modal analysis 

From the virtual testing of oblique-impulse EMA, the 
obtained FRF is shown in Fig. 5. Four peaks are 
clearly shown in the FRF, which indicates the 
vibration modes and the responding natural 
frequencies. The obtained natural frequencies are 
10.4Hz, 13.6Hz, 18.7Hz and 29.3Hz.  

 
Fig. 5  FRF for oblique impulse EMA 

Table 1 shows the comparison of the natural 
frequency between numerical modal analysis and 
virtual testing of oblique-impulse EMA. Excellent 
agreement between natural frequencies is found with 
discrepancy within 0-0.14%. The result shows that 
the proposed oblique impulse testing can obtain an 
accurate natural frequency info, after benchmarking 
with the computational modal analysis result.  

TABLE I: COMPARISON OF NATURAL FREQUENCY 
Mode Natural 

Frequency 
from 
Computational 
Modal Analysis 
(Hz) 

Natural 
Frequency 
from 
Virtual 
Oblique 
Impulse 
Testing 
(Hz) 
 

Percentage of 
Difference in 
Natural 
Frequency(%) 

1 10.40 10.40 0.00 
2 13.60 13.60 0.00 
3 18.72 18.70 0.10 
4 29.34 29.30 0.14 

 
Next, the mode shapes are compared side by side, 
with computational modal analysis result at left while 
virtual oblique-impulse EMA result at right. The 

mode shapes are compared visually from 3 views. 
There are front, side and top views as shown in Fig. 6.  

 
Fig. 6 Top, front and side views of the T-place structure 

 
Fig. 7 shows the mode shape comparison of vibration 
mode 1. Both illustrate the pitch motion. The mode 
shapes are highly similar by visually inspecting from 
top, side and front views. The result shows that the 
proposed oblique impulse testing can extract the 
mode 1 mode shape accurately. 

 
(a) 

 
(b) 

 

 
(c) 

Fig. 7 Side by side mode shape comparison of the mode 1 
obtained from computational modal analysis (Left) and virtual 

oblique-impulse EMA (Right) in 3 views:  (a) Front view, (b) 
side view and (c) top view. 

 
Fig. 8 shows the mode shape comparison of vibration 
mode 2.  Both illustrate the rolling motion. The mode 
shapes are highly similar by visually inspecting from 
side and front views, while top view shows some 
deviation. The result shows that the proposed oblique 
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impulse testing can extract the mode 2 mode shape 
satisfactory. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8 Side by side mode shape comparison of the mode 2 
obtained from computational modal analysis (Left) and virtual 

oblique-impulse EMA (Right) in 3 views:  (a) Front view, (b) 
side view and (c) top view. 

 
Fig. 9 shows the mode shape comparison of vibration 
mode 3. Both illustrate the rolling motion. The mode 
shapes are highly similar by visually inspecting from 
side and front views, while top view shows some 
deviation. The result shows that the proposed oblique 
impulse testing can extract the mode 3 mode shape 
satisfactory.  

 
(a) 

 
(b) 

 
(c) 

Fig. 9 Side by side mode shape comparison of the mode 3 
obtained from computational modal analysis (Left) and virtual 

oblique-impulse EMA (Right) in 3 views:  (a) Front view, (b) 
side view and (c) top view. 

 
Fig. 10 shows the mode shape comparison of 
vibration mode 4. Both illustrate the heaving motion. 
All 3 views show good agreements of the shapes. The 
result shows that the proposed oblique impulse 
testing can extract the mode 3 mode shape 
satisfactory.   

 
(a) 

 
(b) 

 
(c) 

Fig. 10 Side by side mode shape comparison of the mode 4 
obtained from computational modal analysis (Left) and virtual 

oblique-impulse EMA (Right) in 3 views:  (a) Front view, (b) 
side view and (c) top view 

 
In overall, the similarities between the mode shapes 
are high as the virtual oblique-impulse testing is 
capable to excite all the desired mode shapes with 
slight top view differences for modes 2 and 3. The 
obtained mode shapes are pitch, rolling, rolling and 
heaving modes for mode 1-4 respectively, as verified 
by the computational modal analysis result.  
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CONCLUSION 
 
Investigation of oblique impulse in EMA via FEM 
has been successfully performed in this study.The 
accuracy of the obtained natural frequencies using the 
oblique impulse testing is more than 99.86%, as 
compared to the conventional computational modal 
analysis. The proposed method is able to extract all 
the desired mode shapes satisfactorily. This study 
gives new insight in performing an effective modal 
analysis by improving the acquisition time by a factor 
of 3 while maintaining the data quality. The potential 
and practicability of the proposed oblique impulse 
testing should be verified through experimental work 
in future work. Moreover, the comparison of mode 
shape is done qualitatively in this study, while 
quantitative analysis using Modal Assurance 
Criterion (MAC) is not available in current study due 
to the limitation of mode shape data extraction in 
ANSYS software. This should be improved in the 
future work also.  
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