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1. Introduction 
 

Young’s modulus is mechanical property of linear 

elastic solid material. Usually, it is the basic parameter for 

numerical simulations and damage detections. Therefore, it 

becomes essential to obtain the accurate value of Young’s 

modulus for mechanic
1
al structures. The IET method is a 

non-destructive testing method covers determination of the 

dynamic elastic properties of elastic materials, which is 

based on the structures possess specific mechanical 

resonant frequencies that are determined by the elastic 

modulus, mass, and geometry (Alfano et al. 2007). The IET 

method is easy to perform and requires a very short time. In 

this technique, dynamic Young’s modulus can be calculated 

directly using the data of resonant frequency and 

dimensions. It is helpful for mechanical engineer if the 

Young’s modulus of structures can be calculated using an 

experimental formula. There are different strategies 

suggested for Young’s modulus detection purposes 

depending on the type of the mode parameters used: natural 

frequency, displacement signal, loading force, deflection 

(Zeng et al. 2014, Zhang et al. 2013, Sousa et al. 2014). All 

of these have their advantages and disadvantages. The 

natural frequencies are commonly used to detect the  
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dynamic modulus of structures by comparison. 

The IET method for the measurement of dynamic 

Young’s modulus that is based on the resonant frequency of 

a structure present a very attractive possibility since the 

resonant frequency is quite easy and convenient to obtain 

from experiment. Yang et al. (2013, 2014a,b) developed 

wave motion analysis in arch structures via wavelet finite 

element method to detect damages. Zhang et al. (2015, 

2016a,b) proposed several novel methods for vibration 

control using numerical model. Wang et al. (2011) 

presented Daubechies wavelet finite element method and 

genetic algorithm for detection of pipe crack. Xiang et al. 

(2012, 2013, 2014) developed identification of damage 

locations based on vibration analysis. Jiang et al. (2016) 

proposed an approach for rolling bearing fault diagnosis 

using numerical model. Soltanimalek et al. (2016) 

developed free vibration analysis of functionally graded 

fiber reinforced cylindrical panels by a three dimensional 

mesh-free model. Mei and Sha (2016) developed analytical 

and experimental study of vibrations in simple spatial 

structures. Zhang et al. (2015) presented a multi-resolution 

analysis for damage identification based finite element 

model updating method. Li et al. (2015) developed 

structural damage identification using numerical and 

experimental studies. Munoz-Abella (2012) developed a 

non-destructive method for elliptical cracks identification in 

shafts based on wave propagation signals and genetic 

algorithms. Yang et al. (2017a,b) presented an approach for 

damage detection in beams via modal curvature analysis. 

However, the mechanical parameters are basic parameters 

for numerical simulation and can not be theoretically 
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obtained accurately. Therefore, the dynamic Young’s 

modulus detection methods associated with frequency 

measurement have drawn special attention in the open 

accessible literature (Spinner et al. 1960, Kubojima et al. 

2015, Pradhan et al. 2015). As the mechanical parameters 

of materials are often changed in production, it is very 

important to accurately know its property data. Generally, 

there are two procedures to accomplish the dynamic 

Young’s modulus detection in structures. The first 

procedure is picking up the vibration signals of structures.  

The second procedure is analyzing the vibration signals 

and getting the fundamental resonant frequency. When the 

resonant frequency is known and the dynamic Young’s 

modulus can be calculated using the relationship of resonant 

frequencies and dynamic Young’s modulus. 

The impulse excitation technique (IET) is presented to 

measure the mechanical parameters of engineering 

materials using the standard uniform specimens including 

rectangular and circular cross-sections. The mechanical 

parameters detection formulas were well established for the 

standard uniform specimens with uniform rectangular and 

circular cross-section, which is described in an ASTM 

standard (ASTM E 2001). Recently, the technique has been 

used for the determination of mechanical parameters of 

different materials (ZnO ceramics, particulate composites, 

albite glass, ceramics, concrete and ceramic particle 

reinforced aluminum) in standard specimens (De Oliveira et 

al. 2012, Hauert et al. 2009, Bahr et al. 2013, Chiu et al. 

1991, Lugovy et al. 2016, Popovics et al. 2000, Roebben et 

al. 2002, Schmidt et al. 2005, Tognana et al. 2010, 

Swarnakar et al. 2009, Zhang et al. 2013, Rupitsch et al. 

2011). The technique has also been employed to determine 

mechanical parameters of materials in high temperature or 

room temperature (Pabst et al. 2016, Roebben et al. 1997, 

Bahr et al. 2013, Guillot et al. 2011, Behmanesh et al. 

2016).  

IET consists of exciting a test object by means of a light 

external mechanical impulse and of the analysis of the 

transient resonant vibration during the subsequent free 

decay, which may be done mechanically or acoustically. 

This excitation is given in such a way as to favor the desired 

vibration mode. The test is easy to perform and requires a 

very short time, a couple of seconds. The mechanical 

stresses that are applied to the specimen are minute. This 

also means that the test is virtually non-destructive. 

Dynamic Young’s modulus can be calculated from the data 

of resonant frequency, mass, dimensions of the excited 

structure, and Poisson’s ratio (ASTM 2001).  

However, all of previous researchers did the analysis of 

mechanical parameters is about standard uniform 

specimens. In this work, the performance of the IET method 

for more complicated engineer structures is investigated, 

such as stepped shaft, etc. Further, if the existing 

mechanical parameters detection formulas can not provide 

the agreeable results, we proposed a hybrid approach using 

FEM simulation and RSM to obtain the experimental 

formula. 
 

 

 

 

 

 

Fig. 1 Schematic diagram of the stepped shaft 

 
 
2. The IET formula using numerical simulation and 
response surface method 

 

2.1 Impulse excitation technique  
 

The IET measures the fundamental resonant frequency 

of stepped shafts of suitable geometry by exciting them 

mechanically with an impulse tool. A transducer senses the 

resulting mechanical vibrations of stepped shafts and 

transforms them into electric signals. Support locations, 

impulse locations and signal pick-up points are selected to 

induce and measure specific modes of the transient 

vibrations. The signals are analyzed and the fundamental 

resonant frequency is isolated and measured by the signal 

analyzer, which provides a numerical reading that is first-

order flexural resonant frequency of stepped shafts 

vibration. The appropriate fundamental resonant 

frequencies and dimensions of the stepped shafts are used to 

calculate dynamic Young’s modulus. 

 
2.2 Dynamic Young’s modulus  

 

For the fundamental flexural frequency of stepped shafts, 

there is no existing formula to use to calculate the Young’s 

modulus because of the correction factor is difficult to 

determine accurately. The available and applicable formula 

can be presented through the finite element method (FEM) 

simulations and response surface method (RSM) based IET. 

Response surface method (RSM) designs a series of 

experimental combinations for numerical simulations, and 

numerical simulations based finite element method (FEM) 

provides enough simulation data for response surface 

method.  

Response surface method (RSM) (Unal 2016) was used 

to systemically investigate the effect of a wide range of 

independent and dependent variables. A three-level box-

behnken design with five factors was selected to examine 

the unified objective. Experimental factors design can be 

seen in Table 1 and the schematic diagram of the stepped 

shaft is shown in Fig. 1. 

A series of experimental combinations are designed 

based on the levels of these variables using design-expert 

software. The number of experimental combinations is 46 

shown in Table 2. 

The numerical simulations for every experimental case 

are performed using FEM software ANSYS. The diagram 

of stepped shafts and the displacement locations located in 

flexure node lines are shown in Fig. 2(a). 
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The finite element model figure of stepped shaft is 

shown in Fig. 2(b). Steel is chose as the material of stepped 

shafts because of steel is common metal for mechanical 

engineer. “Solid 186” element was applied in ANSYS 

program to conduct simulation of stepped shafts in steel (set 

parameters as: 3.0 , 3/7860 mkg ). Modal analysis 

is performed to get the resonant frequency f in flexural 

modes. According to the computation, the first-order 

flexural resonant frequency f are obtained and recorded in 

Table 2. 

Regression analysis is performed for each dependent 

variable using design-expert software. Response surface 

analysis was also applied to the data from box-behnken 

design for modeling and prediction of the relationship 

between Young’s modulus E and other selected factors. The 

analysis of variance (ANOVA) for response surface reduced 

quadratic model is shown in Table 3. 

The fitting was done using a second-order model for 

each response. The Model F-value of 701.3 implies the 

model is significant. There is only a 0.01% chance that a 

"Model F-Value" this large could occur due to noise. Values 

of "Prob> F" less than 0.0500 indicate model terms are 

significant. 

In the present investigation, R1, R2, R3, R4, f, R1R2, R1f, 

R2R4, R2f, R3R4, R3f, R4f, R1
2
, R2

2
, R3

2
, R4

2
, f

2
 are significant 

model terms. 
 

 

 

 

 
 

 

Table 4 shows the characteristic value of the model. The 

value of R-squared was 0.9976 shows that 99.76% of 

experimental data confirms the compatibility with the data 

predicted by the model. The “Pred R-squared” of 0.9962 is 

in reasonable agreement with the “Adj R-squared” of 

0.9910. “Adeq Precision” measures the signal to noise ratio.  

A ratio greater than 4 is desirable. The ratio of 89.8213 

indicates an adequate signal. This model can be used to 

navigate the design space.  

 
 

 
Internally studentized residuals 

Fig. 3 Normal plot of residuals 
 

 

Table 1 Levels of process parameters used in response surface method 

Code Process parameters 
Levels 

0 1 2 

R1 The radius of first step of stepped shaft (m) 0.0165 0.0195 0.0225 

R2 The radius of second step of stepped shaft (m) 0.0230 0.0260 0.0290 

R3 The radius of third step of stepped shaft (m) 0.0295 0.0325 0.0355 

R4 The radius of fourth step of stepped shaft (m) 0.0360 0.0390 0.0420 

E The dynamic Young’s modulus (GPa) 170 190 210 

  
(a) The displacement locations of stepped shaft (b) The finite element model figure of stepped shaft 

Fig. 2 Stepped shaft tested for flexural vibration 
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Table 2 Experimental cases of response surface methodology 

Case R1 (m) R2 (m) R3 (m) R4 (m) f (Hz)  E (GPa) 

1 0.0195 0.026 0.0355 0.042 181.194 190 

2 0.0165 0.026 0.0295 0.039 164.753 190 

3 0.0195 0.029 0.0295 0.039 195.784 190 

4 0.0195 0.029 0.0325 0.042 193.346 190 

5 0.0195 0.026 0.0325 0.039 185.404 190 

6 0.0195 0.023 0.0355 0.039 166.373 190 

7 0.0225 0.026 0.0355 0.039 197.843 190 

8 0.0225 0.023 0.0325 0.039 172.070 190 

9 0.0195 0.026 0.0295 0.039 193.365 210 

10 0.0165 0.026 0.0325 0.039 174.013 210 

11 0.0195 0.029 0.0355 0.039 198.261 190 

12 0.0225 0.026 0.0295 0.039 194.852 190 

13 0.0195 0.026 0.0325 0.039 185.404 190 

14 0.0195 0.026 0.0325 0.039 185.404 190 

15 0.0195 0.026 0.0355 0.039 175.809 190 

16 0.0195 0.029 0.0325 0.036 201.517 190 

17 0.0225 0.026 0.0325 0.039 207.160 210 

18 0.0225 0.026 0.0325 0.036 202.729 190 

19 0.0195 0.026 0.0325 0.042 189.736 210 

20 0.0195 0.029 0.0325 0.039 186.892 170 

21 0.0195 0.023 0.0325 0.042 160.893 190 

22 0.0195 0.029 0.0325 0.039 207.719 210 

23 0.0225 0.026 0.0325 0.042 191.173 190 

24 0.0225 0.029 0.0325 0.039 215.881 190 

25 0.0195 0.026 0.0325 0.042 170.712 170 

26 0.0165 0.026 0.0325 0.039 156.566 170 

27 0.0165 0.023 0.0325 0.039 154.131 190 

28 0.0195 0.026 0.0295 0.039 173.977 170 

29 0.0195 0.026 0.0295 0.036 189.094 190 

30 0.0165 0.026 0.0355 0.039 165.621 190 

31 0.0195 0.026 0.0325 0.039 185.404 190 

32 0.0195 0.026 0.0325 0.036 199.913 210 

33 0.0165 0.026 0.0325 0.042 161.761 190 

34 0.0165 0.029 0.0325 0.039 170.737 190 

35 0.0195 0.026 0.0295 0.042 178.491 190 

36 0.0195 0.023 0.0325 0.039 174.840 210 

37 0.0195 0.023 0.0295 0.039 165.334 190 

38 0.0195 0.023 0.0325 0.036 171.654 190 

39 0.0195 0.026 0.0355 0.039 195.401 210 

40 0.0225 0.026 0.0325 0.039 186.389 170 

41 0.0165 0.026 0.0325 0.036 169.078 190 

42 0.0195 0.023 0.0325 0.039 157.309 170 

43 0.0195 0.026 0.0325 0.039 185.404 190 

44 0.0195 0.026 0.0355 0.036 190.765 190 

45 0.0195 0.026 0.0325 0.036 179.869 170 

46 0.0195 0.026 0.0325 0.039 185.404 190 
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Actual (GPa) 

Fig. 4 Predicted vs. actual 

 

 

 

 

 

 

 

Normal plot of residuals (as shown in Fig. 3) shows that 

the errors are distributed normally. Moreover, Fig. 4 also 

shows each experimental value matches well with its 

predicted value. 
After conducting the experiments the obtained data were 

modeled and an experimental formula to predict E is 

obtained by 

E=2.15196×1011-2.15307×1013R1-2.02443×1013  

R2-1.70041×1012R3+6.24694×1012R4+3835003975f 

 -9.04594×1014R1R2-67759500560R1f-4.07318×1014 

 R2R4-82762415004R2f-9.40012×1013R3R4-1520168 

9270R3f+32685835169R4f+1.1947×1015R1
2+1.11873×1015 

R2
2+1.15113×1014R3

2+6.08567×1013R4
2+2536349.853f 2 

(1) 

To prove the feasibility of the present method, numerical 

simulations are performed to detect dynamic Young’s 

modulus of stepped shafts. 

Suppose the stepped shaft dimensions are shown in Table 

5 and the schematic diagram of the stepped shaft is shown 

in Fig. 1. The material properties of the stepped shaft are: 

Young’s modulus PaE 11101.2  , material density 

3/7860 mkg , and Poisson’s ratio 3.0 . The 

displacement is located in flexure node lines shown in Fig.2.  

The first-order flexural resonant frequency is recorded in 

Table 6. 

Table 3 The analysis of variance table 

Source 
Sum of Squares  

(╳1019) 
df 

Mean Square 

(╳1019) 
F Value 

p-value 

Prob >F 

The quality of 

model 

Model 639 17 37.600 701.300 < 0.0001 significant 

R1 361 1 361 6737.393 < 0.0001  

R2 362 1 362 6756.693 < 0.0001  

R3 671 1 6.710 125.245 < 0.0001  

R4 126 1 126 2359.822 < 0.0001  

f 551 1 551 10285.800 < 0.0001  

R1 R2 1.970 1 1.970 36.8618 < 0.0001  

R1 f  0.477 1 0.477 8.898  0.0059  

R2 R4 2.750 1 2.750 51.437 < 0.0001  

R2 f 0.686 1 0.686 12.815  0.0013  

R3 R4 0.273 1 0.273 5.099  0.0319  

R3 f 0.491 1 0.491 9.163  0.0053  

R4 f 1.110 1 1.110 20.662 < 0.0001  

R1
2 11.900 1 11.900 222.082 < 0.0001  

R2
2 10.100 1 10.100 187.666 < 0.0001  

R3
2 0.949 1 0.949 17.714  0.0002  

R4
2 0.234 1 0.234 4.371  0.0458  

f 2 0.081 1 0.081 1.506  0.2300  

Residual 1.500 28 0.054    

Lack of Fit 1.500 23 0.065    

Pure Error 0 5 0    

Cor Total 640 45     

Table 4 The Characteristic value of the model 

Std. Dev. 7.32╳108 R-Squared 0.9976 

Mean 1.9╳1011 Adj R-Squared 0.9962 

C.V. % 0.3851 Pred R-Squared 0.9910 

PRESS 5.74╳1019 Adeq Precision 89.8213 
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When the first-order flexural resonant frequency f  for 

the stepped shaft is known, the Young’s modulus
*E can be 

calculated using Eq. (1). Besides, the absolute relative 

errors of the dynamic Young’s modulus   between the 

measured and theoretical values can be calculated by 

  100/*  EEE
 

(2) 

The calculation results of Young’s modulus E
*
 and 

absolute relative errors   for the stepped shafts are 

recorded in Table 7. For the five cases, the relative errors 

  are varying from 0.0367% to 0.7698%. 

The above numerical simulations clearly demonstrate 
that the mechanical parameters detection using IET for 
stepped shaft is efficient. 

 

 

3. Experimental investigations 
 

3.1 Experimental setups  

 

This IET method measures the fundamental resonant 

frequency of structures by exciting them mechanically with 

an impact hammer.  

An overall description of the signal flow in the 

experiment is summarized as follows. First, the excitation 

impulse force exerted on the stepped shaft by an impact 

hammer. The accelerometer signal is acquisited and sent to 

computer through the signal acquisition and analysis system 

(AVANT MI-7016) to perform fast Fourier transform (FFT) 

analysis, and the fundamental resonant frequency is isolated 

and measured. Considering the testing errors, five  

 

 

 

 

 

 

replications are performed for per experiment. The average 

measured flexural resonant frequency f is used for 

calculation. The photographs of experimental structures and 

experimental setups are shown in Fig. 5. The stepped shaft 

hanged on flexure node lines by elastic wires. 

Table 8 shows the geometry dimensions of experimental 

steel stepped shaft. 

 

 
(a) Experimental structure 

 
(b) Experimental test setup 

Fig. 5 Photographs of the structure and experimental 

test setup for stepped shaft in flexural mode 

Table 5 The geometry dimensions of steel stepped shafts 

Case R1 (m) R2(m) R3(m) R4 (m) l1 (m) l2 (m) l3 (m) l4 (m) 

1 0.0195 0.026 0.0295 0.039 

0.400 0.300 0.200 0.100 

2 0.0165 0.026 0.0325 0.039 

3 0.0225 0.026 0.0325 0.039 

4 0.0195 0.023 0.0325 0.039 

5 0.0195 0.026 0.0355 0.039 

Table 6 The first-order flexural resonant frequency for stepped shafts 

Case 1 2 3 4 5 

f (Hz) 193.365 174.013 207.16 174.84 195.401 

Table 7 The calculation results of Young’s modulus and absolute relative errors for stepped shafts 

Case 1 2 3 4 5 

E* (GPa) 210.5375 208.3833 210.0771 208.8293 209.8368 

 (%) 0.2559 0.7698 0.0367 0.5574 0.0777 
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3.2 Fundamental flexural resonant frequency 

measurement 
 

Strike the stepped shaft lightly, either at the center of 

them or at the opposite end of them from the detecting 

accelerometer. Use the average of these five readings to 

determine the fundamental flexural resonant frequency of 

each case. 

The measured impulse response signal and the 

corresponding frequency spectrum of steel stepped shafts in 

flexural mode are shown in Figs. 6 and 7. 

 

 

 

 

 

 

 

 

 

 
 
 
 

Table 8 The geometry dimensions of steel stepped shaft in experiments 

Case R1 (m) R2(m) R3(m) R4 (m) l1 (m) l2 (m) l3 (m) l4 (m) 

1 0.020 0.027 0.033 0.039 
0.400 0.300 0.200 0.100 

2 0.017 0.024 0.030 0.037 
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(a) Impulse response signal (b) Frequency spectrum 

Fig. 6 The measured impulse response signal and the corresponding frequency spectrum of stepped shafts for Case 1 
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(a) Impulse response signal (b) Frequency spectrum 

Fig. 7 The measured impulse response signal and the corresponding frequency spectrum of stepped shafts for Case 2 

Table 9 The results of experiments 

Case 1 2 

f (Hz) 201.78 168.5 

E (GPa) 207.80 202.24 

 (%) 0.87 1.82 
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The measured first-order flexural resonant 

frequencies f  for the stepped shafts are shown in Table 9. 

Similar to the numerical simulation in Section 2, when 

the first-order resonant frequency f for stepped shafts is 

measured, Young’s modulus 
*E  will be calculated using 

Eq. (1). Table 9 also gives the absolute relative errors of the 

mechanical parameters   between the measured and 

theoretical values can be calculated using Eq. (2). 

As shown in Table 9, the relative errors   for the 

stepped shafts are varying from 0.87% to 1.82%. 

The above experiment investigations clearly 

demonstrate that the Young’s modulus detection using the 

standard IET, the FEM simulation and RSM based IET can 

be applied to more complicate structures, such as stepped 

shafts. 

 

 

4. Conclusions 
 

This paper suggests a simple procedure for dynamic 

Young’s modulus detection for stepped shaft which is based 

on the impulse excitation technique (IET). In our 

investigation, the Young’s modulus of stepped shaft can not 

be directly detected using the formula for a beam with 

rectangular or circular cross-section. Therefore, a hybrid 

method using FEM simulation and RSM is introduced to 

design numerical simulation experiments to build up 

experimental formula to detect Young’s modulus of stepped 

shafts. 
The procedure involves two steps. The first step is the 

acquisition of vibration signal in flexural mode for 

structures. The second procedure is analyzing the vibration 

signals and getting the first-order flexural resonant 

frequency. Then the values of frequencies are submitted into 

the IET formula to calculate the dynamic Young’s modulus 

of stepped shafts. In the present method, simulations and 

experimental investigations are applied to prove the 

accuracy of formulas. The numerical and experimental 

results show that the IET is applicable for Young’s modulus 

detection for stepped shafts.  

The hybrid method using FEM simulation and RSM 

may be helpful to develop agreeable experimental formulas 

to detect mechanical parameters for complicated structures. 
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