






 

Figure 2: Layer defect build with one group at nominal and the other eight with varied 
amount of layer defects provided by MS&T 

The printed layer defect build tested is shown in (Fig. 3). Coupling between parts occurs 
when parts are located near each other connected to the same structure. Weights were added to 
each of the bars not being impacted to eliminate the effect of coupling in the response. Each bar 
was impacted in the 
FX – direction with the SLDV recording the velocity response from the 
+X – direction. As only the x-direction of each cantilever beam was tested, the only modes that 
the results should display are x-axis bending modes. This means there should be no axial or y-
axis bending modes in the experimental results. There is a possibility for some torsional modes 
to appear if the hammer impact was not directly in the center of the cantilever. The impact being 
off-center would cause some twisting in the structure producing a small torsional response.  

Figure 3: Layer defect build with weights 
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The FEA modeling parameters consisted of modeling each individual bar on the plate. 
Each bar was fixed in the model where the bar connected to the build plate. Each bar was 
evaluated for up to 20 mode shapes. 

The next build plate provided to MTU was another forest tensile bar build with all the 
bars being nominal. This plate was tested in the same way as the first plate with the placement of 
each of the bars held the same. The purpose of testing this plate was to analyze the variation in 
the printing of the tensile bars and compare the results with the build plate with layer defects. 

The last build plate was three topology optimized brackets (Fig. 4). These parts were 
printed without defects in order to analyze whether the parts could be tested and if they 
compared to the FEA results performed on them. If the parts could be tested and compared to the 
FEA, then defects would be added and analyzed. These parts were printed with the supporting 
structure since printing without the supporting structures failed. These specimens were tested in 
the ears at the top of the structure. The hammer direction and SLDV were oriented in the same 
direction as the forest bar builds.  

The FEA performed on the brackets was provided by Missouri S&T. The parameters for 
the FEA are similar to the forest bar builds. The boundary condition for the brackets was fixed to 
the plate. The first eight modes were calculated from the FEA. 

 

Figure 4: Topology Optimized Brackets indicated by number provided by MS&T 

3. Results 

1.1 Layer Defect Build 

A resonant frequency test was performed to determine whether the 9 groups with defects 
could be distinguished from each other. These four modes, Mode 1, Mode 3, Mode 5, and Mode 
8 were clearly distinguished from the resonant frequency test; whereas the other modes listed 
were determined from FEA (Fig. 5a). These four modes indicate the first four bending modes on 
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the x-axis of the structure. There were no distinct bar groupings that could be visually identified 
(Fig. 5b and Fig. 5c). This indicates further testing is needed to determine if the groups can be 
distinguished. An interesting observation from this testing is that as the mode number increased 
there was a larger span between natural frequencies and more damping (wider peaks). 

The average and three-sigma for the bar groups from the first four bending modes was 
performed to establish if the defect groups could be separated. The three-sigma for the nominal 
group on the build was compared to the other 8 groups with defects (Table 1). Since none of the 
other bar group’s natural frequencies (not shown) fell outside the three-sigma limits this 
indicates that no significant statistical difference was observed between the groups. This 
observation indicates that the natural frequencies of the bars from each group overlap other bar 
groupings and no individual defect groups were detected. 

Table 1: Three-sigma values for Group 1: Nominal parts on forest build 

Mode 
No. 

Natural 
Frequency (Hz) 

three-sigma 
(Hz) 

Mode 1 205.35 ± 0.69
Mode 3 1301.60 ± 14.53 
Mode 5 3565.28 ± 50.06 
Mode 8 7050.83 ± 85.19 

3.2 FEA for defect build 

The experimental testing was verified through FEA on one bar from each defect group. 
The details on each of the groups were provided after the experimental testing results were 
shown to the project sponsor. The defect size in each group was provided as follows: Group 1 
has nominal parts (0 intentional defect) with each subsequent group increasing by a 50 m defect 
until Group 9 which has a 400  defect. From the experimental testing, the first four bending x-
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Figure 5: FRFs of the all bars on the defect build (5a), FRF at the 200 Hz mode (5b) and 
7050 Hz mode (5c) 
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axis modes were found to correspond with modes in the FEA results (Table 2 not all modes are 
shown). This indicates that the experimental testing was valid as there was at most a 1.1% error 
between the results.  

The ninth mode was found to have the greatest difference between the nominal group and 
the 50 and 400 m defects. This indicates that the first axial mode should be excited in order to 
differentiate the groups.  

Mode No. Frequency (Hz) 
  Exp. Testing Avg. 

All Groups 
Group 1: 
Nominal  

Group 2:      
 

Group 3:       
 

Difference in 
Group 1 & 2  

Difference in 
Group 1 & 9  

Mode shape 

1st mode 205 203.22 202.72 202.43 0.5 0.79 Cantilever x-axis 
3rd mode 1302 1291.5 1289.7 1290.2 1.8 1.3 2nd order bending 

x-axis 
5th mode 3565 3530 3521.5 3520.3 8.5 9.7 3rd order bending 

x-axis 
8th mode 7050 6972 6969.1 6966.8 2.9 5.2 4th order bending 

x-axis 
9th mode   9754.8 9594.5 9538.4 160.3 216.4 1st axial 

 

3.3 Nominal Bar Build 

After the layer defect build evaluation, a nominal build plate was sent to MTU to evaluate 
the variation across the build plate and compare to the defect build. This plate was tested using 
the same procedure as the layer defect build. The nominal bar build had more variation in natural 
frequency in comparison to the defect build (Table 3). The range and variance increased as the 
frequency increased for both builds indicating similar phenomenon in both plates. This indicates 
there is too much variation in the build process to determine the layer defect using the current 
testing method, since all the nominal bars should have the same natural frequency. 

Table 2: Range and variance for Group 1: Nominal bars compared to the same bars on the 
nominal build. 

  Range (Hz) Variance (Hz2) 

  Nominal 
build 

Group 1: 
Nominal 

Nominal 
Build 

Group 1: 
Nominal 

Mode 1 2.78 0.67 0.9 0.05 
Mode 3 17.87 4.84 34.98 2.96 
Mode 5 41.02 16.69 187.08 34.87 
Mode 8 89.94 28.4 883.68 103.66 

 

3.4 FEA for Topology Optimized Brackets 

The FEA for the topology optimized brackets was provided to MTU before the brackets 
were received. The FEA was performed out to the 8th mode shape (Fig. 6). The largest motion 
for each of the modes appear to be in the ears of each of the brackets. This indicated that 
experimental testing should be performed on the ears. Another observation from the FEA results 
is that Bracket 1 and Bracket 3 appear to be similar as at least two of the mode shapes excite both 
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of these brackets. This indicates that Bracket 1 and Bracket 3 will have some of the same natural 
frequencies in the FRFs.   

 

Figure 6: First 4 mode shapes (6a) and last 4 mode shapes (6b) for topology optimized 
brackets from FEA provided by MS&T 

3.5 Experimental Testing for Topology Optimized Brackets 

The topology optimized brackets were tested in the same way as the nominal bar build to 
determine the natural frequencies of these parts and compare them to the FEA results. Only 
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results from Bracket 1 are shown as the other two brackets were unable to be tested, as there was 
not enough excitation for the SLDV to be able to detect the response. Also, the small impact 
hammer was switched for the large impact hammer, as the small hammer did not provide enough 
excitation. Analyzing the FRF, there are no distinct peaks in the band of interest (5500-8500 Hz) 
for these brackets as there is noise introduced above 4500 Hz (Fig. 7). Also, the coherence 
becomes noisy and starts to trend downward around ~4500 Hz indicating that the energy inputted 
into the structure is not being measured in the response. These two observations indicate that the 
impact hammer did not provide enough excitation to the structure to determine the natural 
frequencies. Therefore, there will be no comparison to the FEA from this testing. 

 

4. Discussion and Future Work 

4.1 Discussion of Results 

This paper presented investigations into determining if defect groups in AM parts could 
be determined from resonant frequency testing. From both the experimental testing and the FEA 
results of the forest bar builds the defect groups were not able to be distinguished from each 
other. Additionally, the topology optimized brackets were incomparable to the FEA since the 
resonant frequency test did not supply enough energy to the structure. A surprising finding was 
that the nominal build had more variation than the build with defects. In comparison to the study 
done by Johnson et al. the results in this study do not agree.  

The nominal build having more variation than the defect build was surprising. One 
hypothesis on why this occurred is that unintentional defects were introduced in the printing 

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Hz

0.10

1.00e-6

Lo
g

(m
/s

)/N

1.00

0.00

Am
pl

itu
de

/

Y1 FRF Bracket:Point1:+X/Bracket:Point1:-X
Y2 Coherence Bracket:Point1:+X/Bracket:Point1:-X

Figure 7: FRF and Coherence of Bracket 1 
Frequency (Hz) 

M
ag

ni
tu

de
 (m

/s
)/N

 

 1408



process. A second hypothesis is that the bars had more coupling and interference with the 
surrounding bars when being tested than originally expected since, even with the weights, there 
was a high level of variation in the parts. 

The results from this study do not agree with the results from the chimney builds tested 
by Johnson et al., where they were able to determine which chimney had defects from a blind 
test. The difference in results between these two studies could be due to Johnson et al. 
investigating parts with much lower natural frequencies (less than 4000 Hz) with the parts being 
less complex and fewer in number per build in comparison to this study. The results in this paper 
suggest that impact hammer excitation may be suitable for lower frequencies, but may not be 
suitable for parts with higher natural frequencies or increased complexity. 

4.2 Future Work 

Future testing for these parts will be aimed at providing more energy to both the forest 
plate builds and the topology optimized brackets. A testing technique that may be suitable on the 
forest plate builds is acoustic excitation in the axial direction, as this is the mode that will be 
most likely to distinguish the defects from one another. Additionally, ultrasonic testing may be 
suitable for testing these builds, but tends to be more costly and time consuming. The topology 
optimized brackets future testing will be focused on firing a high velocity projectile via a 
BB - gun at the ears in order to provide energy over 5500 Hz to the structure.  

5. Conclusion 

In summary, the results from the investigations in this study were not able to determine 
the defect groups in the forest bar builds nor provide enough excitation to the topology optimized 
brackets to be able to compare to the FEA results. These findings suggest that resonant frequency 
inspection may not be suitable for testing parts with high natural frequencies. Therefore, other 
excitation techniques need to be investigated in future testing. Future testing may involve 
acoustic excitation, ultrasonic excitation, or high velocity projectile testing. 
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