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ABSTRACT 

The flexibility offered by additive manufacturing (AM) 
technologies to fabricate complex geometries poses several 
challenges to non-destructive evaluation (NDE) and quality 
control (QC) techniques. Existing NDE and QC techniques are 
not optimized for AM processes, materials, or parts. Such lack of 
reliable means to verify and qualify AM parts is a significant 
barrier to further industrial adoption of AM technologies. 

 

Electromechanical impedance measurements have been 
recently introduced as an alternative solution to detect anomalies 
in AM parts. With this approach, piezoelectric wafers bonded to 
the part under test are utilized as collocated sensors and 
actuators. Due to the coupled electromechanical characteristics 
of piezoelectric materials, the measured electrical impedance of 
the piezoelectric wafer depends on the mechanical impedance of 
the part under test, allowing build defects to be detected. This 
paper investigates the effectiveness of impedance-based NDE 
approach to detect internal porosity in AM parts. This type of 
build defects is uniquely challenging as voids are normally 
embedded within the structure and filled with unhardened model 
or supporting material. The impact of internal voids on the 
electromechanical impedance of AM parts is studied at several 
frequency ranges.  
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INTRODUCTION 

Additive manufacturing (AM) enables designers to realize 
products featuring complex geometries. AM products can be 
tailored to meet several design objectives and functionalities. 
The unique capabilities and flexibility of AM technologies have 
lead to a significant increase in the number of end-use products 
fabricated via AM. With such wide adoption of AM products 
comes the need for developing new non-destructive evaluation 
(NDE) and quality control (QC) techniques that can handle the 
complexity of such products.  

 

Current NDE and QC techniques are not ideal for the 
inspection of complex AM products.  NDE techniques based on 
dimensional measurement require access to all surfaces of the 
part, which is not always possible. The limited surface 
penetration of Ultrasonic-based NDE techniques, along with 
their sensitivity to surface roughness, restrict their applicability.  
Computed tomography has proven to be capable of inspecting 
the entirety of the part to detect deeply embedded defects. 
However, this technique is costly, time-consuming, and unable 
to detect cracks oriented perpendicular to the x-ray beam [1], [2]. 
 

In previous research efforts, the authors proposed the use of 
electromechanical impedance measurements as a means for 
NDE of AM parts [3]–[5]. Electromechanical impedance 
measurements use piezoelectric materials to interrogate the part 
under test at a given frequency range. With this approach, the 
functionality of the AM part is tested by measuring its dynamic 
response. In these studies, it has been demonstrated that 
electromechanical impedance NDE is capable of detecting parts 
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with dimensional inaccuracies, positional inaccuracies, and 
internal porosities.   
 

This work further investigates the effectiveness of 
impedance-based NDE approach to AM defects, with the focus 
being turned towards internal porosity build errors. Such build 
errors would be expected from malicious attacks altering part 
files, since they can change the strength of the final product 
without significantly changing its mass [6]. The fact that internal 
voids can be filled with support material further minimizes 
changes in the total mass of the part, making the detection of 
such build errors even more challenging. For this purpose, a suite 
of simple test specimens has been designed featuring this build 
error. Voids are introduced to the parts at several locations so as 
to aid the study of defect location impact on the technique 
performance. A brief review of electromechanical impedance 
measurement and impedance-based NDE are first presented in 
this paper. Test specimens design and fabrication are then 
discussed in detail. Experimental results are then discussed and 
analyzed, followed by concluding remarks and future work 
directions. 

 

IMPEDANCE-BASED NONDESTRUCTIVE 
EVALUATION  

Impedance-based NDE is a vibration-based technique in 
nature. The fundamental basis of this technique is that the 
presence of manufacturing defects in the part under test alters the 
part’s mass, stiffness, and damping characteristics, which in turn 
reflects on its dynamic response. Impedance-based NDE utilizes 
piezoelectric materials, lead zirconate titanate (PZT) wafers in 
particular, attached to the part under test as collocated sensors 
and actuators [7], [8]. Due to the coupled electromechanical 
behavior of piezoelectric materials, the electrical impedance of 
the piezoelectric transducer is related to the mechanical 
impedance of the part.  Therefore, variations in the host structure 
due to printing defects are reflected on the easily measured 
electrical impedance of the piezoelectric transducers, which 
allows for such defects be detected and identified [9]–[11]. 

 

For most practical applications, thin piezoelectric wafer is 
bonded to a free surface of the part under test and is electrically 
excited through its thickness, as shown in Figure 1.a. For this 
configuration, the piezoelectric will be operating in the 31 mode. 
Assuming linear piezoelectricity, the constitutive equations of 
the piezoelectric materials can be expressed as follows [12] 

 𝜀11 = 𝑠11 𝐸 𝜎11 + 𝑑13𝐸3  
 𝐷3 = (𝑑𝑇)31𝜎11 + 𝜖33 𝜎 𝐸3 

(1) 

 

where 𝜀11 is the normal strain in the 1-direction, 𝜎11 is the 
corresponding component of the work-conjugate stress tensor, 𝐷3 is the electric displacement in the 3-direction, 𝐸3 is the 
electric field in the 3-direction, 𝑑13 is the piezoelectric coupling 

coefficient, 𝑠11 𝐸  is the complex mechanical compliance of the 
piezoelectric material measured at zero electric field, and 𝜖33 𝜎  is 
the complex permittivity measured at zero stress. 

 

 
(a) 

 
(b) 

Figure 1. Impedance-based NDE (a) piezoelectric transducer 
attached to the part under test, and (b) schematic of the 

electromechanical impedance. 
 

For a certain frequency range, the dynamic response of the 
part under test can be approximated as a single degree of freedom 
system, as shown in Figure 1.b. For this system, modal mass, 
stiffness, and damping are denoted by mr, kr, and ζr, respectively. 
Assuming perfect bonding between the piezoelectric wafer and 
the part under test, the electrical impedance of the piezoelectric 
transducer can be expressed as a function of the characteristics 
of the part under test, and those of the piezoelectric wafer, as 
follows [9] 

 𝑍(𝜔) = [𝑖𝜔 𝑏𝑙ℎ (𝑑132𝑠11 𝐸 (𝑡𝑎𝑛(𝑘𝑙)𝑘𝑙 ( 𝑍𝑝𝑧𝑡𝑍𝑝𝑧𝑡+𝑍𝑠𝑡) − 1) + 𝜖3̅3 𝜎 )]−1
  (2) 

 

where 𝑍𝑝𝑧𝑡 = −𝑖𝑏𝑙ℎ(𝑠11 𝐸 𝜔 𝑡𝑎𝑛(𝑘𝑙)/𝑘𝑙)−1 is the piezoelectric 
transducer short circuit impedance, 𝑍𝑠𝑡 = 2𝜁𝑟(𝑘𝑟𝑚𝑟)1/2 +𝑖(𝑚𝑟𝜔2 − 𝑘𝑟)/𝜔 is the mechanical impedance of the part under 
test, 𝑘 = 𝜔(𝜌𝑠̅11 𝐸 )1/2 is the wave number, 𝜌 is the density of the 
piezoelectric material, b, h, 2l are the piezoelectric patch width, 
thickness and length, respectively. 

 

As implied in equation 2, the sensitivity of impedance-based 
NDE to printing defects is dependent on the frequency range at 
which the part is interrogated. For small defects to be detected, 
higher modes of vibration need to be interrogated, and thus the 
part needs to be excited at high frequency. Besides the 
characteristic length of the defect to be detected, the optimal 
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Table 1. Details of the machine, material, and process 

parameters used for test specimens fabrication.  

 

Machine Model Stratasys Fortus 450mc 

Model Material Stratasys Nylon 12 

Support Material Stratasys SR-110 

Nozzle Temperature  355 °C 

Build Chamber Temperature 120 °C 

Layer Height  0.01” (0.254 mm) 
 

Each of the three defective specimens has a void at one of 

three locations along its length: 7.3 mm, 36.25 mm, or 65.2 mm, 

as shown in Figure 2, which will be referred to as Defect 1, 

Defect 2, and Defect 3, respectively. These locations represent 

the midpoint of the piezoelectric transducer, the midpoint of the 

beam, and a point far away from the transducer. The voids are 

centered widthwise in the cross section, and located 1 mm below 

the surface on which the piezoelectric transducer is mounted.  

 

After fabrication, the specimens were post-processed in an 

attempt to replicate what a typical part made using this machine 

would go through. After the parts were removed from the build 

tray, they were cleaned of support material by a soak in a basic 

solution. This cleaning was required in order to remove the raft 

of support material between the part and the build platform. The 

specimens were removed from the solution after two hours when 

no exterior support material was visible. All specimens were 

then rinsed and dried thoroughly before being left to air-dry for 

24 hours. 

 

EXPERIMENTAL SETUP 

Once test specimens are printed, piezoelectric transducers 
are bonded to each of them guided by the L-shaped feature 
described in the previous section. Figure 3 shows the 
instrumented test specimens. All piezoelectric transducers are 
diced out of the same piezoelectric wafer and to the same 
dimensions (12.7mm × 6.35 mm) so as to minimize uncertainties 
introduced by piezoelectric patches characteristics. Glue is used 
to bond the piezoelectric patches to the test specimens. 
 

For each test specimen, the impedance signature is 
measured using KEYSIGHT E4990A impedance analyzer. The 
frequency ranges selected for this study are 4-35 KHz. Beyond 
this frequency range impedance signatures of the defect-free 
control parts start to deviate, as discussed in the following 
sections. For all test specimens, the frequency sweep is 
performed with a 10 Hz resolution. The impedance analyzer 
excites the piezoelectric transducer with a one-volt peak-to-peak 
sinusoidal signal and allows the structure to settle before 
measuring its response. To minimize the effects of noise 
contamination, eight measurements were averaged at each 
frequency step. Figure 4 shows one of the test specimens 
connected to the impedance analyzer during impedance 

measurement. To compensate for the inconsistency in 
connectors’ resistivity, as a result of soldering variations, all 
impedance signatures are shifted vertically such that their 
average value, excluding impedance peaks, match over the 
frequency range of interest.  
 

 
 

Figure 3. Test specimens instrumented with piezoelectric 
transducers.  

 

 

 
 

Figure 4. KEYSIGHT E4990A impedance analyzer measuring 
the impedance signature of one specimen.  

 

RESULTS AND DISCUSSION  

In this section, the impedance signatures of all test 
specimens are presented and analyzed. The baseline is first 
calculated based on the control parts signatures. Results from 
defective parts (with internal voids) are then presented and 
compared to the baseline signature.  
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BASELINE MEASUREMENT 

A baseline signature is first established by measuring and 
averaging the electromechanical impedance signatures of the 
two defect-free control parts. Figure 5 shows the real component 
of the impedance signatures of each control part along with the 
averaged response for the 5-97 kHz frequency range. As 
suggested by the figure, impedance signature of the two control 
parts are in very good agreement at low-frequency ranges and 
they start to deviate at higher frequencies.  

 

(a) 

 

(b) 

Figure 5. Real component of the impedance signatures for the 
defect-free (control) parts along with the baseline signature for 
(a) 5 kHz - 50 kHz, and (b) 50 kHz - 97 kHz frequency range.  

 

This deviation can be ascribed to imperfections associated 
with piezoelectric transducers bonding process, manufacturing 
tolerances, or unknown defects in the assumed defect-free parts. 
In-depth uncertainty analysis will be conducted in future studies 
to quantify the contribution of the aforementioned factors. 
 

In order to quantify the discrepancies between the control parts 
and the averaged baseline signature, damage metrics are 
calculated. The frequency range is first split into 24 sub-bands, 

4 kHz each, and the RMSD and Correlation Coefficients damage 
metrics are calculated for each sub-band. The results are shown 
in Figure 6 for Control 2. It is found that up to 40 kHz, control 
parts are in very good agreement. Beyond this frequency, larger 
values of damage metrics are obtained for the control parts, 
which indicates less confidence in the defect-free response. 
Therefore, the frequency range used for impedance-based NDE 
in this study is limited to 40 kHz. 

 
Figure 6. Damage metrics values for Control 2 as compared to 
the Baseline. 
 

 

EFFECTS OF INTERNAL POROSITY  
To investigate the sensitivity of impedance-based NDE to 

internal porosity defects, three test specimens featuring this build 
defect are investigated. All three specimens have the same void 
size (2×2×2 mm3), but they are at different locations along the 
beam as discussed in the “Test Specimen Design and 
Fabrication” section. Impedance signatures for all specimens are 
measured over the frequency range of 1-97 kHz, however, the 
analysis is limited to the 5-40 kHz range, as discussed in the 
previous section. Figure 7 shows the impedance signature of 
each defective part as compared to baseline signature.  
 

In general, the impedance signatures of defective parts are 
close to the baseline signature, except for vertical shifts, which 
can be a result of variations in connector’s resistivity. Frequency 
shifts of impedance peaks are also noticed. For instance, the peak 
originally located at 28.58 kHz was found to shift to 28.34 kHz 
upon the introduction of Defect 2. This reduction in impedance 
peak frequency indicates that the effect of stiffness loss (due to 
the presence of internal voids) on the dynamic response of the 
part is more dominant than the accompanying mass loss.  

 

The sharp peaks in the impedance signatures corresponding 
to Defect 1 and Defect 2 suggest a reduction in damping of these 
parts, unlike Defect 3 which appears to have larger damping 
compared to the defect-free parts. This could be ascribed to the 
voids being filled, or not filled, with the support material. Further 
investigations are required to explain these changes.  
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(a) 

 

(b) 

 

(c) 

Figure 7. Impedance signatures of the defective parts as 
compared to the baseline signature. (a) Defect 1, (b) Defect 2, 

and (c) Defect 3. 
 

 

Figure 8 shows the damage metrics, both RMSD and 
correlation coefficient, for the three defective parts. It can be 
noticed that the internal void defects can be clearly detected with 
impedance-based NDE. Although the values of the correlation 
coefficient damage metric for the defective part are very small, 
they are an order of magnitude larger than those corresponding 
to the control part. RMSD damage metric, on the other hand, 
tends to overestimate the effects of internal voids due to the 
vertical shift in the impedance signature. The sensitivity of 
impedance-based NDE is expected to further enhance if the parts 
are interrogated at higher frequencies. However, utilizing such 
high frequencies require addressing the different sources of 
uncertainty discussed in the “Baseline Measurement” section. 

 

Finally, no clear trends have been noticed regarding the 
effects of voids location on the sensitivity of impedance-based 
NDE. Further analysis is required to correlate the effect of defect 
location on the measured impedance signature. Model-based 
techniques coupled with machine learning algorithms can be 
utilized for this purpose. This will be addressed by the authors in 
future studies. 

 

CONCLUSIONS 

In this work, the effectiveness of impedance-based NDE 
approach to detect internal porosity in AM parts is investigated. 
A suite of test specimens, in the form of simple rectangular 
beams, has been designed featuring this build error. Voids are 
introduced to the parts at several locations (right underneath the 
piezoelectric transducer, in the middle of the beam, and towards 
the far end) to study the effect of defect location on the 
technique’s performance.  

 

Consistent impedance signatures for the defect-free parts 
has been obtained up to 40 kHz. Beyond this frequency, the 
responses of the control parts started to deviate. This deviation 
can be ascribed to a number of factors including piezoelectric 
transducers bonding imperfections, manufacturing tolerances, or 
unknown defects in the control parts. Further investigations will 
be conducted to quantify the contribution of these factors to 
uncertainty in the baseline measurement. By analyzing the 
electromechanical impedance signatures of the defective parts, 
internal porosity build errors (in the form of 2×2×2 mm3 voids) 
have been successfully detected. Upon calculating damage 
metrics, it was found that RMSD definition tends to overestimate 
the effects of internal voids. This is due to the vertical shift in the 
impedance signature, which includes the effects of variations in 
connectors’ resistivity. 
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